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Chapter I: Introduction

Isolation of ionic molecular complexes and their mass determination allows for the application of a
multitude of analytical methods [1-8]. Thereby one can obtain data related to geometrical and
vibrational structure, reactivity, optical properties, proton affinity, binding strength and
fragmentation behavior. The ions can be manipulated by collisional cooling, heating and by
irradiation with photons across wide spectral ranges. They may undergo reactions, fragmentations
or dissociations along sole or competing pathways, often in parallel to processes observed in
solution. The main advantages of gas phase measurements are the possibilities to choose the active
species e.g. by its mass to charge ratio, to exclude solvent molecules or to add a specific amount of
them, to control the properties of the ensemble very precise and to compare the experimental results

to high quality ab initio calculations.
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This thesis uses infrared multiple-photon dissociation (IR-MPD) spectroscopy in ion trap
instruments beneath several other techniques like collision induced dissociation (CID), H/D
exchange (HDX) and gas phase reactions [6, 7, 9, 10] (cf. Scheme 1). The thus obtained
experimental data may lead to a structural and dynamic characterization of the investigated ionic
complexes. It is imperative to compare the experimental data to quantum mechanical calculations,
e.g. with density functional (DFT) theory methods [11]. This combination of experimental
techniques and quantum mechanical calculations provides various informations about the molecules

under study.

CID and IR-MPD can cause fragmentations of ionic complexes. Those two experimental techniques
can be compared due to their relative abundances of fragment channels (cf. Scheme 1, upper ocher
arrow). Differences may arise from a statistical or a non-statistical input of energy to the molecule.
The efficiency of internal vibrational redistribution (IVR) processes after photon absorption
determines wether IR-MPD is a statistical or a non-statistical process. DFT calculations can provide
activation energies of dissociation processes (long central ocher arrow) and allow for the analysis
and the assignment of vibrational modes within the IR-MPD spectra (two small ocher arrows).
Furthermore, DFT calculations can derive data correlated to the basicity and the structure of ionic
(metal) complexes which both affect their H/D exchange behavior (lower horizontal ocher arrow).
Finally, local minima and transition states on the potential energy surface of gas phase ion —

molecule reactions can be calculated by DFT (lower diagonal ocher arrow).

In the following, some mass spectrometric ion trap techniques are described alternately to the
substance classes they were applied to. This approach shall clarify why a certain technique was
applied to a substance class and which information can be transferred to other classes. For a deeper
insight to mass spectrometric techniques, the reader is refered to established text books on mass
spectrometry and to literature [12-14]. A description of experimental setups and basic equations can
be found in the methods chapter of this thesis. Experimental details can be found in the individual
chapters. A small overview of some substance classes is provided within this introduction, further

details can be found in the corresponding chapters.
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I-1: Electrospray ionization mass spectrometry and collision induced

dissociation

Mass spectrometry in combination with electrospray ionization is a useful technique to monitor a
huge variety of charged or easy chargeable (metal containing) complexes and to study e.g. metal ion
adducts of biological molecules [15, 16]. Single molecule reactions of ions with a collision gas
enable to determine kinetic data. Those experiments can also provide data to elucidate single
reaction steps within catalytic reactions [1]. Furthermore, liquid reaction mixtures can be monitored
at different reaction states [7]. The appearance of new masses in a MS after the addition of a certain
reactant to solution gives a hint to the formation of reaction intermediates. Comparison to simulated
isotopic patterns allows for their assignment. Collision induced dissociation (CID) helps to
elucidate the attachment behavior within the complexes. The use of isotopic labeled substances or
modifications of the reactants like chain length or additional side groups is also a useful tool for the
further assignment of reaction intermediates. Conclusions on the reaction mechanism can (partially)

be drawn due to a systematic analysis of the observed masses [17, 18].

I-1.1: Mass spectrometry on peptides, proteins and enzymes

One important field of the application of MS techniques is the characterization of (oligo)peptides,
proteins and enzymes [19, 20]. The determination of the molecules mass to charge ration allows for
the determination of its composition. Fragmentation techniques like CID and electron capture
dissociation (ECD) offer the opportunity to assign peptide sequences [4, 6, 21, 22]. The
conformation of peptide-metal complexes is important for their biological functions [23]. The
position of the metal within the complex and the corresponding binding motive of the peptide-metal
complex is dependent on many factors. The electronic configuration of the metal plays a crucial role
regarding its charge state, its number of s, p and d electrons and its ionic radius. Those properties
affect the number of metal-peptide interactions and the stability of the complex. Regarding the
peptide, several characters have to be taken into account: the number and sequence of amino-acids,
the acidity and basicity of the functional groups, the aliphatic or aromatic character of side-chains
and the use of protective groups. Several groups are engaged in the investigation of those metal-
peptide interactions and their systematization [24-40]. Two major binding motives have been
identified - the salt bridge (SB) and the charge solvated (CS) type [24-26, 35, 39, 41-46]. The SB
type origins from the zwitterionic form of the peptide. This form is normally not stable in the gas
phase, but can be stabilized especially by doubly charged metal ions. Therefore, the metal ion is

attached to a deprotonated functional group of the peptide. The CS type originates from the
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canonical form of the peptide. Both binding motives can occur for singly charged metal ions

complexed by (oligo)peptides.

I-2: H/D exchange of labile protons

Gas phase reactions on isolated ions and especially on (oligo)peptides allow for the estimation of
partial relative rate constants for H/D exchanges with e.g. ND;, D,O, CD;0OD, CD;COQOD [3, 19,
47-50]. The exchange rate depends on the gas phase acidity of the proton/deuterium donor/acceptor
groups as well as on steric constraints. Therefore, ion-molecule reactions can provide information
on the ions” secondary structure [48]. Isotopic labeling techniques in solution are used for
conformational studies of peptides and proteins [51, 52]. Furthermore, the combination of isotopic
labeling with IR-MPD spectroscopy allows for the determination of proton binding sites due to

vibrational shifts.

I-3: Infrared multiple-photon dissociation (IR-MPD) spectroscopy

Furthermore, peptides provide for several well distinguishable IR active groups. This makes them
also interesting objects for investigations on the IR-MPD mechanism. 1-color IR-MPD is counted
among “action spectroscopy” techniques. The fragmentation of the trapped ion is the resulting
action after an absorption of multiple-photons [53]. The IR-MPD absorption process is thought to
be non-coherent [54, 55]. The excitation of a vibration by photon absorption with a subsequent
intra-molecular vibrational redistribution [56, 57] of the absorbed energy to the bath of vibrational
degrees of freedom allows for the repeated absorption of photons by one absorber [7]. This process,
which is hindered in an anharmonic potential [10], circumvents the so called “ladder-climbing”
from one excited vibrational state to the next. Nevertheless, the IR-MPD derived band intensities do
not necessarily match the theoretical predicted IR absorption coefficients. Some bands can even
disappear in the experimental spectrum [58, 59]. Furthermore, IR-MPD causes a heating of the
molecules during the excitation process. The internal energy distributions of ions after laser
irradiation was modeled by Oomens et al. [60]. The model is able to reproduce features of IR-MPD

spectra like a broadening and red-shifting of bands.

I-3.1: Resonant 2-color IR-MPD

The newly developed resonant 2-color IR-MPD technique allows partially for band specific
enhancement of the overall fragmentation efficiency in metal-organic complexes [61]. This

technique bases on the use of one laser with a fixed frequency (probe) at a resonant absorption of
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the molecule, while the second laser is used for scanning (pump). This technique is similar to the
use of a mid-IR OPO/A system combined with a CO, laser [62]. The use of a CO, laser allows for
the (nonspecific) excitation of CO stretch motions and some other vibrational motions in the
fingerprint region due its restriction in photon energy to CO, emission lines. Resonant 2-color IR-
MPD enables to probe a mode specific excitation of bands in the CH, NH and OH stretch region
(2500 — 4000 cm™) while the second laser pumps the same/another band either in the same or the
fingerprint region. Preliminary studies in our research group showed that the enhancement of bands
is dependent on the probe laser frequency. No systematic study on the band specificity of the 2-
color IR-MPD enhancement effect and its energy dependence has been carried out so far. The
efficiency of the multiple-photon induced dissociation of ions and molecules is dependent on the
photon flux of the laser pulse and also on the height of the activation barrier. One way to compare
activation barriers of differently substituted molecules is the use of collision induced dissociation,

another way is the use of ab initio calculations on the dissociation pathways.

I-4: Estimation of activation barriers in CID processes

Collision induced dissociation of catalyst precursor molecules can also provide information
regarding the activation process of a catalyst [1, 63]. The control of the internal energy distribution
of ions produced by electrospray ionization is crucial for several applications, like structural studies
and the analysis of non-covalent complexes [2, 64, 65]. The amount of energy transfered by a
collision of a neutral gas atom or molecule with an accelerated ion is dependent on several
parameters: the velocity and mass of the ion and of the collision gas. The center-of-mass energy is
the theoretical amount of energy that can be absorbed in such a reaction. A phenomenological
E*com value can be derived by the center of a sigmoid fit function applied to experimental data.
Resulting E**com values can be compared qualitatively or quantitatively within one group of
molecules. Activation energies derived from ab initio calculations on the dissociation pathway of an
ion can be correlated to experimental E***con values. Substituted benzylpyridinium ions, so-called
“thermometer ions”, can be used to calibrate the internal scales of the mass spectrometers

fragmentation amplitudes towards appearance energies of the fragment ions [66-70].

I-5: Reactivity of transition metal complexes

The reactivity of transition metal complexes is an ongoing field of research in our group [17, 18].
Reaction intermediates and products can be formed in solution as well as in the gas phase. Gas

phase reactions are in principle possible for all molecules with a sufficient vapor pressure. The use
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of e.g. H,, D, , CH,4 and other hydrocarbons allows for the study of elementary steps in catalytic
reactions [1, 71]. The study of gas phase reactions can also provide for a deeper insight into the
single steps of a catalytic cycle. Relative partial rate constants for single collision reactions depend
on several intrinsic coordinates of the molecules and the height of the activation barriers. The
Arrhenius equation and Eyrings transition state theory (TST) allow to compare experimentally
derived rate constants to activation energies or free enthalpies [72, 73]. A more generalized
approach is RRKM theory named after Rice, Ramsperger, Kassel and Marcus [74-76] which
enables the computation of unimolecular reaction rates from a few characteristics of the potential

energy surface [77].

I-6: Density functional theory

Density functional theory [78-80] is a widely used method for evaluation of several atomic and
molecular properties. Approximate DFT derived expectation values are in most cases better in line
with the experiment than results obtained from Hartree-Fock calculations [81]. DFT also has several
advantages in the accuracy of calculations on metals, especially on transition metals [82]. Geometry
optimization and calculation of harmonic vibrational frequencies can be applied to a huge range of
molecules and can yield in satisfying accuracy with respect to experimental data, whereas the
quality of DFT derived thermodynamic data is strongly dependent on the chosen level of theory and

can show a large deviation from experimental data [11].
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I-7: Structure of the thesis

Chapter I provides for an introduction to the interdependency of results derived from liquid and

gas phase by the use of various methods.

Chapter II describes the experimental and theoretical methods used in this thesis.

Chapter III reports on the interaction of the dipeptide carnosine with alkali metal ions. We used a
combination of ion trap mass spectrometry, collision induced dissociation and density functional
theory in order to derive energetic minimum isomer structures of dipeptide-metal complexes. The
change of alkali ion size has a crucial effect on the binding energy of the alkali ion to the dipeptide
and to the fragmentation behavior of complexes. (published in a similar version as a paper in

Zeitschrift fiir Physikalische Chemie (2011), 225(5), 595-609 )

Chapter IV accomplishes the case study of chapter III by the use of 1- and 2-color IR-MPD
spectroscopy and expands it to three other dipeptides consisting of similar monopeptides.
Furthermore, the alkali ion complexes of Carnosine, Anserine, GlyHis and HisGly are compared
regarding their fragmentation behavior, their IR-MPD spectra, their structure types and their gas
phase reactivity with NDs;. We figured out common binding motives of the metal-dipeptide

complexes and a change of binding motives by the increase of the ion size. (publication in progress)

Chapter V utilizes again a metal complex of Carnosine. Its Zinc complex [Carnosine-H,Zn"]" was
subject of several studies on the binding behavior in the liquid and gas phase. We provide 1- and 2-
color IR-MPD spectra of this complex and compare them to preliminary studies. Furthermore,
dipeptides provide for several IR active groups which allow for a systematic study of the band
dependent 2-color IR-MPD enhancement effect on the fragmentation efficiency. (publication in

progress)

Chapter VI provides for a comprehension of recent ESI-MS studies on a ruthenium-based protocol
for the regio- and stereoselective catalytic hydroamidation of terminal alkynes and on mechanistic
investigations of this ruthenium-catalyzed reaction. (published as separate articles in Advanced
Synthesis & Catalysis (2008), 350(17), 2701 and in the Journal of the American Chemical Society
(2011), 133(19), 7428-7449 )



8 Chapter I

Chapter VII expands the application of CID and IR-MPD experiments and DFT studies on the
elucidation of gas phase structures, reaction mechanisms and rate constants of Ruthenium
complexes for the catalysis of transfer hydrogenations. 2-color IR-MPD allows for the detection of
dark bands, DFT allows for the qualitative comparison of experimentally derived rate constants

with transition state theory.

Chapter VIII makes use of IR-MPD spectroscopy on protonated and H/D exchanged dysprosium-
based one-, di- and trimetallic complexes in order to assign vibrational bands and to determine the
most probable protonation sites of the molecules. This chapter provides important structural data to
support further calculations on the magnetic properties of those molecules. (mass spectrometric
characterizations of the dysprosium-based complexes are published as separate articles in Inorganic

Chemistry (2012), 51(18), 9589-9597 and in Dalton Transactions (2013), 42(7), 2445-2450 )

Chapter IX displays the reaction behavior of a dimeric cobalt complex in solution and investigates
the influence of the reactant on the fragmentation behavior and the optical properties of the
molecules. IR-MPD spectra in the mid- and near-IR region exhibit low lying electronic vibrational

excitations which are compared to TD-DFT derived absorption spectra.

Chapter X provides additional information on data processing and comprises several reprints of

publications.

Chapter XI summarizes the obtained findings and provides for an outlook on future experiments.
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Chapter II: Experimental and theoretical methods

I1-1: Experimental methods

I1-1.1: Electrospray ionization

Electrospray ionization (ESI) and matrix assisted laser desorption and ionization (MALDI) allow
for the transfer of peptides and biomolecules to the gas phase (almost) without fragmentation of the
molecules [3-6]. The combination of these soft ionization methods with mass spectrometry has
enabled substantial progress in the characterization of macromolecules and biopolymers like
proteins and nucleic acids. ESI has also been proved to be applicable for the characterization of

inorganic metal compounds and for the monitoring of reaction solutions.

The basic principle of the electrospray process is to inject a solution of the molecules in a (mostly)
polar solvent through a small capillary while a constant flow of nitrogen (nebulizer gas) is applied
around the opening of the capillary (cf. Fig. 1). The nitrogen gas flow leads to a disruption of the
formed droplets leading to a spray of small aerosolic particles. Additionally an electric field
between 2 and 6 kV is applied between the spray needle and the spray shield in front of the entrance
capillary of the mass spectrometer. The electrostatic field preferentially attracts ions of one polarity
to the droplet surface. Around the entrance of a glass capillary a constant flow of heated nitrogen
(dry gas, between 100 and 350 °C, dependent on the application) is used to evaporate solvent
molecules from the droplets. The droplet diameter shrinks continuously and the surface charges are
forced closer together. As soon as the Coulomb repulsion equals that of the droplet tension, the
Rayleigh limit is reached and the droplets start to undergo Coulomb explosions. This process
repeats itself until all solvent molecules are removed from the ions and only the bare free molecules
remain. There are also different desolvation mechanism discussed in literature, like the charged
residue model. A deeper examination of the electrospray process reveals that most mass

spectrometric features can be explained with both methods.
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Figure 1: Scheme of an electrospray source, taken from [1].

The glass capillary serves as the inlet to the vacuum, reduces the flow of neutral gas molecules to
the interior of the mass spectrometer and allows for a further desolvation of the ions. An
electrostatic potential between the spray shield and the capillary focuses the ions to the capillary
entrance. The charged micro-droplets enter the glass capillary which is metal-coated at both ends.
An electrostatic potential is applied to the metal coatings of the glass capillary providing for an

guidance of charged particles (dependent on ion mode of the instrument) through the glass capillary.

I1-1.2: Paul trap instruments

The 3D ion trap was developed by Paul et al. [7]. The motion of the ions in an electric field is
described by the solution of the Mathieu equation [8]. Ions with a mass to charge (m/z) ratio within
a certain region of the stability diagram can be stored simultaneously (cf. Fig. 2). Ions with other
m/z ratios do not have stable orbits and can be lost due to collision with the walls of the ion trap.
Combinations of DC voltages with varying amplitudes and AC voltages with varying frequencies or
amplitudes allow for the continuous ejection of the trapped ions (MS scan), the isolation of a certain

m/z ratio and collisional induced dissociation (MS" scan (n = 2, 3, 4...)).
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I1-1.2.1: Bruker Esquire6000 mass spectrometer

After the ions and the remaining droplets exit the capillary, they enter the CapExit region and are
accelerated to skimmer (cf. Fig. 1 and 3). The pressure in this region is approximately 1 mbar and
the ions undergo several collisions with neutral molecules. Dependent on the applied potential, the

remaining solvent molecules are stripped of and also fragmentation of ions can occur.

Two linear octopole ion guides are installed on axis and guide the ions through two differentially
pumped vacuum chambers to the ion trap. The ion beam is focused into the ion trap where the ions
are accumulated and stored until detection. Inside the ion trap (cf. Fig. 3 and 5), Helium is provided
with a constant pressure of ca. 3 x 10® mbar in order to slow down the ions and to allow for

collision induced dissociation under the application of an accelerating potential.
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Figure 3: Scheme of the ion (red dots) transfer in a Bruker esquire mass spectrometer

[2].

Standard measurement conditions:

Scan speed was 13000 m/z / s in normal resolution scan mode (0.3 FWHM / m/z), scan range was at
least 50 to 500 m/z. Sample solutions at concentrations of appr. 1 x 10* M were continuously
infused into the ESI chamber at a flow rate of 2 pL/min using a syringe pump. Nitrogen is used as
drying gas at a flow rate of 3.0 L/min at 300 °C and the solutions were sprayed at a nebulizer
pressure of 4 psi with the electrospray needle held at 4.5 kV. Transfer parameters to the Paul trap of
the mass spectrometer were tuned using the “target mass” option of the instrument software. The
“target mass” was mostly chosen according to the m/z ratio of the selected molecule under study.
Helium was used as a buffer gas with a partial pressure of about 3 x 10 mbar inside the ion trap.
Bruker Esquire Control 5.3 software controlled the instrument and data analysis was performed

using Bruker Data Analysis 4.0 software.

I1-1.2.2: Bruker amaZonSL mass spectrometer

After the ions and the remaining droplets exit the capillary, they enter the CapExit region and are

accelerated to an ion funnel (cf. Fig. 1 and 4). The pressure in this region is approximately 1 mbar
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and the ions undergo several collisions with neutral molecules. Dependent on the applied potential,
the remaining solvent molecules are stripped of and also fragmentation of ions can occur. The ion
funnel is installed off axis and has two functions. It focuses the ion beam and due to its off axis
position, neutral molecules collide with the ring electrodes of the funnel and are pumped off. This
allows for a good vacuum gradient and the use of a single turbomolecular pump which evacuates
stage 3 and 4 of the mass spectrometer (cf. Fig. 4). The ion beam is focused into the ion trap where
the ions are accumulated and stored until detection. Inside the ion trap (cf. Fig 4 and 5), Helium is
provided with a constant pressure of ca. 3 x 10” mbar in order to slow down the ions and to allow

for collision induced dissociation under the application of an accelerating potential.

Figure 4: Scheme of the Bruker amaZon SL mass spectrometer [1]

Standard measurement conditions:

Scan speed was 32500 m/z / s in normal resolution scan mode (0.3 FWHM / m/z), scan range was at
least 70 to 500 m/z. Sample solutions at concentrations of appr. 1 x 10* M were continuously
infused into the ESI chamber at a flow rate of 2 pL/min using a syringe pump. Nitrogen is used as
drying gas at a flow rate of 3.0 L/min at 220 °C and the solutions were sprayed at a nebulizer
pressure of 4 psi with the electrospray needle held at 4.5 kV. Transfer parameters to the Paul trap of
the mass spectrometer were tuned using the “target mass” option of the instrument software. The
“target mass” was mostly chosen according to the m/z ratio of the selected molecule under study.

Helium was used as a buffer gas with a partial pressure of about 3 x 10 mbar inside the ion trap.



20 Chapter II

BrukerTrapControl 7.0 software controlled the instrument and we performed data analysis using

Bruker Data Analysis 4.0 software.

I1-1.3: Modification of the Bruker amaZonSL mass spectrometer

Figure 5: Scheme of an Paul type ion trap [1]

The ring electrode of the mass spectrometer was modified within a cooperation with the Bruker
Daltonic GmbH under the supervision of C. Gebhardt. Two holes were drilled perpendicular to the
surface of the ring electrode (cf. Fig. 5 and 6) in order to create an optical path through the center of
the ion trap where stored ions have their highest probability of presence. The holes have a diameter
of 6mm at the outer surfaces and are drilled with a constant diameter unless the last 3 mm of the
material thickness is reached. Within those last 3 mm the drilling is reduced linearly to 2 mm on the
inner surface of the ring electrode. The reduction of the diameter has to reasons. The inner holes
serve as apertures for laser beam alignment on the one hand, on the other hand the loss of Helium
atoms from inside the trap to the vacuum chamber is restricted. Furthermore a mount for two
mirrors was constructed by Y. Nosenko and manufactured by Bruker Daltonic GmbH. The mount
was installed at the support rods of the trap. One mirror is positioned under the ring electrode in line
with the drilled holes, the second mirror adjacent to the trap in order to allow for a redirection of the

laser beam after its transition through the trap back to the cover of the vacuum chamber (cf. Fig. 6).
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The cover of the vacuum chamber was provided with two openings for the laser beam and with a
breadboard for the mount of optical elements on top of the vacuum chamber. The openings are
closed with two BaF, windows on top of viton seals. Optical elements comprise two apertures for
laser beam alignment, several mirrors for redirecting the beam and a plain mirror, a concave mirror
respectively, on a magnet mount plate placed above the ion the trap in order to allow for a quick
change of the two types of mirrors. The plain mirror is needed for IR frequencies above 2200 cm™.
The laser beam in a frequency range from 2200 to 7400 cm™ is focussed by a plano-convex CaF, (f
= 500 mm) lens positioned on top of the laser table breadboard. This lens has to be removed in
order to access laser frequencies in the region between 800 and 2200 cm™ due to self absorption of
the CaF, crystal. Laser beams in the latter region are focussed by a concave mirror (f = 150 mm) on

top of the vacuum chamber.
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Figure 7: Delay scheme of the duty cycle of an amaZonSL mass spectrometer [1]

The original ion trap of the instrument was exchanged with the modified one and the capacity of the
new trap was adapted to the oscillating circuit of the instrument. The instrument software was
modified by Bruker Daltonics GmbH in order to allow for a synchronization of the duty cycle of the
mass spectrometer to the 10 Hz trigger signal of the pump laser. A home-made connector to the
auxillary interface of the instrument allows for the transfer of the laser flashlamp sync. trigger
output to the mass spectrometer trigger input. In this modification, the instrument waits for a trigger
signal during the fragmentation time of an MS" step (cf. Fig. 7, step 6) until it starts scanning the
content (parent and fragment ions) of the trap. An exact number of laser pulses can be used to
irradiate the ions within the cell by the change of the fragmentation time within the Bruker Trap
Control software. If the instrument does not receive a trigger signal from an external source a scan
is applied after 200 ms fragmentation time. The mass spectrometer software allows furthermore to

send a trigger signal as soon as a certain step in the delay scheme of a measurement cycle is
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reached, e.g. step 6 in Fig. 7. An electrical shutter was inserted in the beam path of the IR laser in
order to allow for the exclusive irradiation of fragment ions in MS™? steps. Therefore the shutter
remains closed during steps 1 to 5 and 7 to 8 unless the instruments receives a TTL pulse on the

duration of the appendant MS™ step.

The remaining laser beam is directed to an energy or power meter head. The external connector to
the auxillary interface allows furthermore for the transmittance of the analog output of an power or
energy meter to an analog digital converter of the mass spectrometer. The analog signal is digitized
during each measurement and serves as a reference to laser frequency dependent photon flux within

the measurements.

Mass spectra are processed with the help of several home-made scripts based on VisualBasic and an
interface for data processing within the DataAnalysis software. An example script and a screenshot
of the user interface for data processing are provided in Chapter X of this thesis. A LibreOffice Calc
template file has been developed for the standardized calculation of spectra from exported raw data

(cf. Chapter X).

I1-1.4: Penning-trap instruments

Gas phase reactions with D,, D,O and ND; were performed with a modified Bruker Apex III FT-
ICR-MS equipped with a 7.0-T magnet and an APOLLO I electrospray ion source. The standard
setup and the standard operating conditions are described in the manual of the instrument [9]. The
mass spectrometer was equipped with a cryogenic cooling unit, a two stage Sumitomo cold-head,
which is connected to two copper tubings [10]. The copper tubings are connected to the first and the
second stage of the cold head and enable a heat transport from the ICR cell to the cold-head. Three
additional passive copper shields surround the actively cooled copper tubings in order to protect
them from blackbody irradiation from the vacuum housing. The background pressure within the
high vacuum region was approximatively 3 x 10° mbar. Additionally, the instrument was equipped
with a leak valve connected to the a copper tube which led the gas directly to the FT-ICR cell of the
mass spectrometer. Solvents were degassed using the freeze-pump-thaw technique. The partial
pressure of the reaction gas was monitored by an ion gauge. The pressure in the high vacuum region
was set to a constant value between 1 x 10° and 1 x 10® mbar dependent on the reaction gas.

Passivation of the surfaces of the vacuum chamber was facilitated for at least one hour.
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Standard measurement conditions:

Sample solutions in water/acetonitrile 9:1 at concentrations of appr. 1 x 10* M were continuously
infused into the ESI chamber at a flow rate of 3 pL/min using a syringe pump. Nitrogen was used as
drying gas with flow rate of 10.0 L/min at appr. 300 °C. The solutions were sprayed at a nebulizer

pressure of 25 psi and the electrospray needle was typically held at 4.0 kV.

II-1.5: Collisional induced dissociation

During CID, the trapped ions were accelerated by an additional DC potential while they undergo
collisions with Helium atoms. This leads to a transfer of kinetic energy to the internal degrees of
freedoms of the ionic molecules. As soon as an ion has stored a sufficient amount of energy in its
internal degrees of freedom a dissociation can occur. Those dissociations reactions mostly formed
stable neutral molecules like H,, H,O, CO, and NH; and a ionic fragment of the precursor molecule.
Besides those, also larger neutral fragments occurred, dependent on the ionic molecule and the
height of dissociation barriers. A variation of the excitation magnitude allowed for the recording of
CID appearance curves (cf. Fig. 8). Those were recorded with varying excitation magnitude from
0.0 to 1.0 corresponding to the internal energy scale of the mass spectrometer. Relative abundances

of fragments were calculated according to:

- Z.: Iifr<ELAB)
T LS (e
and breakdown curves of parent intensities accordingly:

Zi: IiIO ( ELAB)
| t%t(ELAB): z | ifr( ELAB)+Zi: | ip( ELAB) (1b)

The amount of energy transferred by a single collision is dependent on the velocity and mass of the
collision gas and the ion. The center-of-mass energy is the theoretical amount of energy that can be
absorbed in such a reaction. Center of mass transferred fragmentation magnitudes Ecom were
calculated from internal amplitudes E;ap according to formular 2. m;,, was chosen according to the

isotopically averaged mass of the molecule.

m
ECOM:(mHe_:tn_ )ELAB (@)

on
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f f iy . .
Thereby | P(E ,5) converts to 1. "(E.oy,) . Those entities may fit to analytical

functions:

r 1
IIit<ECOM): 5% ECOM)B) (Ba)

(1+e(ECOM_

1
I ?it(ECOM): (1+e_(Eg‘§;;_ECOM)B) (3b)

A phenomenological E***com value can be derived by the center of these sigmoid fit functions

fr,
| p

it (E COM) (cf. Equation 3a and 3b) applied to experimental data Itfc:t’ p(ECOM) using a

least-squares criterion. E*coy is the amplitude at which the sigmoid function has reached half of its
maximum, Ecom is the fragmentation amplitude and B describes the rise of the sigmoid curve.
Alternatively, E**com values can be used to determine activation energies (AE) under consideration
of the slope of the sigmoid function [11]. E*fcom values were derived by linear extrapolation of the

slope at the E***coy value to the baseline (cf. Fig. 8, lower green circle).

Figure 8: Relative abundances 1° (Eo,) (¢)and | tfort (Ecoy) (m) for the para-

fluoro-benzylpyridinium parent cation and its ionic fragment. Sigmoid functions
|fit(ECOM) () and |]:irt(ECOM) (=) were derived from fits of the measured
values. The blue line (=) was derived from the slope of the sigmoid fit function at

E°" com. Positions of the E** oy and the E* oy values are marked with green circles.
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Resulting E**oy values can be compared qualitatively or quantitatively within one group of
molecules. Activation energies derived from ab initio calculations on the dissociation pathway of an
ion can be correlated to experimental E**com values. Substituted benzylpyridinium ions, so-called
“thermometer ions”, can be used to calibrate the internal scales of the mass spectrometers

fragmentation amplitudes towards appearance energies of the fragment ions [11-15].

I1-1.6: Infrared multiple-photon dissociation

Nonlinear optical crystals like KTP provide for the generation of second-harmonic frequencies (or
higher) [16], e.g. a frequency of Vs3um = 9394 cm™ from two photons with frequencies of Vigsam =
18789 cm™ (cf. Equation 4). An optical parametrical oscillator (OPO) consists essentially of an
optical resonator and a nonlinear optical crystal. The use of nonlinear optical crystals allows for the
conversion of an intense laser wave of one frequency vss.m to two output waves by means of second
order nonlinear optical interaction [17] (cf. Fig. 9 and 10 and Equation 5). Those two output waves
are named signal v, and idler v,;. The wave with higher frequency is called signal. The bandwidth
of the outcoming signal and idler waves can be reduced by the use of an optical grating inside the
resonator of the OPO system [18]. Changing the angle of the crystals with respect to the incoming
laser wave allows for a continuous tuning of the outcoming signal v and idler v,; waves [19]. An
optical parametrical amplifier (OPA) allows for the amplification of the idler v;; wave from the OPO
output. Therefore, the signal v;s wave is separated from the OPO outputs, the remaining idler v;;
photons pass through four nonlinear optical crystals collinearly with the photons of the same
wavelength Vissnm as the pump. During the amplification process the pump wave Vigssnm is converted
in a signal v, and idler v,; wave (cf. Equation 7), where the idler v;; wave of the OPO serves as a
seed beam (cf. Equation 6). After the pass trough the crystals the remaining pump wave is separated
from the signal v,s and idler v,; wave. The frequency of the resulting idler v,; wave is only
dependent on the pump frequency and the frequency of photons of the signal v,s wave of the OPO
process (cf. Equation 8). Both remaining beams can be used for differential frequency mixing
(DFM) in an AgGaSe; crystal providing for frequencies vprv in the range from 2200 to 800 cm™
[20] (cf. Equation 9). Alternatively, the signal v,s wave(7400 — 4700 cm™) of the OPA process is
separated by three silicium plates which are aligned in a Brewster angle for the idler v,; wave (4700

— 2200 cm™) of the OPA.
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Vs32nm = 2 Vi064nm (4)
Vs32nm = Vis T Vi (6]
Vi1i = Va2 (6)
Vioeanm = V2,5 T V2i = Vii + Vi = Voi + V53oim = Vis (7)
V2i = Viosanm = V532nm + Vis = Vis = Viosanm (8)
VDFM = V2,5 = V2,i €)]

Table 1: Optical elements (without mirrors) in the OPO/A laser system and their
effect on polarization (v = vertical; h = horizontal) (cf. Fig. 9 for spatial

arrangement).

optical element in out

OPO attenuator Vio6anm (h) Vio64nm (V)
SHG KTP V1064nm (V) Vs3a0m (V)
OPO KTP Vs320m (V) vis(h) & vii(V)

dove prism and wave plate vis(h) & v, (V) Vis (V) & vi,i(h)

Si filter 1 Vis (V) & vy (h) vii(h) = v (h)

OPA attenuator V1064nm (1) Vioanm (V)
OPA KTA Va5 () & Viosanm (V) Vo (h) & Vioganm (V) & V2, (V)
Si filter 2 Vas (h) & v, (V) Vo (h) or vy (V)

AgGaSe; + filter vas(h) & va; (V) Vorm (V)

[ &

o5

rror

AtimF A
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Continuum

Nd:YAG-Lase 1
10 Hz ml
550 mJ/puls
1064 nm Idler 2: DFM:
4700-2200cm? 2200-800cm
~ S 1 |
ignal 1, Si 2
[ .. 1532 [ oro : igna DFM [ DFm

Standard measurement conditions:

IR-MPD measurements were performed with the Bruker amaZonSL ion trap mass spectrometer (cf.
Chapter II-1.3) after its modification. Two KTP/KTA optical parametric oscillator/amplifier
(OPO/A, LaserVision) systems pumped with two Q-switched 10 Hz injection seeded Nd*":YAG
lasers (PL8000, Continuum) provided for tunable IR radiation (v = 0.9 cm™ resp. &v = 0.3 cm™, &t
= 7 ns) in order to record vibrational spectra via the multi-photon dissociation scheme. We used the
OPA idler wave (<10 mJ/pulse) of the one system to scan spectra (pump laser) within 2800 - 3600
cm™. On choice the second IR OPO/A served as probe laser, set to a selected and fixed vibrational
resonance frequency. The probe laser beam was aligned counter-propagating with respect to the
scanning pump laser beam. Probe pulses were delayed by 100 ns with respect to the scanning pump
pulses (delay generator DG645, Stanford Research Systems). Each trapped and m/z isolated ion
package was irradiated by 1-4 laser pulses (or pulse pairs in case of two-laser experiments) in order
to produce sufficient fragment ions. IR spectra were recorded using Bruker chromatogram software
for extracting the intensity of parent and fragment ions (three point averaging directly by
BrukerTrapControl software). IR-MPD signal was evaluated corresponding to formula 1. Origin
Plot Software served to apply a five point adjacent averaging for smoothing. IR frequency was
calibrated by a wave meter (821B-NIR, Bristol instruments, resp. HighFinesse IRII WS7, Toptica
Photonics). Laser power curve was recorded in parallel to the IR-MPD spectra through digitizing
the analog output of the laser power meter by an ample ADC input of the amaZonSL mass

spectrometer electronics.
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II-2: Theoretical methods

Besides the general introduction of the thesis, a short introduction to density functional theory
(DFT) is given here in order to support the reader with the basic concepts of DFT calculations.
Detailed introductions in the fundamentals of quantum chemistry and DFT can be found elsewhere
[21-24]. In the following equations no fundamental physical constants will appear due to the
introduction of atomic units. The explanation of the density functional formalism and most

equations in this section accord to Ref. [25].

E. Schrodinger and W. Heisenberg [26, 27] formulated the fundamentals of quantum theory in 1926.
A short time after that, L.H. Thomas [28] and E. Fermi [29] came up with the idea to express the
energy E (and other properties) of a system as a functional of the electron density n(r). The

accuracy of those attempts were not satisfying due to a lack of appropriate molecular orbitals.

DFT is a (in principal exact theory) of the electronic structure of a system [30]. This electronic
structure is based on the distribution of the electron density n(r). DFT allows for the determination
of the ground state energy of a system consisting of electrons and ionic nuclei using density

matrices without a previous calculation of the many-electron wave function ¥(ry, 1o, ... In).

I1-2.1: Density functional theory

The fundamental theorems of the density functional theory formalism were formulated by P.
Hohenberg and W. Kohn (1* Hohenberg-Kohn-Theorem) [31]. They showed that the properties of
the ground state of a system consisting of electrons and ionic nuclei in an external field Ve of the
nuclei itself is exclusively determined by the electron density n(r). W. Kohn received the Noble
price for chemistry in 1998 due to his work on density functional theory together with J.A. Pople

for the development of quantum mechanical computer programs for a broad group of users.

The electron density clearly determines the external potential and therefore the Hamiltonian
operator. In turn, the Hamiltonian operator determines the wave function and therefore all properties
of the molecule as expectation values of correspondent operators. The total energy is thus a
functional of the density, e.g. E=E(n(r)). Furthermore, P. Hohenberg and W. Kohn showed that the
variational principle can be applied to density functionals (2" Hohenberg-Kohn-Theorem). Equality
for E(n(r)) > Ecs (GS = ground state) is achieved for n(r) = n(r)ss. This formalism became

applicable to practice due to the observation of W. Kohn and L.J. Sham [32], that the minimization
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of E(n(r)) is considerably simplified, if E(n(r)) is apportioned to:

E(n)=To(n)+ [ drn(r)(V (r)+20(r)+Exe(n) ()

Ty is the kinetic energy of a system with an electron density n(r) without an electron-electron-
interaction. ¢(r) is the Coulomb potential and Exc defines the exchange correlation energy. The
variational principle yields 2 with the Lagrange-parameter p. The Lagrange parameter is associated

with the condition of a constant number of particles.

AEXC(“)

)+Vext(r)+(P(r)+T(r):“ 2

AE(n) AT,
An(r)  An(r

Equation 2 is aimed at an interacting system of electrons and ionic nuclei. The solution of equation
3 for a system of non-interacting particles is derived by solving the Schrédinger equation 4. The

density is yielded by equation 5 summarizing i orbitals with occupation numbers f;.

AE(n) AT,
An(r)  An(r)

+V(rj=p 3)

(=5 V2V ()u(r=gu,(r) @
n(r):Z fi‘wi(r)r 5)

Equations 2 and 3 are mathematically identic, if V(r) is defined as in equation 6.

AEy(n)

\Y (r):vext+(p(r)+T(r)

(6)

This condition can be fulfilled within a self-consistent field (SCF) cycle. The method is analog to
the self-consistent field method for solving the multi-particle Schrédinger equation. In both cases an
iterative procedure is used. Additionally the value of Exc is derived during density functional

calculations, which can not be estimated analytically but has to be derived from numerical
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integration.

A specific basis has to be chosen for solving the Schrédinger equation with the SCF method. The
potential energy is derived from the distribution of electrons obtained by the basis. The Schrédinger
equation of one molecule with m electrons is splitted into m one-electron equations and the
Schrodinger equation for one-electron wave functions is solved numerically. This method is
repeated for all electrons of the molecule in order to achieve an enhanced set of orbitals. The new
set of orbitals differs normally with respect to the original basis. The method is continued as long as
no significant change occurs during the iterations. The orbitals are self-consistent within this state
and are accepted as the best solution for the system. This method was primarily used by D. Hartree

and refined by W.A. Fock and is commonly known as Hartree-Fock-method [21].

The mathematical expression of the method for calculation of electron densities developed by W.
Kohn and L.J. Sham arises from the approach of D. Hartree and W.A. Fock. The equations are quite
similar and they can be solved with the same methods. The method for solving the density
functional one-electron equation starts with a start density n, which reflects the initial distribution of
the ionic nuclei. Most often this start density is derived from an extrapolation of atom densities. In
the standard procedure the density functional equations are solved by expanding the one-electron
wave functions (molecular orbitals) varying into basis sets. As soon as the Hamilton operator and
the elements of the overlap matrix are calculated, the eigenvalues and the eigenvectors are
determined. The orbitals are filled according to the aufbau principle (with the use of the Fermi-
Dirac statistic) which leads to a new electron density distribution. This accomplishes one cycle of
the SCF method. V(r) is derived by the start density distribution n and yields a new density

distribution n”". This procedure is continued until n = n".

The energy of the electron density of the ground state of a system and all derivable factors is
yielded by the solution of the equation 6. In general the energetically lowest state of a given
symmetry can be calculated with this method, if the variation of density is constricted to densities

which are characterized by appropriate symmetry quantum numbers.

The problem within DFT is, that To, the one-electron interaction and the electron-electron
interaction in 1 can be derived easily indeed, but Exc is only defined as the difference between the
sum of those terms and the exact energy. Exc comprises all unknown factors. Exc is relatively small

for atoms and molecules, but it is not negligible. The approximation of Exc plays therefore a crucial
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role within DFT and is the main difference between the methods.

I1-2.2: Approximation methods

A preferably good approximation of Exc is needed for DFT methods. Even the best solution of a
density functional equation represents only the accuracy of the approximation of Exc. There is no
opportunity to enhance the accuracy of the calculations systematically. This is one of the most
eminent differences with respect to Hartree-Fock methods, where in principle at least one

systematic way exists for an enhancement of results.

Usually Exc is splitted in an exchange and a correlation term:
Exc(n):Ex(n)"'Ec(n) 7)

Both functionals can belong to different types: local functionals, which are only dependent on the

electron density or gradient corrected functionals which contain an additional gradient [33].

The most common approximation for Exc is the local spin density approximation (LSD) (8).
Exc(n)=J drn(r)e,(nt(r),ne(r)) ()

exc(nt(r),n!(r)) stands for the exchange and correlation energy per particle within a homogeneous,
spin-polarized electron gas with densities nt and n! for spin t and spin |. Local density
approximations are exact for systems with constant electron density, e.g. within an ideal metal. The
more the electron density varies, the less exact is the method. Density distributions in atoms and
molecules are highly inhomogeneous, therefore gradient corrected functionals are to be preferred at

which the spin densities are expanded with a gradient.

I1-2.3: Geometry optimization

The electronic energy of molecules with an arbitrary arrangement of nuclei can be determined with
the help of the Born-Oppenheimer approximation. The electronic energy of a molecule consisting of
N atoms with three translational and rotational degrees of freedom each is a function of 3N-6
coordinates within the Born-Oppenheimer approximation. The electronic energy corresponds as
potential energy to the Schrédinger equation for the nuclei and is therefore also named as potential

surface. The so called stationary points of the potential surface are of special interest. All first
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derivatives of the energy with respect to 3N-6 independent spatial degrees of freedom equal zero at
those stationary points. Energetic minima are all those stationary points, at which all force constants
(second derivatives of the energy with respect to the 3N-6 atomic coordinates) derive positive
values. Transition structures are saddle points, i.e. exactly one of those second derivatives is
negative. The strength of theoretical chemistry is due to the calculation of those stationary points
with the help of iterative methods for gradient optimization. The method is finished as soon as the
optimization has converged: possible convergence criteria are the change of energy or of the

geometry between to cycles as well as the absolute value of the gradient.

I1-2.4: Calculation of frequencies

Vibrational frequencies are normally derived subsequent to the geometry optimization in order to
characterize the located stationary point at the potential energy surface as a minimum (number of
imaginary vibrations i=0), transition state (i=1) or as a saddle point of higher order (i > 1). A
frequency analysis is only valid for minima or maxima at the potential energy surface, i.e. the first
derivative of the energy with respect to the nuclei coordinates has to equal zero. One of the second
derivatives of the energy with respect to the 3N-6 nuclear coordinates is negative for a transition
state. The negative second derivative corresponds to a force constant for the motion along the

reaction coordinate.

The second derivatives of the energy with respect to the cartesian coordinates are derived within a
harmonic approach in order to calculate vibrational frequencies. The second derivatives are
transformed to mass-weighted coordinates and 3N eigenvectors and 3N eigenvalues are determined.
Rotational and translational motions of the molecule are sorted out and 3N-6 (3N-5 for linear
molecules) vibrational modes are yielded. Vibrational frequencies are calculated due to these
vibrational modes. Also reduced masses, force constants and the displacement of the atom nuclei

are yielded in cartesian coordinates.

I1-2.5: Analysis of transition states

The analysis of transition states is mostly necessary in order to understand reaction mechanisms. A
first order saddle point at the potential energy surface is searched within geometry optimization of a
transition structure. This transition structure separates to adjacent energetic minima along the
minimum energy reaction path. The concept of a transition structure is close to the concept of the
transition state formulated by Eyring et al. [34], but not identical to it. Transition state theory

defines a quasi-thermodynamic state which corresponds to a local maximum of free enthalpy along



34 Chapter II

the reaction coordinate, separating two free enthalpic minima.

Below the relation of energy E and the free enthalpy is described, whereat first the enthalpy H is
defined.
AH =AU + pAV =AU + AnRT (9)

AU describes the change of the internal energy and An the change of the number of molecules

during the reaction. AU comprises:
AU = X(AE + AZPE + CvAT) (10)

The zero-point energy and the thermal energy CyAT (Cy is the heat capacity at a constant volume)
has to be added to the electronic energy in order to derive the internal energy AU and therefore the
enthalpy AH. The calculation of the CyAT term succeeds due to the sum of states, whereas the
calculation of the vibrational frequencies is necessary in order to derive the sum of vibrational
states. The contribution of vibrations to the molecular sum of states composes of the real (non-
imaginary) vibrational modes. Each of those 3N-6 (3N-% for linear molecules) vibrational modes
has a characteristic vibrational temperature 6, (8, = hv/kg; h = Planck constant; ks = Boltzmann

constant).
The Gibbs function connects the free enthalpy G to the enthalpy H:
AG = AH - TAS (11)

Free enthalpy differs from enthalpy by a term of -TAS. The entropy of a molecule or of a transition
state has to be comprised first due to sum of state calculations, like it was done for the heat capacity.
I1-2.6: Chosen functionals

Hartree-Fock theory comprises as well as DFT an exchange term. Becke et al. formulated
functionals, at which the exchange term comprises a portion of Hartree- Fock and density functional

theory while the correlation term origins from DFT. c terms stand for corresponding constants:

_ _HF —HF _DFT —DFT
Excrria =C " Ex C Exc (12)
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The B3LYP functional consists of a three parameter hybrid method from Becke et al. and a

correlation functional from C. Lee, W. Yang and R.G. Parr with local as well as non-local portions:

S = BN o B~ EY)+C, A B EL o (EET—EX™) (13)

The parameter ¢, allows for the contribution of each possible ratio of the Hartree-Fock and the local
density assumption (LDA). Furthermore, the gradient correction for the LDA exchange term from
Becke comprises a parameter cx. Corrections can be drawn due to the VWN3 correlation correction

term and parameter cc allows for a LYP correlation correction.

Parameters within the B3LYP functional are: co, = 0.20, cx = 0.72 and cc = 0.81. Those were
estimated by adaptation of the calculated values to experimental ionization potentials, proton
affinities and the bond-dissociation energy of the elements of the first period within the G1 set of

molecules.

It has to be noted, that Becke has used the correlation functional from Perdew-Wang 1991 instead of
VWN3, LYP respectively, in his primary work. The fact, that the same coefficients yield good
results with various functionals, reflects the appropriateness of the attempt to mix exchange terms

from HF and DFT.

I1-2.7: Basis sets

The basis set is the mathematical description of the orbitals of a system. The larger a basis set is, the
more exact can the description of the orbitals be as the electrons are less restricted to a given spatial
distribution. This reflects that the electrons have a finite probability to exist everywhere in space

within the quantum mechanical atom model.

Standard basis sets use linear combinations of gaussian like functions in order to describe the
orbitals. Basis functions orient in the broadest sense at the eigenfunctions of the hydrogen atom.
The exponential part consists commonly of a gaussian like function, the prefactor are the power of
cartesian coordinates with respect to the particular atom. Minimal basis sets consist of the smallest
possible set of basis functions for each atom. According to this the most simple way to enlarge a
basis is to increase the number of basis functions for each atom. Split-valence basis sets consist of
two or more basis functions for each valence orbital. Therefore, a double-zeta (DZ) basis set

consists of a linear combination of two differently large functions for each molecular orbital.
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Split valence basis sets allow for the change in size of the molecular orbitals but not for a change in
their spatial form. For this purpose polarized basis sets are needed. Those basis sets incorporate
basis functions with a higher angular momentum quantum number as needed for the determination
of the ground state electron configuration within a minimal effort. Polarized basis sets add e.g. p-
functions to hydrogen atoms, d-functions to second row atoms and f-functions to third row atoms.
Another opportunity to enlarge orbitals is to use diffuse functions. Diffuse functions are expanded s-
or d-functions. Diffuse functions are needed for calculations with electrons which are quite distant
to the core, e.g. within molecules with free electron pairs, anions and other systems with a

significant negative charge, systems within excited states or a low ionization energy etc.

I1-2.8: Strategy of calculation procedure

The Extensible Computational Chemistry Environment (ecce) was used for the setup,
administration and monitoring of DFT calculations [35]. Calculations were mainly performed on a

computing cluster of the department of Theoretical Chemistry (research group C. van Wiillen)

DFT [31, 32, 36, 37] calculations were performed at various levels of theory (BLYP, B3LYP,
B3PB86, BPW91 [38-41] , PBE1PBE [42, 43] and B97D [44]) with cc-pVDZ (C, H, N, O, Si, Cl),
cc-pVTZ [45, 46] respectively, Stuttgart RSC 1997 ECP [47] and cc-pVTZ-NR (Co) [48] basis sets
using the Gaussian 03 and 09 packages [49, 50]. Standard convergence criteria for energy
optimization were applied. The optimized structures were checked for minima by 2™ derivative
(frequency) calculations. Basis set superpositioning error (BSSE) corrections for the estimated
Gibbs binding energies were determined as given in the Gaussian manual [46, 51]. Thermal

energies, enthalpies and Gibbs energies were calculated at RT conditions.
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Chapter III: The interaction of the dipeptide carnosine
with alkali metal ions

studied by ion trap mass spectrometry

III: Preamble

This chapter - in a slightly different version - has been accepted for publication by the Zeitschrift
fiir Physikalische Chemie - International Journal of Research in Physical Chemistry & Chemical
Physics with the title: “The Interaction of the Dipeptide Carnosine with Alkali Metal Ions Studied
by Ion Trap Mass Spectrometry” within the special issue dedicated to Bernd Brutschy on the occa-
sion of his 65" birthday. Measurements, data evaluations, structural and energetic calculations were
done by myself. The basic manuscript was mainly written by myself and subsequently modified by

Christoph Riehn and Gereon Niedner-Schatteburg.

III-1: Abstract

The complexation of alkali metal ions and the proton X* (X = H, Li, Na, K, Rb, Cs) by p-alanyl-L-
histidine (carnosine, Car) was investigated by electrospray ionization mass spectrometry (ESI-MS)
and MS/MS fragmentation studies. Collision-induced dissociation (CID) breakdown curves were
recorded and the resulting apparent activation energies were compared to DFT calculations of bind-
ing energies at the BBLYP/cc-pVDZ level of theory. Additionally, the influence of metal complexa-
tion on hydrogen/deuterium exchange of CarX" with D,O was tested. Our investigations character-
ize the structures of Car-alkali complexes and elucidate the interaction with the differently sized

solvated metal cations.

III-2: Introduction

The interaction of amino acids and small peptides with alkali metal ions is of fundamental impor-
tance since Na“ and K" cations are ubiquitous in biological systems and the resulting complexes
might provide model structures for metal-peptide interaction relevant for specific biological func-
tions [1]. The peptide chelation of the homologous series of alkali metal ions could be systemati-
cally explored by mass spectrometric selection and detection in the gas phase [2]. Under this condi-
tion, the identification of peptide binding sites and accompanying structures is possible. Usually the
experimental results are interpreted by help of ab initio and DFT computations of the energies and

spectroscopic properties of the possible isomeric structures. Thus, recently several model studies
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have been published differentiating the main binding motifs of salt bridges (SB), charge solvation
(CS) and cation-T1T complexation. [3-11] We report here on the mass spectrometric investigation of
cationized complexes comprised of the dipeptide L-carnosine (-alanyl-L-histidine, Car, scheme 1
(I)) and alkali metal ions or a proton. L-carnosine is a naturally occurring dipeptide. Due to the
presence of the imidazole group several tautomeric and zwitterionic forms are possible (see scheme
1). In addition, the imidazole side chain is a common coordinating ligand in metalloproteins and a
part of catalytic sites in certain enzymes. From recent gas phase IRMPD (infrared multiphoton dis-

sociation) studies [12] on CarH" the protonation site was located on the side chain imidazole nitro-

gen N".
(1
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N Oy OH
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+
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Scheme 1: Different binding motifs of carnosine. Note that the structures with the
non-protonated imidazole ring ((I), (I11)) could additionally exist in a tautomeric form

(N"-H instead of the depicted N'-H tautomer).

Carnosine is present in the muscle and brain tissue of humans in high concentrations. [13] It is the
major B-alanine source in the human body [14], and it is considered to play numerous additional bi-
ological roles in physiology [15,16]. For instance, it shows antioxidant activity and has been proven
to scavenge reactive oxygen species. The antiulcer drug Polaprezinc consists of the Zn(II)-carnosine
complex. Its biological function is still not fully understood. [17-22] Recently, the pH-dependent
aggregation of Car with Zn(IT) and Cu(II) was investigated by ESI-MS and dimeric carnosine to
metal complexes (e.g. [Cu(II)Car,]") have been identified. [23]
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We have performed preliminary IRMPD studies on Car-Zn(II) complexes [24,25]. The coordination
of histidine to alkali [26] and alkaline earth metal ions [27] and the structure of protonated histidine
[28] have been studied recently by calculations, IRMPD spectroscopy and H/D exchange (HDX)
measurements, respectively. Also, ab initio calculations on the MP2 level have been performed for
the tautomeric strucures of HisGly, GlyHis and their Na* complexes [29]. In particular, GlyHis is
closely related to carnosine, differing only by one CH, group. As far as we know, no systematic

mass spectrometric work on the alkali metal ion adducts of Car was published so far.

This work is part of our ongoing research on the interaction of metals and metal ions with
biomolecular systems. Here we use ESI-MS, CID and HDX to study the fragmentation behavior

and structure of protonated carnosine and the alkali metal ion adducts of carnosine.

I1I-3: Experimental and theoretical methods

III-3.1: Electrospray ionization mass spectrometry (ESI-MS)

Electrospray ionization mass spectrometry (ESI-MS) was performed with a Bruker Esquire
3000plus ion trap instrument. The ion source was used in positive electrospray ionization mode.
Scan speed was 13000 m/z / s in normal resolution scan mode (0.3 FWHM / m/z), scan range was
15 to 2800 m/z. All spectra were accumulated for at least one minute. Sample solutions in
H,0:iPrOH (50:50) at concentrations of 1 x 10 M were continuously infused into the ESI chamber
at a flow rate of 2 pL/min using a syringe pump. Nitrogen was used as drying gas with flow rate of
3.0 L/min at 300 °C. The solutions were sprayed at a nebulizer pressure of 4 psi and the electro-
spray needle was typically held at 4.5 kV. Transfer parameters to the Paul trap of the mass spec-
trometer were held constant. Helium was used as a buffer gas with a partial pressure of about 5 x
10® mbar. The instrument was controlled by Bruker Esquire Control 5.3 software and data analysis

was performed using Bruker Data Analysis 3.4 software.

III-3.2: Collision-induced dissociation (CID) breakdown curves

Recent investigations [30-32] on so called “thermometer ions” have demonstrated successfully that
it is possible for different ion trap mass spectrometers to calibrate the internal voltage scales of the
fragmentation amplitudes towards appearance energies (AE) of the fragment ions. From the good
correlation of the loss of neutral pyridine (a direct bond-cleavage) from 15 para-substituted ben-

zylpyridinium ions in comparison to the calculated reaction endothermicities a simple conversion
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factor was obtained. However, the precision of such an approach is compromised if additional frag-

mentation channels are taken into account [31].

Nevertheless, we expect for the cationized carnosine complexes under study here at least qualitative
correlation between the fragmentation amplitude and the internal energy of the ions so that appear-

ance energies and binding energies could be compared within the CarX" series.

Figure 1: Breakdown diagram of mass-selected carnosine + Li* as a function of the
fragmentation amplitude. The dots are the experimental data; the solid lines are the sig-
moid functions used for analysis.

Collision-induced dissociation (CID) breakdown curves, e.g., see Fig. 1 for CarLi’, were recorded
with varying excitation magnitude from 0.0 V to 1.0 V corresponding to the internal energy scale of

the mass spectrometer. Relative abundances were calculated according to:

I(E) = Y (fragments) / ) (fragments + parent) (1)

III1-3.3: Sigmoidal fitting of the breakdown curves

Fragmentation amplitude voltage dependent CID spectra were modeled and fitted by sigmoid func-

tions of the type
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L(E) = a/(1 + e® BB (2)
using a least-squares criterion. a; denotes the branching ratio of a particular product ion (}a; = 1),
Eso is the voltage at which the sigmoid function has reached half of its maximum, E is the frag-
mentation amplitude (in V) and B (in V™) describes the rise of the sigmoid curve. Due to the corre-
lation of fragmentation voltage and appearance energy it is assumed that the breakdown curves give

hints on the binding energies of the different cationized complexes.

II1-3.4: Hydrogen/deuterium exchange (HDX)

H/D exchange (HDX) reactions have been extensively used in order to determine the number of la-
bile sites and to infer structural features of small peptides [33-35]. H/D exchange with D,O was per-
formed under single collision conditions at a background pressure of approx. 1 x 10”® mbar (Bruker
Apex III FT-ICR-MS equipped with a 7.0-T magnet and an APOLLO I electrospray ion source).
Sample solutions in H,O:iPrOH:MeCN (10:10:80) at concentrations of 1 x 10* M were continu-
ously infused into the ESI chamber at a flow rate of 3 pL/min using a syringe pump. Nitrogen was
used as drying gas with flow rate of 10.0 L/min at approx. 300 °C. The solutions were sprayed at a
nebulizer pressure of 25 psi and the electrospray needle was typically held at 4.0 kV. Transfer pa-

rameters to the Penning trap of the mass spectrometer were held constant.

III-3.5: Computational methods

The goal of the computations is to illustrate the possible structural motifs and give preliminary hints
on their energetic order. We corrected the results for zero point energy (ZPE), but not for thermal
energies. We assume that these additional corrections are constant for all complexes. The metal ion

binding energies were calculated according to:
ApongE(Car + X*) = E(CarX") - E(Car) - E(X*) (3)
We do not claim to have found all the minima and their precise energies. However, we consider

these calculations sufficient for the available mass spectrometric data in order to give an overview

about the probable metal ion binding sites and their possible variation with metal ion size.

The Gaussian 03 package [36] was used at the B3LYP/cc-pVDZ level of theory (Stuttgart RSC
1997 relativistic effective core potentials (ECP) used for K, Rb and Cs [37]) for energy optimization
of selected starting conformations of the CarX" complexes. Standard convergence criteria were ap-
plied. We did not perform a comprehensive search for starting conformations. The relevant struc-

tures were hand-chosen judiously by allowing several H-bond contacts and coordination with the
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imidazole ring. Our choice of starting conformations was guided by the results of a computational
study on HisGly and GlyHis and its Na* complexes. [29] From the results of that work we can also
exclude the N"-H tautomers of the imidazole ring since they were found to be energetically higher
by ca. 40 kJ/mol with respect to the N'H conformers. In addition, the metal ion adducts were con-

structed from the different protonated carnosine structures by replacing the proton by a metal ion

followed by geometry optimization.

I11-4: Results

III-4.1: Comparison of CID derived fragmentation channels

The singly charged complexes of carnosine plus X* (X = H, Li, Na, K, Rb, Cs) were generated and
analyzed by ESI-MS and fragmented by CID with He atoms in the ion trap. The fragmentation of

the mass selected ions showed different neutral loss channels (table 1) depending on X".

Table 1. Mass of carnosine + X" ions (X = H, Li, Na, K, Rb, Cs), and relative abundances®.

Sub- Par-
stance ent -17 -35 -47 -71 -89 -117  -137  -154  -226
m/z
CarH" 227 0.77 0.01 0.05 0.05 0.05 0.07
CarLi* 233 0.17 0.33 0.01 0.01 0.45 0.02
CarNa® 249 0.12 0.04 0.03 0.80
CarK” 265 0.14 0.07 0.02 0.77
CarRb" 311 0.02 0.01 0.06 0.91
CarCs” 359 1.00

* Only fragments with a rel. abund. > 1% were taken into account. Rel. abund. were normalized
to the sum of parent and fragment intensities per single spectra, averaged due to const. fragmen-
tation amplitudes and estimated by sigmoidal fits. Dominant channels in bold letters.

Table 2. Neutral mass losses and corresponding fragments.

Mass loss/ neutral frag-  ionic fragment
m/z ment

1 17 NH; [CoH11N305X]" (X=H,Li,Na,K,Rb)
2 18° H,O [CoH12N4O-X]" (X=H)
3 35 NH; + H.O [CoHoN;0,.X]* (X=H)
4 47 [CHsNO] [CsHsN:0,X]* (X=H)
5) 71 [CsHs5NO] [CeHoN30,X]" (X=H,Li,Na,K,Rb)
6 89 [CsH;NO,] [CeH7N;0:X]" (X=H,Li,Na,K)
7 117 [CsH;NOs] [CsH/N;X]* (X=H,Li)
8 137 [C;HuNs]  [(CO.)(CO)NH3)X]*  (X=Li,Na,K,Rb)
9 154 [C/H14N4] [(CO)(CO)X]" (X=Li)
10 226 [CsH1aN.O5] X (X=Rb,Cs)
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* Only measured in case of CarH’, rel. abund. below 1%

I11-4.1.1: CarH"

Protonated Carnosine showed a large variety of fragmentation channels which could be assigned to
the neutral losses as given in Table 2. The dominant channel is the loss of NHs. The loss of H,O is
negligible (<1%). The CID breakdown/appearance curve for the fragment 210 m/z (-NH3) (Fig. 2)
exhibits already an onset at 0.25 V fragmentation amplitude, which rises slowly to a value of ca.
20% of the maximum. Parallel to the appearance of the other fragments at 0.50-0.65 V a steep rise
to the maximum follows. Nevertheless the sigmoid fit curve shows a reasonable agreement with
slope and position of Eso. The loss of -137 m/z, which is the most abundant fragmentation channel

for CarLi’, CarNa" and CarK", was not observed for CarH".

Figure 2: Breakdown diagrams per fragmentation channels of mass-selected carnosine
+ H" as a function of the relative collision energy. The dots are the experimental data;
the solid lines are the sigmoid functions used for analysis.

I11-4.1.2: CarLi’, CarNa" and CarK"

These three complexes of the small alkali ions have similar fragmentation patterns. All of them
show the loss of NH3, as well as the mass loss of 137 m/z with the largest abundance. Small frag-
ment ions, e.g. K*, cannot be detected due to the cut off limit (ca. 1/3 of the parent ion mass) of the
Paul trap. CarNa" and CarK" show almost the same fragments with similar relative abundances. The
ion generated by the most abundant measurable loss of 137 m/z corresponds to an almost complete

destruction of the dipeptide backbone. The remaining complex ion consists formally of CO,,
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HCONH: (formamide) or alternatively CO,, CO and NHj; and the metal ion: [(CO,)(HCONH,)X]",
or [(CO,)(CO)(NH3)X]", X= Li, Na, K. However, CarLi" showed also a strong fragmentation chan-
nel with a mass loss of 71 m/z (residue mass of alanine) which represents a common peptide frag-

mentation with the remaining y; fragment ion (Biemann nomenclature [38]).

I11-4.1.3: CarRb" and CarCs"
Fragmentation of CarRb" and CarCs" mostly led to the loss of the solvated alkali ion. At a low
abundance the loss of -137 m/z was detectable for CarRb’. CarCs" only gave Cs" as a detectable ion,

all other channels being much smaller than 1% (relative abundance).

III-4.2: Comparison of the CID breakdown curves
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The experimental breakdown curves and their sigmoid fit functions for the different CarX" ions are
depicted in Fig. 3. The characteristic parameters of these functions, i.e., the 50% rise value Esgs (in
V) and the slope B (in V™), are listed in Table 3. It is believed that the Esq, values are proportional
to the appearance potentials of the corresponding fragments and therefore also to the activation en-

ergies of these fragmentation channels.

For further discussion, the six investigated ion adducts of carnosine are divided into three groups re-
lated to their different fragmentation behavior as well as shape and onset of the breakdown graphs.
We distinguish group 1: CarH", group 2: CarLi’, CarNa’, CarK" and group 3: CarRb", CarCs". The
first two groups both show a steep rise (within 0.3 V) in the breakdown graphs at a large absolute
value (0.6 V) of the fragmentation amplitude. However, CarH" behaves differently from the com-
plexed ions of group 2 due to its unique and widespread fragmentation pattern and the low-energy
onset (see description above) of the NH; elimination channel. The breakdown graphs of group 3 ex-
hibit much broader rises (ca. 0.6 V) which are clearly centered at lower energy (ca. 0.4 V). CarCs"

shows the lowest fragmentation amplitude of all investigated complexes at only 0.3V.

Table 3: Parameters obtained in the modeling of
the breakdown diagrams of mass-selected CarX"
ions (X = H, Li, Na, K, Rb, Cs) as a function of
the collision energy (in V) with sigmoid func-
tions. Fragmentation efficiencies (including dark
channels) were normalized to a fixed parent in-

tensity.

Substance B/V! Esos / V
CarH" 282 0.557 + 0.003
CarLi” 21 +1 0.660 + 0.003
CarNa" 25+ 1 0.632 £ 0.002
CarK” 27 £1 0.668 + 0.002
CarRb" 12+£0.3 0.462 + 0.002
CarCs” 13+0.5 0.304 + 0.004

I11-4.3: Hydrogen/deuterium exchange (HDX)

H/D exchange with D,O showed a consecutive exchange of up to six hydrogen atoms in case of
CarH". After 30 s reaction delay the parent ion (227.13 m/z) completely disappeared from the mass

spectra. ds-CarH" and ds-CarH™ were the most abundant peaks. Additionally double exchange per
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single collision reaction was tested by continuous ejection [33] of the mass 228.17 m/z belonging to

d;-CarH". Under these reaction conditions no double exchange was found.

In case of CarX" (X = Li, Na, K, Rb, Cs) no H/D exchange could be observed after reaction times of
up to 180 s. Also the dimeric structure Car,H" showed no exchange. In the reaction of CarCs" with

D,0 a loss of Car and a parallel increase of Cs” were observed.

II1-4.4: Results of the computations

The calculated binding energies (0 K, ZPE corrected) for the different CarX" (X = H, Li, Na, K, Rb,
Cs) complexes are listed in Tab. 4. The three lowest minimum structures (numbered with increasing
energy I, II, III) are considered and their relative energies are also given in Tab. 4. In the following

figures we depict the obtained minimum energy structures.

I11-4.4.1: CarH"
Several low energy structures were found for protonated carnosine including a structure similar to

the one proposed by Gregoire et al. [12] (Fig. 4).

I11-4.4.2: Alkalized CarX"*
Several minimum structures were found for all CarX" (X=Li, Na, K, Rb, Cs) ions. Three selected

structures of CarNa" (Fig. 5) show the two main binding sites for the metal ions.
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These structure motifs were also found as almost size independent as can be seen from the compari-

son of CarLi’(I) and CarCs(I) (Fig. 6).

Table 4. Calculated ZPE corrected binding ener-
gies of X" ions (X = H, Li, Na, K, Rb, Cs) to neu-
tral carnosine. Relative binding energies of struc-
ture type (II) and (III) complexes as compared to
type (I). In all cases type (I) structures provide for
the strongest binding.

Substance ApmdE(I)/ AAE(I)/ AAE(III)/
kJ/mol kJ/mol kJ/mol

CarH" -1073.3 14.2 24.8
CarLi* -454.8 13.6 10.2
CarNa” -353.8 10.9 16.9
CarK” -242.8 9.1 16.5
CarRb" -216.5 8.7 17.5

CarCs’ -186.4 7.7 17.5




52 Chapter 111

III-5: Discussion

The main goal of our research is to investigate the chelating behavior of small peptides towards dif-
ferent metal cations and thus we like to infer complexation structures from our mass spectrometric
and theoretical investigations. However, a note of caution is mandatory. The deduction of binding
energies and structures from CID breakdown curves alone could be misleading and is not unequivo-
cal since activation energies not necessarily reflect the binding energies of the precursors or the en-
ergetics of the fragmentation products [10]. Therefore we compare our experimental findings to
DFT calculations for the energies and structures of the CarX" complexes. We are aware that ulti-
mately IRMPD (infrared multiphoton dissociation) measurements are needed in order to foster our
structural conclusions. However, such measurements are not routinely applied to any system. More-
over, our pilot study utilizing mass spectrometric and theoretical methods already provides for valu-
able hints on structural arrangements, poses new structural problems and helps in identifying candi-
dates for more detailed spectroscopic investigations. In the following we like to discuss structural

implications for the different CarX" complexes.

As indicated by the data presented in the former chapter the protonated carnosine (CarH") plays a
special role in terms of the fragmentation channels among the chelated ions discussed here. For
CarH" the loss of NHj is the dominant fragmentation (with a variety of other less important chan-
nels) which could be explained by a direct protonation of the terminal NH, group. Another possibil-
ity is the protonation of the aromatic imidazole ring (the functional group with the highest proton
affinity in carnosine) forming intramolecular H-bonds towards the COOH and further to the NH,
group enabling an efficient proton relay. The obtained calculated structures CarH'(IT) and CarH"
(ITI) (Fig. 4) come close to this situation, although in both cases the NH, group is protonated and H-
bonded directly (IT) or via the COOH group (III) to the N™ of the imidazole ring. In any case a pro-

ton is easily transferred between the two acceptor sites.

A structure with a protonated imidazole ring was suggested by Gregoire et al. [12] based on IRMPD
data in the C=0 stretch and N-H bend region. However, it was noted in Ref. [12] that a single struc-
ture would not suffice to model the IR spectrum in the investigated frequency region. We have also
geometry-optimized a similar structure (CarH(I), Fig. 4) and find it stabilized by ca. 14 kJ/mol and
25 kJ/mol with respect to the structures CarH" (II) and (IIT) mentioned above. Here the protonated
imidazole is coordinated to the amid C=0 and the amid N-H is nearby to the NH, group which in

total could also enable a proton transfer.
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In addition, the low fragmentation amplitude onset of the CID breakdown curve of CarH" gives a
strong hint for at least two different conformers or a second low activation barrier in comparison to
the other neutral losses. The HDX experiments show, despited the high binding energy, a fast and
efficient hydrogen exchange which points towards a certain H-bonded network and structural flexi-

bility.

Moreover, we have performed additional fragmentation experiments with protonated anserine (Ans,
p-alanyl-L-N-methyl-histidine) where the N" atom close to the C, is methylated. The fragmentation
of AnsH" gave strongly different reaction channels compared to CarH". The loss of NH; is not dom-
inating any more, instead the loss of 71 m/z is the most abundant fragmentation. We consider this as
an indication for the involvement of the H-bonded N"in the NHj3 loss reaction. The calculated mini-
mum structures of AnsH" also show that H-bonding towards N* of imidazole is not possible (AnsH"

(Ia + b), Fig. 7).

Eventually, in accordance with our computational results we propose structure CarH*(I) for the pro-
tonated carnosine, close to the one of Gregoire et al. [12]. The lower energy part in the breakdown

diagram is assigned to fragmentations of admixtures of structures CarH"(IT) and CarH"(III).

The comparison of the loss of NH; between CarH* and the CarX" (X=Li, Na, K, Rb, Cs) ions shows
the decreasing role of this channel with increasing radius of the solvated ion. Instead the alkali
metal complexes show the splitting of the peptide backbone (m/z -71, -137) and eventually the loss

of the metal cations.

The slope of the CID breakdown curves of CarLi*, CarNa“ and CarK" at Eso, and the Esg, values are
very similar and higher than the ones of CarRb" and CarCs". The remaining ions correspond to the
formation of [(CO.)(CO)(NH3)X]" or [(CO,)(HCONH)X]" fragments (X = Li, Na, K). This could

be a hint on a strong binding of the small alkali ions to the carboxyl group and their further coordi-



54 Chapter 111

nation to the free electron pairs from the CO and/or the NH or the NH, group of the peptide back-
bone. Binding to the histidine m-system seems to play no role, binding side-on to the free electron
pairs on the nitrogen atoms seems to play a minor role for complexation. The results of our calcula-
tions support this idea. For illustration the structures CarNa*(I, II, IIT) are given in Fig. 5 and the
size dependence is shown as an example with CarLi’(I), CarCs*(I) in Fig. 6. For all metal ion com-
plexes a tridentate [COO,CO,H,N] binding pattern is found as an energy minimum. The calculated
binding energy of the metal ion decreases considerably from Li* to Cs" (Tab. 4). The next higher
energetic structures (increase by ca. 10-20 kJ/mol, Fig. 5 (II) and (III)) show also a tridentate com-
plexation [His-N,COO,CO]. These structures are similar to the ones found for GlyHisNa" by MP2
calculations by Kapota and Ohanessian. [29] However, in the carnosine case the [3-alanyl side chain
allows for more flexibility so that the His-N binding is replaced by the H.N group and the structures
CarX*(I) result as the minimum structures. In the common nomenclature these structures are consid-
ered as charge solvated (CS). We have not found computational hints on the stabilization of zwitte-

rionic features.

CarX" (X = Rb, Cs) show very few detectable fragmentation channels of the peptide and the domi-
nating loss of the alkali ion. In comparison to the breakdown curves of group 2 the slope of group 3
complexes is lower, thus the breakdown curves are significantly broader and the relative abundance
of the NH; loss is nearly zero. Upon increase of the size of the solvated ion the calculated metal-
carnosine binding energy decreases (Tab. 4), probably well below that of the NH; elimination and
peptide backbone fragmentation. The tridentate minimum structures (see Fig. 6 CarCs’(I)) show

more structural variability underlining their shallow binding potential.

Since it is known that the larger alkali ions can promote salt bridge (SB) structures [11] we have ex-
plicitly tested these as starting conformations in our calculations. However, no minima were found
in this way. Thus, also for the complexes with the larger metal ions the energy minima related to

charge solvated structures (Fig. 5 and 6) as discussed above were found.

H/D exchange reactions give hints on the number of basic sites and uncoordinated hydrogen atoms
in peptide structures. The formation of hydrogen bonds between the peptide and the deuterating
agents and also the proton mobility within the peptide seem to play a crucial role, especially in reac-
tions with D,O [39]. Although the peptide backbone has less degrees of freedom by binding to an

alkali metal ion there should be several sites for the formation of hydrogen bonds. However, we do
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not observe hydrogen exchange in any of the alkali metal complexes. Thus, the mechanism for pro-
ton/deuteron migration in these complexes is presumably blocked and it is a goal for future studies
to explore this mechanism in detail. In difference to alkali bonded carnosine complexes, protonation
of carnosine allows for high proton mobility and accordingly the possibility for multiple H/D-ex-

change as observed in our experiments.

In summary, except for CarH" the Esq, values of the CID breakdown curves of all other complexes
show the same trend as the calculated relative binding energies of the alkali metal ions to carnosine.
Thus we assume that the proposed structures for the alkali metal complexes of carnosine are repre-

sented well by the computational minimum energy structures presented here.

II1-6: Conclusions

We come to the following conclusions. The measurement of CID breakdown curves (their positions
and widths) in an ion trap mass spectrometer reflects the different binding energies of alkali atoms
to dipeptides, here exemplified for carnosine (Car). Whereas the smaller metal ions X=Li, Na, K for
CarX" promote a dissociation of the peptide backbone the larger ones (X= Rb, Cs) show exclusively

complete ligand loss which is in agreement with the calculated binding energies.

For the protonated carnosine CarH" we propose two low energetical structural motifs (protonation
of the imidazole ring or the amino group). These conformations can easily be converted upon colli-
sional excitation so that a loss of NH3 becomes favorable during CID. The comparison to the frag-
mentation behavior of anserine confirms the importance of the H-bonded N" imidazole for this frag-
mentation channel. This agrees also with the results of H/D exchange reactions with D,O. Proto-
nated carnosine provides a hydrogen bond network for the reaction agent which leads easily to H/D
exchanges. The binding of carnosine to alkali metals reduces the possible attachment sites and in-

hibits the proton migration.

For the complexes CarX" (X = Li, Na, K, Rb, Cs) we propose charge solvated tridentate structures
obtained from DFT calculations. Likewise, the fragmentation product ions of the smaller metal ions
(X= Li, Na, K) point towards a strong [COO,CO,H,N] coordination. No salt bridge binding motifs
were found from the calculations for the larger metal ions. Regarding the low binding energy of

large alkali metals to carnosine the loss of the metal ion becomes the more likely reaction path.
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For confirmation of the proposed and calculated isomeric energy minimum structures IRMPD mea-

surements on isolated CarX" complexes are necessary and planned in our laboratory.
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Chapter 1V: The dipeptides Carnosine, Anserine, GlyHis and HisGly
and their Alkali metal complexes —
influence of chain length, side groups, sequence and ion size studied
with IRMPD spectroscopy, CID, DFT calculations and gas phase H/D
exchange with ND;

Keywords:
Mass Spectrometry, Dipeptides, Carnosine, Anserine, HisGly, GlyHis, Alkali ions, IR-MPD, DFT,
Gas Phase Reactions, H/D exchange, CID

IV: Preamble

This chapter is formatted as to become a manuscript for publication. It is not submitted yet. All of
the measurements, data evaluations, calculations and all of the text was done by myself. I received
experimental support by Yevgeniy Nosenko, Maximilian Gaffga, Lars Barzen, Christine Merkert,
Christine Mehlich and Manuel Zimmer. Christoph Riehn and Gereon Niedner-Schatteburg helped

with discussions.

IV-1: Abstract

The gas-phase structures of deprotonated, protonated and alkali metal (Li*, Na*, K*, Rb* and Cs")
cationized dipeptides Carnosine, Anserine, Glycyl-Histidine (GlyHis) and Histidyl-Glycine
(HisGly) are investigated using infrared multiple photon dissociation (IR-MPD) spectroscopy
utilizing light generated by a table-top OPO/OPA laser system. Measured IR-MPD spectra of the
protonated, Li* and Cs* attached dipeptides in the region from 1300 to 2000 cm™ and 2600 to 3800
cm™ are compared to spectra calculated at the B3LYP/cc-pVDZ and Stuttgart RSC 1997 ECP level
of theory. Additional conformers were calculated for Na*, K" and Rb" cationized dipeptides. The
homologous series of alkali ions is showing both - continuous and interrupted - correspondence
between the size of the ion and the binding motives of the dipeptides. The charge solvated binding

motive is the most common within all isomers.
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CID studies exhibit a change of fragmentation pathways from the dipeptide complexes of Li*, Na*
with multiple loss channels over K* complexes with almost no detectable fragments to Rb*, Cs”
complexes which split the alkali ion. Gas phase H/D exchange reactions of protonated and alkali
metal (Li", Na" and K") cationized dipeptides with ND; are used to elucidate the influence of the
alkali cation to the gas phase acidity of exchangeable protons. In all cases the chelation of an alkali
ion leads to a reduction of the partial relative rate constants and double H/D exchanges become less

favorable than in the protonated structure.

IV-2: Introduction

Structural conformation and the interaction with metal ions plays a crucial role for the behavior of
peptides, proteins and amino acids under physiological conditions. Therefore, it is important to
understand the effect of ion size and polarizability of the metal ion on the structure. Also the
protonation site and proton-transfer pathways within amino acids and peptides are important to
figure out basic binding motives and fragmentation mechanisms [1, 2]. The interaction of alkali and
transition metal ions with amino acids and small peptides was studied extensively [3-10]. Mass
spectrometric methods offer a broad variety of techniques to study the charge state, composition,
conformation, H/D exchange reactivity and fragmentation behavior of protonated peptides and ionic
peptide-metal complexes in the gas phase [11-19]. The absence of solvent molecules enables a

direct comparison of experimental spectra to data derived from e.g. DFT calculations [19-34].

Four dipeptides were chosen, Carnosine, Anserine, Glycyl-Histidine and Histidyl-Glycine,
consisting of similar basic modules (cf. Fig. 1). Carnosine and Anserine play also a crucial role in
the human body [35]. The heteroaromatic amino acid Histidine is part of all four dipeptides while
Anserine is methylated at the ‘N position of the Histidine ring (cf. Fig. 2). Glycine or alternatively
p-Alanyl serves as the second amino acid, since they vary only in one CH, unit inside the N-

terminus.

The energetic minimum structure of protonated Carnosine was identified by Gregoire et al. with a
combination of IR-MPD and DFT calculations [36]. An intense search for energetic minimum
isomers was carried out by MacDonald et al. in order to elucidate the proton transfer pathways of
protonated HisGly [37]. The low energy tautomers and conformers of protonated and sodiated
HisGly and GlyHis in the gas phase were identified by Kapota et al.[26]. In a former work we

calculated several structures for the addition of alkali ions to neutral Carnosine in order to compare
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them with data derived by CID [5]. Those calculations are now compared to IR-MPD
measurements. We used structures from literature as a starting point for a search for minima of

protonated and alkali ion attached species of Carnosine, Anserine, GlyHis and HisGly.

The alkali metal ions Na" and K* are essential for all animals and are some of the most abundant
anorganic cations in the human body. The group of the alkali metal ions varies large in ion radius
and hard/soft acids/bases (HSAB) behavior. Li* is a small cation with a hardly polarizable electron
valence shell whereas Cs* has a large diameter and its valence electrons can be easily polarized. The
addition of a proton or an alkali metal ions to amino acids and small peptides was subject of several

studies [3, 4, 6-8, 10, 33].

_|
\
I |
1 H H
Carnosine rine
B-Alanyl-L-histidine B - hyl-L-histidine
H
4

We developed a generalized scheme of the four dipeptides in order to classify the different structure
motives of the isomers derived by DFT calculations (cf. Fig. 2). We use a nomenclature

concentrating on the rotation of the histidin ring and the amidic NH bond (for 1, 2 and 3), the
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amidic CO bond (for 4) respectively, in respect to the functional group at the central carbon atom to
order the structures. Additionally, we list the electron donating oxygen and nitrogen atoms
interacting with the additional proton or alkali ion (cf. Table 1) in an order starting at the histidin
ring. In some cases it was necessary to add the approximate orientation (0, 90, 180 degrees) of the

terminal COOH group of 4 in respect to the amidic CO.

X<1> A<l> R(l) A<2> R<2> X<2>

COOH N H C 0 NH,

NH, C 0] N H COOH

In general we distinguish only between clockwise (a) or counter-clockwise (f3) rotation of the
dihedral angles. In some special cases those angles are approximately 0 or 180 degrees and are

therefore given with this values.

Table 1: Nomenclature of
electron donor atoms (marked
with underlines).

group abbreviation
COOH Oc
NH, Na
amidic CO O.
His-"N "Ni
His-'N "Nh

This leads to the following generalized nomenclature of isomers (e.g. Fig. 9-11). Substance stands
for 1-4, Dihedral;,*™™ according to Figure 2, Donor;; lists the electron donating oxygen and

nitrogen atoms (cf. Table 1):
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Substance’-Dihedral;Dihedral,*™""-IonDonor;Donor.Donors

We use an additional nomenclature in order to distinguish between different isomers of the
interaction of NH; with protonated Carnosine and its alkali ion complexes. Therefore we use the
abbreviations listed in Table 1 with minor modifications. The different positions of the NH; at the
terminal amine group are marked with N",, N, and N""", and the amidic NH group is abbreviated
with Nun. This leads to the following nomenclature of Carnosine-NH; isomers (e.g. Fig. 22 and 23).
BindingSite stands either for the hydrogen bearing group or the alkali ion interaction with the
nitrogen atom of NH3, AdjacentSite lists the electron donating oxygen and nitrogen atoms (cf. Table

1) interacting with a hydrogen atom of NHs:

BindingSite-H-NHs-AdjacentSite

We assign bands in IR-MPD spectra in a first approach with an incremental appraisal of the position

of bands (cf. Table 2) [38].

Table 2: Incremental appraisal of the excitation
energy of vibrational bands (marked with

underlines).
group mode energy range / cm™
free COOH Vs 3500 - 3650
free NH Vs 3400 - 3500
free NH, Vas+ss 3300 - 3500
bridged N-H-O v 3100 - 3500
aromatic CH Vs 3000 - 3100
aliphatic CH Vs 2850 - 3000
CO Vs 1600 - 1800

IV-3: Methods

IV-3.1: ESI-MS and CID

Electrospray ionization mass spectrometry (ESI-MS) was performed with two ion trap instrument
(Bruker Esquire 6000 for CID and amaZonSL for IR-MPD). The ion source yields anions/cations in
negative/positive electrospray ionization mode. Scan speed was 13000 m/z / s in normal resolution
scan mode (0.3 FWHM / m/z), scan range was at least 70 to 400 m/z. Sample solutions of 1-4 and

alkali-halids in water/acetonitrile 9:1 at concentrations of appr. 1 x 10* M were continuously
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infused into the ESI chamber at a flow rate of 2 pL./min using a syringe pump. We use nitrogen as
drying gas at a flow rate of 3.0 to 4.0 L/min at 220 °C up to 300 °C and spray the solutions at a
nebulizer pressure of 3 to 4 psi with the electrospray needle held at 4.5 kV. We held transfer
parameters to the Paul trap of the mass spectrometer constant and used Helium as a buffer gas with
a partial pressure of about 3 x 10” mbar inside the ion trap. BrukerEsquireControl 5.3 (Esquire) and
BrukerTrapControl 7.0 (amaZonSL) software controlled the instrument and we performed data

analysis using Bruker Data Analysis 4.0 software.

Collision induced dissociation (CID) appearance curves were recorded with varying excitation
magnitude from 0.0 to 1.0 corresponding to the internal energy scale of the mass spectrometer.

Relative abundances were calculated according to:

. Z Iifr(ELAB)
|t0t(ELAB):Z Iifr(ELAB)+Z |ip(ELAB) (1)

Center of mass transferred fragmentation amplitudes were calculated from internal amplitudes by
multiplication with

My
E.ouy=——E 2
CoM (mHe+m_ ) s (@)

on

mi,, was chosen according to the isotopically averaged mass of the molecule. Fragmentation

amplitude dependent CID spectra were modeled and fitted by sigmoid functions of the type

Iltirt(Ecom):

1
(1+e( EZ%K;_ECOM) B) (3)

using a least-squares criterion. A phenomenological E**coy value can be derived by the center of

these sigmoid fit functions |Iirt'p(ECOM) (cf. Equation 3) applied to experimental data

Ifr,p

ot (E COM) using a least-squares criterion. E*coy is the amplitude at which the sigmoid

function has reached half of its maximum, Ecom is the fragmentation amplitude and B describes the
rise of the sigmoid curve.

IV-3.2: IR-MPD

IR-MPD measurements were performed with the Bruker amaZonSL mass spectrometer (cf. ESI-MS

part) after its modification. Two KTP/KTA optical parametric oscillator/amplifier (OPO/A,
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LaserVision) systems pumped with two Q-switched 10 Hz injection seeded Nd*":YAG lasers
(PL8000, Continuum) provided for tunable IR radiation (v = 0.9 cm™ resp. v = 0.3 cm™, 6t = 7 ns)
in order to record vibrational spectra via the multi-photon dissociation scheme. We used the OPA
idler wave (<10 mJ/pulse) of the one system to scan spectra (pump laser) within 2800 - 3600 cm™.
On choice the second IR OPO/A served as probe laser, set to a selected and fixed vibrational
resonance frequency. The probe laser beam was aligned counter-propagating with respect to the
scanning pump laser beam. Probe pulses were delayed by 100 ns with respect to the scanning pump
pulses (delay generator DG645, SRS). Each trapped and m/z isolated ion package was irradiated by
2-4 laser pulses (or pulse pairs in case of two-laser experiments) in order to produce sufficient
fragment ions. IR spectra were recorded using Bruker chromatogram software for extracting the
intensity of parent and fragment ions (three point averaging directly by BrukerTrapControl
software). IR-MPD signal was evaluated corresponding to formula 1. Origin Plot Software served
to apply a five point adjacent averaging for smoothing. IR frequency was calibrated by a wave
meter (821B-NIR, Bristol instruments). Laser power curve was recorded in parallel to the IR-MPD
spectra through digitizing the analog output of the laser power meter by an ample ADC input of the

amaZonSL mass spectrometer electronics.

IV-3.3: Theoretical methods

DFT calculations were performed at the B3LYP [39-42] level of theory using cc-pVDZ (C, H, Li,
N, O, Na) [43] and Stuttgart RSC 1997 ECP (K, Rb, Cs) basis sets and the Gaussian 03 and 09
packages [44, 45]. Standard convergence criteria were applied. Starting conformations were chosen
according to literature as far as available [5, 36, 37, 46]. Full geometry optimization of all nuclear
coordinates yields multiple locally stable minimum structures. The lowest structure is assumed to
represent the most stable isomer. Thermal energies, enthalpies and free enthalpies were calculated at
298.15 K (RT conditions). DFT predicted vibrational spectra at the B3LYP/cc-pVDZ level of theory
were scaled by 0.97 [47].

IV-3.4: Gas Phase reactions

Gas phase reactions with ND; were performed under single collision conditions at a background
pressure of 2 x 10 mbar in a Bruker Apex III FT-ICR-MS equipped with a 7.0-T magnet and an
APOLLO I electrospray ion source. The partial pressure of the reaction gas was set to a constant
value and we waited for passivation of the instruments surfaces (high vacuum part) for at least one
hour. Sample solutions in water:acetonitrile 9:1 at concentrations of appr. 1 x 10* M were

continuously infused into the ESI chamber at a flow rate of 3 pL/min using a syringe pump.
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Nitrogen was used as drying gas with flow rate of 10.0 L/min at appr. 300 °C. The solutions were
sprayed at a nebulizer pressure of 25 psi and the electrospray needle was typically held at 4.0 kV.

Transfer parameters to the Penning trap of the mass spectrometer were held constant.

IV-4: Results

IV-4.1: ESI-MS experiments

183.1

138.0

138.0°

150.9 1779 3

159.9

1330

3

We mixed separate solutions of 1-4 with solutions of the alkali-halids in water/acetonitrile 9:1 and
transferred the ions derived from ESI inside a Paul trap. We characterized the formed ions and
studied their fragmentation behavior under CID conditions. The resulting mass spectra show
beneath a large variety of compounds (like e.g. dimers, trimers) the addition of H", Li", Na*, K", Rb"
or Cs" (corresponding to the added ion) to the dipeptides (cf. Fig. 3 for MS" spectra of 1*-H and 1°-
Na). Fragmentation pathways differ with respect to the dipeptide X (X = 1, 2, 3, 4) and the cation
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M* (M = H, Li, Na, K, Rb, Cs). We averaged MS? spectra of the X*-M parent ions over varying

fragmentation amplitudes in order to estimate relative abundances of the resulting ionic fragments

(cf. Table 3).

Table 3. Relative abundances®® of the fragment ions of protonated dipeptides 1-4 and their
alkali ion complexes. Overlapping fragmentation patterns of +1 m/z with respect to the given
loss mass are summarized.

Substance Parent m/z -17 -18 -35 -47 -71 -89 -117 -137 -226
1-H 227 53 8 2 7 5 5 15 - -
1°-Li 233 15 1 - 1 35 3 4 35 -
1"-Na 249 14 - - - 4 6 - 76 -
1"-K 265 17° - - - - - - 83P -
1"-Rb 311 10 - - - - - - 52 38
1°-Cs 358 1 - - - - - - - 99

-17 -18 -44 -61 -71 -115 -117 -151 -240
2™-H 241 49 2 5 4 19 2 2 - -
2"-Li 247 4 8 51 16 4 1 1 4 -
2"-Na 263 33 2 3 2 32 - 5 3 -
2"-K 279 100° - - - - - - -
2"-Rb 325 1 - - - - - - - 98
2"-Cs 373 - - - - - - - - 100

-18 -35 -46 -57 -75 -103 -137 -144 -212
3"-H 213 69 5 2 7 4 12 - - -
3*-Li 219 1 - - 33 4 5 56 - -
3"-Na 235 - - - - 20 - 80 - -
3"-K 251 - - - - - - 100° - -
3"-Rb 297 - - - - - - 2 - 98
3"-Cs 345 - - - - - - - 2 98
4°-H 213 37 2 1 1 13 44 - - -
4"-Li 219 1 - - 45 6 9 38 - -
4"-Na 235 - - - 1 20 2 76 - -
4°-K 251 6 - - - 8P - 85° - -
4°-Rb 297 - - - - - - - - 100
4°-Cs 345 - - - - - - - - 100

? Only fragments with a rel. abund. > 1% were taken into account. Rel. abund. were normalized to
the sum of parent and fragment intensities per single spectra. Dominant channels in bold letters.
® Due to the fact, that K ions can not be detected by the mass spectrometer, those values do not
reflect the abundance of a loss channel resulting in a neutral dipeptide and K*

The loss of 17 m/z can be assigned to a neutral loss of NH;. This is the dominant fragmentation

channel for protonated 1*-H and 2*-H cations. Both ions show several neutral losses. The splitting

of the molecule resulting in a loss of 18 m/z can be assigned to the loss of H,O. This fragment
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pathway rises in relative abundance for the protonated 3*-H and 4°-H cations. The complexation of
Li" or Na" by the dipeptides leads to a crucial change in fragmentation behavior. No clear trend can
be seen for X*-K ions due to the fact, that K* ions can not be detected by the mass spectrometer
under the given CID conditions. Therefore, the relative abundances of the listed species do not
necessarily reflect the abundance of all loss channels (cf. Table 3). In case of Rb* and Cs"* dipeptide
complexes, the cleavage of the alkali ion becomes the most favorable fragmentation channel, except

for 1"-Rb.

IV-4.2: IR-MPD spectra

We measured 1-color IR-MPD spectra of the deprotonated, protonated and of all combinations of
dipeptides and alkali metal ions. Partially, we measured 2-color IR-MPD spectra for some regions

of interest.

Figure 4: 1-color IR-MPD spectra of 1", 2, 3 and 4.

The direct comparison of the spectra of all four deprotonated species shows always one more or less
intense band in the CH stretch region about 2940 cm™ (cf. Fig. 4). Relatively broad bands

corresponding to NH stretch motions can be found in all spectra in the region between 3200 and
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3350 cm™ with varying intensities. The stretch motion of the free 'NH bond above 3400 cm™ cannot

be observed in the spectra, in contrast to the spectra of the cationic species (cf. Fig. 5-7, 8-26).

All of the protonated dipeptides show two intense bands above 3400 cm™ (cf. Fig. 5). The band
around 3570 corresponds to stretch motions of the free OH and the band at 3480 cm™ corresponds

free "NH stretch motions.

Figure 5: 1-color (blue) and 2-color (red) IR-MPD spectra of 1'-H, 2*-H, 3*-H

and 4*-H. 2-color IR-MPD spectra of 2*-H, 3"-H and 4"-H were measured with

the probe laser fixed at 2950 cm™. 2-color IR-MPD spectra of 1'-H were

measured with the probe laser fixed at 2940 cm™, 3000 cm™ respectively, below

and above 2200 cm™. Arrows indicate vibrational bands that were used in the

mass spectra of band specific IR-MPD patterns (cf. Fig. 6). See Tables 4-7 for

numerical values of band peak positions.
The spectrum of 2*-H shows less intense bands than all other three protonated substances under
study. Only two bands can clearly be seen in the spectrum. Whereas, the spectrum of deprotonated
anserine shows an intense band in the CH stretch region about 2940 cm™. Besides the bands of OH
and ‘NH stretch motions, additional bands appear in the CH, NH and NH, stretch region for X*-H
(X=1, 3, 4). 2-color IR-MPD spectra of X*-H (X=3, 4) exhibit a slight increase of the fragmentation
efficiency in the CH stretch and in the fingerprint region. This effect becomes more dominant by

the use of various probe frequencies, which can be seen in the spectra of 1'-H (cf. Fig. 5). In all

spectra the intensity of bands corresponding to free "NH and OH stretch motions is reduced.
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Averaging of the MS? mass spectra of 1'-H depending to one vibrational band at a time shows an

unequal contribution of the single channels to the overall fragmentation efficiency (cf. Fig. 6).
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The most intense bands at 3567 and 3485 cm™ (corresponding to OH and "NH stretch motions)
show only slight differences in their fragmentation patterns. The weak band at 3420 cm™ correlates
to the asymmetric stretch of the terminal NH, group and arises mostly from the loss of NH; (210
m/z). A new fragment at 131.8 m/z occurs inside the 3167 cm™ band, while the contribution of
fragments at e.g. 164 m/z is reduced. The band at 3167 cm™ correlates to the amidic NH stretch
motion while the band centered at 2950 cm™ results from the excitation of aliphatic CH stretch

motions. A new fragment at 148.5 m/z can also be found in this band.

The complexation of Li" ions by the dipeptides leads to several changes in the IR-MPD spectra (cf.
Fig. 7). The IR-MPD spectrum of 2*-Li shows only two bands in the OH and NH stretch region,
while all other molecules show three bands. The relative intensities of these bands are differing to

the ones of the protonated species. 2-color IR-MPD with the probe laser fixed at 2950 cm™ does not
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lead to an enhancement of fragmentation efficiency.

Figure 7: 1-color (blue) and 2-color (red) IR-MPD spectra of 1'-Li, 2*-Li , 3*-Li

and 4°-Li. 2-color IR-MPD spectra were measured with the probe laser fixed at

2950 cm™. See Tables 4-7 for numerical values of band peak positions
IR-MPD spectra of the Na* complexes of the four dipeptides (cf. Fig. 24) show only small shifts of
bands compared to the ones of the Li" species. Spectra of K" bearing complexes are hard to
measure, show less intense bands and are more noisy than those of other species (cf. Fig. 25). Rb*
complexes of the dipeptides behave quite similar to the Cs" dipeptide complexes and are therefore

not described separately.

Spectra of Cs” containing dipeptide complexes show several well structured bands in all regions
described so far. In the region above 3400 cm™, 2*-Cs exhibits a band corresponding to a free OH
stretch motion like in the 2*-Li spectrum. All other molecules exhibit the band corresponding to
'NH stretch motions as the most intense band. Besides this band, the free OH stretch motion
contributes with 25% of the intensity of the ‘NH band to the spectrum of 4°-Cs. This corresponding
bands can only be observed at the threshold level in the spectra of 1'-Cs and 3*-Cs. 2-color IR-
MPD with the probe laser fixed at 2950 cm™ does not lead to a significant enhancement of bands
above 2500 cm™. A slight enhancement can be observed in the fingerprint region, especially for 2*-

Cs.
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Figure 8: 1-color (blue) and 2-color (red) IR-MPD spectra of 1*-Cs, 2*-Cs , 3*-

Cs and 4"-Cs. 2-color IR-MPD spectra were measured with the probe laser fixed

at 2950 cm™. See Tables 4-7 for numerical values of band peak positions.
We choose several bands which occur mostly in all spectra in order to trace the influence of the
increasing size of the attached alkali metal ion to the conformation of the particular dipeptide. The
spectra of cationic carnosine complexes show several variations in the positions of bands (cf. Table
4). Rb" and Cs" dipeptide complexes exhibit a slight shift in the positions of the OH stretch bands
while those drop significantly in intensity (cf. Fig. 26 and 8). In the fingerprint region, the bands
corresponding to OC=0 stretch motions have the highest frequencies in the spectra of the 1°-H and
1*-Li complexes. This band is shifted about 60 cm™ to the red for all other alkali metal dipeptide

complexes.

The positions of the ‘NH bands for X*-M (X=1,3,4 M = H, Li, Na, K, Rb, Cs) and 2"-H can all be
found in a range between 3480 and 3505 cm™. The protonated form of anserine exhibits a band in
the same region. We assume this band to correlate with a stretch motion of the "NH group of the

histidin ring.
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Table 4: Experimental positions of assigned vibrational bands
of protonated 1 (Carnosine) and of its alkali ion complexes.

ion OHv; ™Hyv, OC=0v; C=0v;
1-H* 3567 3485 1793 1613
1-Li" 3564 3495 1782 1661
1-Na* 3567 3500 1727 1662
1-K* 3567 3504 1729 1661
1-Rb* 3555 3499 1730 1664
1-Cs* 3554 3495 1733 1665

Table 5: Experimental positions of assigned vibrational bands
of protonated 2 (Anserine) and of its alkali ion complexes.

ion OH v; ‘NHv, amidicNH v, OC=0 v;
2-H" 3560 3480
2-Li* 3559 3394 1787
2-Na* 3560 3400

2-K* 3558 3403
2-Rb" 3560 3403
2-Cs’ 3562 3403 1785

Protonated anserine and the anserine alkali metal complexes exhibit no strong shifts in the observed
bands (cf. Table 5). The position of the band corresponding to "NH stretch motions in 2*-H is
similar to the position of the 'NH stretch motion in 1°-H. The band corresponding to amidic NH v;
stretch motions cannot be observed in the spectrum of 2*-H, though it is clearly observable in the

spectra of the alkali anserine complexes.

Table 6: Experimental positions of assigned vibrational bands
of protonated 3 (GlyHis) and of its alkali ion complexes.

ion OHv; ™Hv, NH;v,, OC=0yv;
3-H" 3572 3481 3372 1786
3-Li" 3547 3490 3310 1752
3-Na* 3563 3495 3362

3-K* 3569 3496 3373

3-Cs” 3570 3498 3377 1762
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HisGly exhibits several parallel trends for the attached alkali metal ions (cf. Table 6, the Rb" adduct
was not measured). With increasing size of the metal ion, the bands corresponding to OH, ‘NH,

NH, and CO stretch motions shift continuously to the blue.

Table 7: Experimental positions of assigned vibrational bands
of protonated 4 (HisGly) and of its alkali ion complexes.

ion OHv; ™Hv, NH;v,, OC=0y;
4-H" 3561 3480 3295 1794
4-Li" 3547 3490 3315 1753
4-Na* 3555 3492 3326

4-K* 3491 3337
4-Rb” 3562 3494 3343
4-Cs* 3561 3497 3345 1735

GlyHis exhibits a quite similar absorption behavior like HisGly for the bands corresponding to OH
and "NH stretch motions (cf. Table 7). Also the position of the band of the NH, asymmetric stretch
motion rises continuously while the spectrum of 3*-H exhibits the lowest frequency for this band.
This is in contrast to the band in the spectrum 4°-H, where the same band is shifted more to the

blue.

IV-4.3: DFT derived minimum structures and relative energies

In the further description of the results from DFT calculations we focus on the protonated
dipeptides and their Li" and Cs" complexes, although we calculated several structures also for Na“,
K" and Rb" adducts and for anionic species. Anionic structures are hardly comparable to the other

binding motives and are therefore not shown.
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CarnH*

AnsH*

HisGlyH*

The found energetic minimum structures of the X*-H (X=1-3) complexes show related archetypes
(cf. Fig. 9). In the minimum structure of carnosine (1*-aa-H"N,O,) the additional proton is bound to
the "N atom of the histidin ring and the amidic oxygen, the same in 3*-aa-H"N,O, (nomenclature of
isomers according to Fig. 2 and Table 1). The formation of this hydrogen bridge is hindered by the
methyl group of anserine and the additional proton is attached to the aromatic "N atom. The second
stabile formation of 3*-H (3*-B0-H"NyN,) shows the same binding motive as the corresponding
structure of 1°-H but is less favorable due to the shortening of the alkyl chain. 2°-B0-H'NyN, is
therefore capable to form two hydrogen bonds from the protonated terminal amine to the amidic CO

and to the "N atom of the histidin ring. In the corresponding structure of 2*-H the proton is bound to
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the terminal amine group, while the interaction with the amidic oxygen is stronger than in the other
two molecules. The rotation of the histidin ring like in 2*-a"a-H'Njy leads to a rise in energy of 29
kJ/mol with respect to 2"-aa-H'Ny,. In the structure 3*-aa-H"O(N,, the shorter alkyl chain (than in
carnosine ) hinders the formation of a hydrogen bond which makes the isomer 44 kJ/mol less stable
than the 3"-aa-H"N,O, isomer. Whereas, the structure 1*-aa-H"O:N, is only 19 kJ/mol higher in
energy than 1"-aa-H"NLO,.

The energetic minimum structure of 4°-H (4°-B0'*-HO,N, ) forms a seven-membered ring with the
amidic proton located between the His ‘N and the amidic nitrogen. This is in difference to the
minimum structures of 1-H and 3"-H which form an eight-membered ring. Furthermore, the
bridging hydrogen has an interaction with the carboxylic CO oxygen. The additional proton in 4*-
B0'™-HO,N, is attached to the amidic oxygen resulting in a hydrogen bridge to the amine group. In
contrast to X*-H (X=1-3), the basic binding motive of the bridged hydrogen (forming a seven-
membered ring) stays constant while the terminal CHCOOH group rotates. The formation of a
hydrogen bond between the carboxylic proton and the amidic oxygen in 4*-B0°-HO,N, is 19 kJ/mol

less stable than the energetic minimum structure.

All energetic minimum structures of 1*-Li to 4°-Li show a threefold chelated Li" ion (cf. Fig. 10)
where the carboxylic and amidic oxygens serve as electron donors. The third bond is either build
between the amidic nitrogen or the His ‘N atom to the lithium cation. The two lowest energetic
structures of 1°-Li, 2*-Li respectively, show the same binding behavior to the attached Li* ion. The
rotation of the amidic group from an alpha (aa-LiO.0.N,) to a beta (aff-LiO.0.N,) conformation
leads to small differences in relative energies. The 1*-0B-Li"N,O.O,. isomer corresponds to the
minimum structure of 3"-H (3"-0B-Li"N,O.0.) and is similar to 3"-BB-Li"NyO.O.. The rotation of
the histidin ring from a 0 degree to a beta conformation leads to a slight difference of 3 kJ/mol in
energy between those two isomers. The aa-LiO.O,N, binding motive, which is the most stable for
1°-Li and 2*-Li, can also be found for 3*-Li. The 3"-aa-LiO.0.N, isomer is 22 kJ/mol less stable
than 3"-0B-Li"N,O.O.. A new structural motive arises for 2*-Li (2*-180a-Li*'N,O,) in which the
metal ion is bound by only two electron donors. The methyl group forces the lithium cation to a
different electron donating nitrogen of the histidine ring, hence the carboxylic oxygen is not able to

chelate the ion like in 1"-0-Li"N,O.O, any more.
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GlyHisLi*

HisGlyLi*

In the two energetic minimum structures of 4'-Li (4"-Ba-Li"N,0,O. and 4"-BB-Li'N,O.O.), the
lithium cation is part of two seven-membered rings like in the Li"NyO.O. conformations of 1*-Li
and 3"-Li. The five- and seven-membered ring motive formed with lithium in 4"-180a-LiN,O,O. is

46 kJ/mol higher in energy than the energetic minimum structure.
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AnsCs*

HisGlyCs*

Complexation of the Cs" ion by 1 leads to similar binding motives like in the 1*-aa-LiO.0.N, and
1"-aB-LiO.O.N, isomers. Additionally, a structure 1*-Ba-CsO.0.N, arises showing a change of the
dihedral angle 1 from alpha to beta. 2*-Cs and 3*-Cs show comparable minimum structures which
mainly differ in the orientation of the histidin ring. In structure 2*-BB-Cs'N,O.O,, the metal ion
binds to the His "N nitrogen atom, whereas it binds to the His "N nitrogen atom in 3"-aff-
Cs"NLOO.. The 2"-aa-Cs*NLO. structure is 19 kJ/mol higher in energy, 29 kJ/mol respectively for
2"-aa-CsO0,N,. The larger radius of the cesium cation with respect to the Li" cation leads to a
rotation of the carboxyl group which hinders the formation of a hydrogen bond between the

carboxylic proton and the aromatic histidin ring.
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The Ba-CsO.0.N, binding type can be found in two slightly different conformations for the 3*-Cs
complex. In the 3*-B"a’-CsO.0.N, isomer, the carboxyl group and the N-terminus of the molecule
is slightly rotated compared to the 3*-Ba-CsO.O.N, isomer. The energetical order of minimum
structures of 4 strongly relates to the attached ion. The chelation of Cs* by N,0.O. becomes the
favored binding motive for 4 while this binding motive is unfavorable for the complexation of a Li"
cation. For corresponding isomers of the Na’, K" and Rb" complexes of the dipeptides 1-4, cf. Fig.

27-29.

IV-4.4: Comparison of experimental spectra and DFT predicted IR absorption spectra

I1V-4.4.1: Results for Carnosine

Figure 12: 1-color (blue) IR-MPD spectra of 1*-H, 1*-Li and 1*-Cs and DFT predicted

IR absorption spectra (dark green) scaled by 0.97.
The calculated spectrum of 1'-aa-H"N,O. exhibits a quite good correlation with the IR-MPD
spectrum of 1*-H (cf. Fig. 12). The scaling factor of 0.97 is appropriate for the fingerprint region
below 2000 cm™ while a shift of approximately 20 cm™ to the blue remains for the CH, NH and OH
stretch region above 2500 cm™. The calculated absorption at 2370 cm™ corresponds to a stretch
motion of the hydrogen bridge between the His "N nitrogen atom and the amidic CO oxygen atom

(cf. Fig. 9). The OPO/A system has an energy gap in this region and no experimental data could be
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derived in this region. In the fingerprint region a broad band between 1500 and 1700 cm™ rises. This
band corresponds to a combined stretch motion of CO and bending motion of the amidic NH group

and aromatic CH groups.

The IR-MPD spectrum of 1°-Li exhibits only two intense bands for the ‘NH and OH stretch
motions. The calculated spectrum of 1"-aa-LiO.O,N, shows only one small band corresponding to
a 'NH stretch motion but no OH stretch motion can be expected according to the structure. Also
isomer 1"-ap-LiO.0,N, does not involve a free OH group. We calculated the spectrum of 17-0f-
Li"NyO.O, which does partially agree with the experimental data. The band for the ‘NH stretch
motion shifts to the blue. The position of the free OH shifts approximately 10 cm™ to the red. The
intensity distribution of the experimental spectrum gives hint that at least three isomers contribute to

the spectrum.

The calculated spectrum of 1"-aa-CsO.0.N, fits quite well to the 1-color IR-MPD spectrum of 1°-
Cs. A weak band corresponding to a free OH stretch motion can be observed in the experimental
data. This band cannot be explained by the three shown structures (cf. Fig. 11). Therefore we
assume at least a fourth isomer of 1*-Cs. The search for isomers led to an additional structure with a
free OH group which is 16 kJ/mol higher in energy than the minimum structure. The isomer
corresponds to the structure of 3"-af-Cs™N,O.0. and has the following binding motive: 1*-B-
Cs"NLOO.
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I1V-4.4.2: Results for Anserine

Figure 13: 1-color (blue) IR-MPD spectra of 2*-H, 2*-Li and 2*-Cs and DFT predicted
IR absorption spectra (dark green) scaled by 0.97.

The IR-MPD spectrum of 2*-H shows only two bands in the NH and OH stretch region (cf. Fig.
13). Both calculated minimum structures predict those bands and no further assumptions can be
drawn. Experimental data for 2*-Li exhibits one intense band corresponding to a OH stretch motion
and two small bands. The isomer 2*-aa-LiO.O.N. has no free OH group and there is no clear
evidence that this isomers contributes to the experimental spectrum. The isomer 2*-180a-Li'NyO,
contains a free OH group and its calculated spectrum is therefore compared to the experiment
instead of the one of 2"-ap-LiO.0.N.. The calculated spectrum has a good accordance to all three

experimentally derived bands.

The calculated bands for the 2*-BB-Cs'N,O.O. isomer exhibit a moderate accordance to the
experimental spectrum. Most bands shift either to the red or the blue. There is no clear evidence that

isomer 2*-aa-Cs"N,O. contributes to the measured spectrum.
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1V-4.4.3: Results for GlyHis

Figure 14: 1-color (blue) IR-MPD spectra of 3'-H, 3*-Li and 3"-Cs and DFT predicted

IR absorption spectra (dark green) scaled by 0.97.
The calculated spectrum of the isomer 3"-aa-H"N,O, is in a good accordance to all experimentally
found bands (cf. Fig. 14). The band at 3270 cm™ corresponds to an amidic NH stretch motion which
is broadened by the interaction with the terminal amine. The experimental band at 3165 cm™ may
correlate to aromatic CH stretch motions of the histidine ring although the intensity is suddenly
high. No evidence can be seen for the contribution of the 3*-B0-H"N,N, isomer to the experimental

spectrum.

The experimental spectrum of 3"-Li can be explained by the superposition of the calculated spectra
of the isomers 3"-0B-Li"NnO.O. and 3*-BB-Li"N,O.O.. In difference to the IR-MPD spectrum of 3*-
Li, almost no contribution of bands corresponding to free OH stretch motions can be found in the
spectrum of 3°-Cs. Neither the calculated spectrum of 3"-ap-Cs"N,O.O. nor the one of 3*-Ba-

Cs0.0.N, can explain the experimental spectrum.
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1V-4.4.4: Results for HisGly

Figure 15: 1-color (blue) IR-MPD spectra of 4-H, 4*-Li and 4*-Cs and DFT predicted

IR absorption spectra (dark green) scaled by 0.97.
The calculated spectrum of 4*-B0'*°-HO.N, exhibits a moderate accordance to the experimental
spectrum of 4"-H (cf. Fig. 15). The position of the free OH stretch motion band is shifted
approximately 50 cm™ to the blue which is 30 cm™ more than in the theoretical spectra discussed
before. The occurrence of the small bands at 3367 and 3417 cm™ may correlate to a contribution of

the 4*-B0°-HO,.N, isomer to the spectrum.

Both strong and both weak bands in the spectrum of the 4°-Li complex can be explained by the
calculated spectrum of the 4"-Ba-Li"Ny0.0. isomer. Both minimum isomers 4*-Ba-CsN,0,O. and
47-BB-CsN,0,0. of the 4'-Cs complex exhibit a similar theoretical spectrum. No clear distinction
between or evidence for the contribution of both isomers can be drawn by comparison with the

experimental data. Both isomers are capable to explain the measurements.

We used the structure types displayed in Figures 10 and 11 in order to determine the minimum
structures of the Na', K" and Rb" adducts to 1-4 (cf. Fig. 27-29). This procedure led directly to the
energetic lowest isomers for each dipeptide alkali adduct combination with only a few exceptions.

Those exceptions are mostly due to small variations in the orientation of side chains and are
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therefore not further discussed. We plotted the relative energies of structure types against the

chelated alkali ion in order to figure out trends in the binding behavior (cf. Fig. 16).

Figure 16: Relative energies (in kJ/mol) of calculated structure types of the alkali
dipeptide complexes X*-M (cf. Fig. 10, 11, 27-29) (X=1-4; M=Li, Na, K, Rb, Cs).
The 1"-aa-MO.O.N, structure type is capable to chelate all alkali ions in the most stable way (cf.
Fig. 16). The relative order in energy for 1"-af-MO.O.N, and 1*-aB-M"N,O.O, remains the same

except for the K* carnosine complex at which both isomers tend to be isoenergetic.

The aa-MO.O.N, structure type represents the minimum energy structure for 2*-Li as shown
before. This structure type becomes more than 30 kJ/mol energetically unfavorable for all alkali
ions larger than Li*. Na" and K" cations tend to form 2"-aa-M'N,O, structures which become as
unfavorable as the aa-MO.O.N, structure types for Rb* and Cs®. The latter two ions form

preferably the 2*-aB-M'N,O.O, structure.

The relative energy distance of the 3™-af-M"Nn,O.O. and 3*-Bp-M"N,O.O, isomers remains
approximately the same for all alkali ions. The first structure type is the most favorable for Li" and
Na* complexes of 3 as well as for 3"-Cs complexes. In the latter case, the 3"-aa-MO.O,N, type is
almost isoenergetic to 3"-af-M"NLOO.. 3"-aa-MO.O,N, isomers are the most stable structure

types for K* and Rb* adducts.
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The 4"-Ba-M"N,O,O. structure is the most stable isomer of the 4*-Li complex. This structure type
becomes more than 20 kJ/mol energetically unfavorable for all other alkali ions. The 4"-Bj-
M"NLO,O. structure binds Na* and K" ions most favorable and is almost isoenergetic to the 4*-Ba-
MN,O0,0O. structure of the 4°-Rb complex. The latter structure type is the most stable of isomer of
the 4°-Cs complex.

IV-4.5: Gibbs free dissociation energies of alkali cations to the most stable isomers of 1-4

Figure 17: DFT derived Gibbs free energies (kJ/mol, 298.15 K, BSSE corrected)

for the dissociation of alkali cations from the energetic minimum isomers of the

dipeptide-alkali complexes. Structure of the neutral dipeptide obtained by a

geometry optimization of the molecule after the dissociation of the alkali ion.
We calculated Gibbs free energies (cf. Fig. 17) for the separation of the alkali ions from the X*-M
complexes (X = 1-4 and M = Li, Na, K, Rb, Cs) in order to compare them to Ecp values derived
from CID measurements (cf. Fig. 18 and Table 8). We used calculations of the minimum structures
of the neutral dipeptides, the isolated metal ions and the energetic minimum isomers for Li* and Cs”
corresponding to the IR-MPD measurements. For the Na’, K" and Rb" dipeptide complexes, we
used the most stable isomers (cf. Fig. 16). We corrected the DFT energies by basis set superposition

error (BSSE) calculations and by the Gibbs free energy correction for 298.15 K.
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The binding energy decreases with the size of the alkali metal ion and the energy distribution within
one adduct group (e.g. Fig. 17, Li" vs. Cs" groups) gets smaller. Li* and Na" ions are strongly bound
to the dipeptides. Gibbs free dissociation energies of the K*, Rb* and Cs* dipeptide complexes have
a comparable magnitude. In most cases, the dipeptide 2 exhibits the lowest energy needed for a

splitting of the alkali ion.

IV-4.6: Relation of CID fragmentation amplitudes to DFT derived Gibbs free dissociation

energies

We measured comparative CID appearance curves for each combination of dipeptide and alkali
metal ion in order to estimate the relative energies of the dissociation channels. We isolated the
most abundant isotope peak of the dipeptide alkali complexes and applied a stepwise rise of the
fragmentation amplitude. For reasons of comparability we use center-of-mass transformed

appearance curves in Fig. 18.

In case of the protonated dipeptides and the Li*, Na“, Rb" and Cs" dipeptide complexes, the slope
and the position of the experimental CID appearance curves are quite uniform within a group,
except for 2°-Na. The mass spectrometer is only capable to store fragment ions resulting from CID
processes which have a mass to charge ratio above 27% of the parents m/z value. Therefore, the
deficient amount of ionic fragments within the measurements of dipeptide K" complexes was

compensated by the assumption of a constant total ion intensity during the measurement.

Table 8 summarizes the center of mass transformed fragmentation amplitude values (Ecip) needed
for a ratio of 50% ionic fragments in the total sum of ion intensities. A clear trend to lower
amplitudes can be seen for Rb* and Cs’. Li", Na" and K" dipeptide complexes exhibit comparable

center of mass transformed amplitudes.

This values can be correlated to an amount of energy that has to be transferred to an ion during the
CID process to give access to one or several fragmentation channels. Especially for complexes of
the “small” ions like H', Li* and Na* a huge variety of fragments occurs (cf. Table 1). The loss of
Rb" and Cs* from their dipeptide complexes becomes the favorable fragmentation channel for the

“large” ions.
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Figure 18: Center of mass transformed fragmentation amplitudes of CID
appearance curves for the protonated dipeptides 1-4 and their complexes of the
alkali cations Li*, Na*, K*, Rb", Cs".

Table 8. Center of mass corrected fragmentation Ecip values (x 107) of the alkali metal
adducts of 1-4 derived from sigmoidal fit of the data depictured in Fig. 18. Calculated free
enthalpy for the cleavage of M" from the dipeptid complexes in kJ/mol.

M 1 (Carneosine) 2 (Anserine) 3 (GlyHis) 4 (HisGly)
Een AG/ Een AG/ Een AG/ Een AG/
kJ/mol kJ/mol kJ/mol kJ/mol
Li 5.6 385 5.5 341 5.0 412 6.2 400
Na* 5.3 284 7.2 238 5.1 309 5.4 266
K* 5.7 191 6.6 164 7.4 178 6.1 173
Rb" 3.8 170 3.4 159 4.2 160 3.6 155

Cs’ 2.7 145 2.4 155 2.8 127 2.7 134
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Figure 19: DFT derived Gibbs free energies (in kJ/mol) for the dissociation of M" from the

alkali dipeptide complexes of 1-4 in relation to the center-of-mass (COM) transformed

E°" com values derived from CID experiments (cf. Fig. 18, for numerical values cf. Table 8).

Data points of same color correspond to dipeptide complexes X*-M of the same alkali ion (X

= 1-4, M = Li*, Na', K', Rb", Cs"). Linear fit (=) of Gibbs free energy of Li*, Na* and K*

dipeptide complexes versus E°™coy values.
We plotted the Gibbs free energy for the dissociation of M* from the neutral dipeptides against
estimated E*com values in order to correlate the internal energy scale of the mass spectrometer to
Gibbs free energies for CID induced losses (cf. Table 2 and Figure 19). For reasons of clarity we did
not mark the dipeptides separately and summarized them as groups belonging to one alkali ion.
Data pairs can be classified into three categories. Rb* and Cs* dipeptide adducts form one category
which exhibits low E***oy values and low free dissociation energies. The second one comprises the
K" adducts of 1-4 with high E**com and low AG values. The third category consists of the Li* and

Na" complexes of the four dipeptides with E***com values comparable to those of the K* adducts but

significantly higher free dissociation energies.

The Gibbs free dissociation energies for Li* and Na" dipeptide complexes do not correlate linearly
to the E*com values, since the calculated fragmentation pathway does not reflect the experimental
findings. Therefore, those values are not taken into account for a linear fit. We correlate the Ecip

values of the K*, Rb* and Cs" dipeptide complexes to the Gibbs free energy of the M" dissociation
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assuming a linear dependence. We applied a linear fitting function to the data pairs of twelve

dipeptide alkali combinations resulting in a moderate correlation between AG and E***co.

AG=(381+158kJ/mol)* Egoy +(150+7 kd/mol) (4)

The standard deviation of the derived linear fitting function is quite large for the slope (ca. 41 %)

while it is moderate for the intercept (ca. 5 %) (cf. Equation 4).

IV-4.7: H/D isotope exchange and relative rate constants

We studied the reactions of protonated and alkali ion complexed dipeptides 1-4 with ND; under
single collision conditions (2 x 10 mbar) in order to determine the influence of alkali ion induced
conformational changes to the acidity of the exchangeable protons of the dipeptides. Therefore, we
stored the alkali-dipeptide ions for variable time in a FT-ICR ion trap. During this time the ions

partially undergo H/D exchange reactions with NDs.

We normalized intensities of the parent and H/D exchanged species and fitted the temporal
evolution of the experimental data points to pseudo first order kinetics which provides for relative
partial rate constants. We applied here two different models: one with a single H/D exchange (se)
reaction per collision and one allowing for a single and double H/D exchange (sde) reaction per
single collision (cf. Fig. 20-21 for 1*-H and 1"-M, cf. Fig. 30-35 for X*-M (X=2-4; M=H, Li, Na,
K)). Under the chosen conditions, no H/D exchange reactions of the Rb" and Cs" dipeptide

complexes with ND; could be observed. The signal intensity of the parent ions was too poor.

The assumption of an additional double H/D exchange during one reaction step leads to a better
accordance between the experimental data and the calculated fits (cf. Fig. 20). With increasing
reaction delay, the fit of the normalized intensities of complexes 1°-h;dy, 17-hsds, 1*-hsds, 1°-hods
and 1'-hids gets poor within both models. The correlation of the calculated fits with the

experimental data increases for all other partially deuterated species using the sde model.
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Figure 20: Normalized reactant and product intensities in the reactions of protonated

1"-H with NDs. The temporal evolution of the experimental data points (symbols) is

fitted to pseudo first order kinetics (solid lines) which provides for relative partial rate

constants. Fits correlate to single H/D exchange reactions (a) and to single and double

H/D exchange (b) per single collision. Fits arise through application of generic

algorithm code. Fits of (b) are superior to those of (a). (cf. Table 9 for numerical data)
All protonated dipeptides, except complex 3*-hsd;, undergo the exchange of the second proton with
the highest rate in the se model assumption. Furthermore, exchange rates of all protonated peptides
have a similar progression until the exchange of the third proton. All rates decrease for the exchange
of more than two protons. The complex 3" exchanges with the lowest rate constants within almost
all reaction steps. The assumption of a consecutive exchange of a up to two protons in one reaction
step (sde) leads to a crucial change in the derived rate constants. The sde rates of the complexes 1*-
H and 4"-H predict the single exchange reaction as two up to four times faster (until k,s) than the
simultaneous exchange of to protons. Complex 2*-H exhibits a nonuniform progression of the rates

of single and double exchanges. The sde model does not lead to a better agreement between the

fitting and the experimental data of complex 3*-H.
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Table 9: Relative partial rate constants ky, by single H/D exchange (se) per collision only and
by in parallel single and double H/D exchange (sde) per collision for reactions of protonated
dipeptides with NDs (p= 2 x 10 mbar) in the gas phase as obtained from fitting experimental
data (cf. Fig. 20, 30-32). Indices of ku, stand for the number of deuterium atoms in educt (m)
and the exchanged product (n). (n.o. = not observed)

rel. par. rate 1"-hg nd, 2"-hs.dn 3"-he.ndn 4"-hg.nd,
constant se sde se sde se sde se sde
ko1 1.84 1.49 2.03 1.50 1.16 0.96 1.13 0.97
ko> - 0.47 - 0.79 - 0.25 - 0.21
ki 2.89 1.74 3.04 0.82 1.05 0.79 1.38 0.90
ki3 - 0.61 - 1.41 - 0.03 - 0.24
ka; 2.23 1.34 1.95 0.18 0.40 0.36 1.02 0.62
| 'O - 0.49 - 0.87 - <0.01 - 0.17
K34 1.66 0.85 0.87 0.22 0.26 0.24 0.52 0.34
ks - 0.41 - 0.05 - <<0.01 - 0.02
Kas 0.88 0.50 0.08 0.01 0.10 0.07 0.10 0.05
ks - << 0.01 - - - n.o. - n.o.
Kkse 0.29 0.29 - - n.o. n.o. n.o. n.o.

Table 10: Relative partial rate constants kn, by single H/D exchange per
collision only (se) and by in parallel single and double H/D exchange per
collision (sde) for reactions of of 1'-M (M=Li, Na, K) with ND; (p= 2 x
10 mbar) in the gas phase as obtained from fitting experimental data (cf.
Fig. 21). Indices of kn, stand for the number of deuterium atoms in educt
(m) and the exchanged product (n). (n.o. = not observed)

rel. par. rate 1"-Li-hs..d, 1"-Na-hs..dn 1"-K-hs..d,

constant se sde se sde se sde
Ko 0.76 0.76 0.37 0.37 0.07 0.05
Ko> - << 0.01 - << 0.01 - 0.03
ki 0.43 0.42 0.05 0.05 0.10 <<0.01
ki3 - 0.01 - << 0.01 - n.o.
kas 0.28 0.25 0.13 0.10 n.o. n.o.
| 'N - 0.01 - 0.13 - n.o.

K4 0.06 0.02 n.o. n.o. n.o. n.o.
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The kinetic model combining single and double exchange does not lead to a significant increase of
the accordance between experimental data and calculated fits for complexes 1*-Li, 1"-Na and 1"-K

(cf. Fig. 21).

Figure 21: Normalized reactant and product intensities in the H/D exchange
reactions of cationic 1'-M (M=Li, Na, K) with NDs. The temporal evolution of the
experimental data points (symbols) is fitted to pseudo first order kinetics (solid
lines) which provides for relative partial rate constants. Fits arise through
application of generic algorithm code. Fits in (a, c, e) assume single H/D exchange
reactions per single NDjs collisions. Fits in (b, d, f) assume single and possible
double H/D exchange reactions per single ND; collisions. Quality of fits is
comparable, clear evidence of H/D double exchange is thus missing. (cf. Table 10
for numerical data)

Rate constants for the H/D exchange of X'-Li complexes are lower than the rate constants of
exchange reactions of the protonated dipeptides (cf. Tables 9-12). During the reaction time of up to
5 s, no exchanges above n = 2 could be observed for 2-4. All rate constants decrease with the
number of exchanged protons. 2 and 4 exhibit the largest drop of the rate constants in comparison to

the protonated dipeptides.
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Table 11: Relative partial rate constants kn, by single H/D exchange per
collision only (se) and by in parallel single and double H/D exchange per
collision (sde) for reactions of of 2°-M (M=Li, Na, K) with ND; (p= 2 x
10 mbar) in the gas phase as obtained from fitting experimental data (cf.
Fig. 33). Indices of kn, stand for the number of deuterium atoms in educt
(m) and the exchanged product (n). (n.o. = not observed)

rel. par. rate 2"-Li-hy.d, 2"-Na-hy.d, 2"-K-hy.d,
constant se sde se sde se sde
Kot 0.41 0.37 0.80 0.74 0.77 0.72
ko2 - 0.06 - 0.10 - 0.08
ki 0.10 0.04 0.08 0.04 0.23 0.15
kiz - n.o. - n.o. - 0.03
ka3 n.o. n.o. n.o. n.o. 0.12 0.03

Tablel2: Relative partial rate constants kn, by single H/D exchange per
collision only (se) and by in parallel single and double H/D exchange per
collision (sde) for reactions of of 3-M (M=Li, Na, K) with ND; (p= 2 x
10 mbar) in the gas phase as obtained from fitting experimental data (cf.
Fig. 34). Indices of kn, stand for the number of deuterium atoms in educt
(m) and the exchanged product (n). (n.o. = not observed)

rel. par. rate 3*-Li-hs..d, 3*-Na-hs..d, 3"-K-hs.d,
constant se sde se sde se sde
Kot 0.86 0.84 0.35 0.32 0.05 0.06
ko2 - 0.06 - 0.03 - <0.01
ki 0.02 0.01 0.02 <<0.01 <<0.01 <<0.01

Table 13: Relative partial rate constants kn, by single H/D exchange per
collision only (se) and by in parallel single and double H/D exchange per
collision (sde) for reactions of of 4'-M (M=Li, Na, K) with NDs (p= 2 x
10 mbar) in the gas phase as obtained from fitting experimental data (cf.
Fig. 35). Indices of km, stand for the number of deuterium atoms in educt
(m) and the exchanged product (n). (n.o. = not observed)

rel. par. rate 4"-Li-hs.,d, 4"-Na-hs.,d, 4"-K-hs..d,
constant se sde se sde se sde
ko1 0.26 0.24 0.15 0.14 0.05 0.05
ko2 - 0.02 - <0.01 - <<0.01

ki 0.03 <<0.01 <<0.01 <<0.01 <<0.01 <<0.01
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For the Na" adducts of the four dipeptides, only two H/D exchanges could be observed in a reaction
delay of up to 5s. All rate constants decrease with the number of exchanged protons, while there is
no direct correlation to the relative trends of rate constants for the X*-Li complexes. The X*-K
complexes undergo mostly less exchange reactions under the given reaction conditions, except for
complex 2*-K. Complex 1°-K exchanges up to two protons, complex 2*-K up to three, the 3"-K
and 4'-K complexes only one. Complex 2*-K exhibits the highest rate constants of all X*-K ions.

The sde model does not lead to significantly better quality of the fits.

IV-4.8: Conceivable relation of binding motives in protonated Carnosine and its Li* complex

and H/D exchange rates with ND;

We calculated relative energies of the interaction between NH; (which is energetically almost
equivalent to ND;) and the exchangeable protons of the energetic minimum isomers of complexes
1"-H and 1"-Li (cf. Fig. 22 & 23). We assume that a strong interaction of NH; with a protonated

group leads to a high probability for a H/D exchange.

NH; has the strongest interaction with the proton at the "Ny nitrogen atom and with the hydrogen
atom of the carboxyl group of complex 1"-aa-H"N,O, (cf. Fig. 22). The His "N}, proton is sterically
less reachable due to its interaction with the amidic oxygen. The interaction with the terminal
amine, at which double exchanges could occur, is energetically less favorable than the interactions

described before.

The most favorable interaction site of NH; with 1"-aa-LiO.0.N, is due to theory at the Li* ion. This
leads to a fourfold coordination of the alkali metal (cf. Fig. 23). The interaction of NH; with the His
Ny proton is less favorable and the interaction with the terminal amine is more favorable than
within the protonated carnosine ion. The carboxylic proton in isomer 1*-aa-LiO.O,N, binds via a
hydrogen bridge to the His "Nj nitrogen atom. One possible energetic minimum structure for the
interaction of NH; with this proton is the insertion of the ammonia molecule between the protonated

"Ny nitrogen atom and the deprotonated carboxylic group in structure "Ny-H-NH;-O..
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IV-5: Discussion

IV-5.1: ESI-MS

All four dipeptides 1-4 form alkali ion complexes under ESI-MS conditions. In mixtures of
equimolar concentrations of alkali ions with one of the dipeptides the complexes arise in different
ratios beneath the protonated form of the particular dipeptide which is always present. This
demonstrates the high binding affinity of protons to the dipeptides. Our experimental data from CID
measurements demonstrate that the complexation of an alkali metal ion by a dipeptide changes the
fragmentation behavior crucially, except for the Rb" and Cs" complexes which mostly exhibit the
cleavage of the metal ion as the dominant pathway (cf. Table 3). K* can not be detected by the mass
spectrometer which implies that CID spectra and relative abundancies of fragments of dipeptides-K*

complexes include a high uncertainty regarding the prefered fragmentation channels.

In a former study we provided an insight into the fragmentation behavior of protonated Carnosine
and its alkali ion complexes [5], wherefore we will not discus all dipeptides separately. Relative
abundancies of fragmentation channels of 1*-M (M=H, Li, Na, K, Rb, Cs) were estimated in
different ways in the former and the current work which leads to deviations within the derived

values.

Some parallel loss channels with strong varying relative abundancies could be figured out for the
protonated dipeptides and their alkali metal complexes. The loss of -17 m/z (according to NH3) is
dominant for 1*-H and 2*-H while this fragmentation pathway was not observed for 3*-H and 4°-H.
It was shown that the prefered protonation site of 1°-H is at a nitrogen atom of the Histidine ring
[36]. Therefore the formation of NH; as neutral loss has a need for a proton transfer from an
adjacent CH, group. In case of 1*-H and 2*-H an olefinic terminal -CH=CH- group can be formed
while 3"-H seems not to be capable to form a stable ionic fragment after a potential loss of NH;. In
the case of 4°-H the loss of NH; would lead to a C=C double bond in the backbone of the molecule
resulting in strong conformational changes. The loss of e.g. -71, -117 and -137 m/z from several 1*-
M complexes can be correlated to the loss of -57, -103 and -117 m/z from several 3*-M and 4*-M
complexes due to the mass difference of -14 m/z (according to a shorter amine side chain) of 3 and
4 with respect to 1. The loss channel of -151 m/z from 2*-Li and 2*-Na can also be correlated to the
loss of -137 m/z from several 1"-M complexes due to the mass shift of +14 m/z (methyl group at the

His ‘N atom) from 1 to 2. These fragmentation pathways are mostly not in a direct correlation to
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preformed loss groups in the minimum energy structures (cf. Fig. 9-11). Most pathways can only be
described taking proton shifts and reorganization processes into account. Additionally the
superposition of different fragment species appears which can lead to broad and hardly assignable
isotopic patterns. Nevertheless, the difference in the mass shifts of neutral losses between the

dipeptide-alkali complexes can be used to assign the origin of neutral losses.

IV-5.2: IR-MPD

IR-MPD spectra of the deprotonated dipeptides 1-4° exhibit well discernible bands of varying
intensities (cf. Fig. 4). There are no bands that would correspond to free OH or NH stretch.
Deprotonation should take place at the group with the highest acidity, which is the COOH group in
all four molecules. The absence of stretch motions of the free NH bond can be explained by a
hydrogen bonding with the negatively charged carboxy group. This would lead to red-shifted and
broadened bands. Therefore, we assume that the weak absorptions above 3000 cm™ in the spectra of
1"-4 may correspond to vibrational modes of N-H-O hydrogen bridges. Spectra of 2" and 4" exhibit
stronger bands in the CH stretch region with respect to 1" and 3° which may correspond to

conformational changes allowing for low lying transition states during fragmentation.

Spectra of the protonated dipeptides 1-3 exhibit two intense and at least three minor intense bands
each, spectra of 2°-H only two intense and a very small band (cf. Fig. 5). Comparison of CID and
IR-MPD induced fragmentation pathways of 1'-H reveals partially different relative abundancies of
fragmentation channels (cf. Fig. 3 And 6). Seemingly effective internal vibrational redistribution
(IVR) of initially localized excitation leads in the cases of all bands to a dominant loss of NHs. This
is regardless where the excitation takes place in the molecule. On the other hand not all excitations
lead to the same fragmentation patterns. During CID the molecule heats up with a statistical energy
distribution according to the frequency of the manifold vibrational and rotational modes.
Furthermore a CID spectrum consists of the contribution of fragments of the parent ion as well as
from different fragment ions formed during collisions with He in a ms time range. Relative
abundancies of fragments within the two bands at 3567 and 3485 cm™ are comparable to those
derived from CID measurements although the absorption of IR photons takes place within a ~7 ns
laser pulse. It can be assumed that IVR processes are fast enough to enable multiple photon
absorptions from vibrational ground states of the free OH and NH stretch motions and energy
dissipates statistically to several other modes. In the three other bands the energy seems not to be
statistically transported to other modes and an unequal distribution of fragmentation channels

occurs. This may lead to the new fragments in the 3167 and 2950 cm™ bands (cf. Fig. 6).
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IR-MPD spectra of dipeptide-Li* complexes exhibit three bands above 3000 cm™ except for 2*-Li
(cf. Fig. 7). The additional proton in the protonated dipeptides is attached to one of the nitrogen
atoms of the Histidine ring or to the nitrogen atom of the amine group [26, 36] giving rise to up to
three bands (without the contribution of NH, stretch motions) corresponding to OH and NH stretch
motions. Those spatial positions do not necessarily reflect the preferred binding sites of the alkali
ions. The Li" ion has to be complexed in binding motives which lead to remaining free OH and NH
groups. The spatial position of electron donating oxygen and nitrogen atoms allows for several
binding sites of the Li" ion. Nevertheless each binding motive should lead to at most two vibrational

bands corresponding to OH and NH bands due to the absence of the additional proton.

The occurrence of up to three OH and NH bands for X*-Li (X=1-3) with varying intensities in the
spectra (without the contribution of NH, stretch motions) can be interpreted to arise from a mixture
of the two most stable isomers. The overlay of the calculated IR absorption spectra of those isomers
is capable to explain most experimental bands. The lower fragmentation efficiency of all bands with
respect to the spectra of the protonated dipeptides may arise from a reduction of oscillator strength

of the vibrational modes and/or a a rise in the transition energy for neutral loss channels.

The fragmentation efficiency in the spectra of X*-M (X=1-4, M=Na, K) drops down (cf. Fig. 24 and
25) and less bands can be observed compared to the spectra of the dipeptide-Li" complexes. Spectra
of Rb" and Cs" bearing dipeptide complexes exhibit a rise of the fragmentation efficiency within
several bands. The comparison of spectra shows that the relative intensity of the bands
corresponding to OH and NH stretch motions changes with the size of the attached ion (cf. Fig. 7, 8,
24-26). This is in good accordance to the results of the DFT calculations, which also show that the

relative distribution of isomers is dependent on the size of the alkali ion (cf. Fig. 10, 11, 27-29).

The weakly bound alkali ions Rb* and Cs* can be interpreted as messenger atoms which can be
more or less easily split off from the molecule. Particularly, the Cs™ ion is the most weakly bound
alkali metal, which can also be seen in CID experiments. The use of a 2-color IR-MPD pump/probe
scheme leads to various effects. Bands in the fingerprint region are mostly enhanced for the
protonated dipeptides 1-4 and the dipeptide Cs* complexes (cf. Fig. 5 and 8). In the CH, NH and
OH stretch region a slight enhancement of bands corresponding to CH stretch motions can be
observed. The intensity of the bands corresponding to His-NH and OH stretch motions is mostly

reduced, maybe due to a change in the distribution of isomers after photon absorption.



Carnosine, Anserine, GlyHis and HisGly and their Alkali metal complexes 99

IV-5.3: DFT derived minimum structures and relative energies

Several conformational archetypes were found for the energetic minimum structures of the
protonated dipeptides (cf. Fig. 9). Preferred protonation sites for are the nitrogen atoms of the
Histidine ring and the nitrogen atom of the amine group. In case of 4*-0'-HO,N, the amidic
oxygen atom is protonated and the amidic NH forms a hydrogen bridge to the His "N atom. These
rearrangements can be interpretated in terms of a tautomeric change from the amidic form of 4 to an

imidic acid tautomer of 4°-H due to protonation.

Hydrogen bonds stabilize the conformations of X*-H (X=1-4) leading mostly to five-, six- and
seven-fold intramolecular rings. The methyl group at the Histidine ring of 2*-H partially hinders the
formation of a binding motive according to 1"-aa-H"ON,. Also the shortening of the terminal
alkylamine side chain in 3*-H with respect to 1"-H leads to a rise in energy for the 3"-aa-H"ON,
isomer. The B-alanyl side chain and the unsubstituted His "N atom of 1*-H allows for several

energetically favorable isomers.

In case of the Li" complexes of 1, 2 and 3 the shorter alkyl side of chain leads to a less favorable
binding pocket for the Li* ion in the 3"-aa-LiO.0.N, conformation (cf. Fig. 10). Therefore the
binding motive 3*-0B-Li"N,O.O, becomes more favorable, even for the large Cs" ion, while the
energetic difference between the latter two mentioned isomers of 3-M (M=Li, Cs) gets small. In
general the energetic differences between the binding motives for the Cs® complexes of the
dipeptides gets smaller except for 2°-Cs. A lower rigidity of the metal — electron donor interaction
in Cs" complexes with respect to Li* complexes allows the molecules for a larger degree of

conformational freedom.

IV-5.4: Comparison of experimental spectra and DFT predicted IR absorption spectra

DFT predicted IR absorption spectra of protonated dipeptides exhibit a relatively good agreement
with experimental band positions in the fingerprint region when applying a linear scaling factor of
0.97 [47]. Bands above 2500 cm™ corresponding to CH, NH and OH stretch motions are shifted
approximately 20 cm™ to the blue (cf. Fig. 12-15). The systematic shift of +20 cm™ implies that the
scaling factor of 0.97 is not appropriate for the region above 2500 cm™. We abstained from
determination of a second scaling factor for the upper region for two reasons. First, the contribution
of different isomers can be sufficiently estimated from the number and relative intensities of bands

in the NH and OH stretch region and second, due to the fact that hydrogen bridges are not described
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correctly within the harmonic approach. No better correlation of the DFT predicted positions of
hydrogen bonded vibrations to experimental IR bands can be derived by a change of the scaling

factor.

DFT predicted and rescaled (by 0.97) spectra of dipeptide-Li* complexes shift the bands
corresponding to ‘NH stretch motions ~20 cm™ to the blue. Those of free OH stretch motions are
approximately at the same position as the measured bands (cf. Fig. 12-15). In dipeptide-Cs*
complexes all bands above 2500 cm™ are shifted to the blue. In all isomers of dipeptide-Li*
complexes depicted in Fig. 10 the Li" ion interacts with one carboxylic oxygen atom, except for 2*-
180a-Li'N;O.. In the latter case the DFT predicted band corresponding to the OH stretch motion is
shifted to the blue as described for the protonated dipeptides and their Cs* complexes. It can be
assumed that the not existing shift of bands corresponding to free OH stretch motions in dipeptide-
Li" complexes results from an inadequate description of the Li-O, interaction. The electronegativity
of the Li" ions seems to be overestimated at the B3LYP/cc-pVDZ level of theory. The shift of
electron density from the carboxy group to the Li atom results in a weakening of the OH bond

strength and therefore to a shift of the corresponding band to the red.

We used structures from literature [26] and an intuitive search for isomers of X*-M (X=1-4, M=Na",
K", Rb"). Additionally we used the replacement of the Li" ion in the three depicted energetic
minimum isomers of the dipeptide complexes (cf. Fig. 10), Cs" respectively (cf. Fig. 11), with Na",
K* or Rb" ions. The latter method led either to the structures known from literature or mostly to

even more stable structures than those derived from a random search.

We use a plot of relative energies of isomers in order to compare the conformational changes due to
increasing alkali ion size (cf. Fig. 16). The transition from Li" to Na" leads to strong conformational
changes for 2 and 4, for 3 the first change takes place from Na" to K*. The size of the alkali ion does
hardly affect the conformations of 1, except for K* which leads to a distinct rise in relative energy
for the 1"-aBf-MO.O.N, isomer. Former unfavorable structure types displace the Li* bearing
minimum structures for the K* adducts of 2-4. In most cases the addition of Rb* and Cs" leads to the
same stable structures. The exception for 3 can be neglected due to the small energy difference

between both energetic favorable isomers.

Carnosine is capable to bind all alkali metal ions in the same motive. This can be seen in the

correspondence of the structure types for the Li" and Cs™ adducts to 1 (cf. Fig. 10 & 11). Increasing
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ion size leads to a hinderance of the OH - histidine interaction in the structures of 2. The OH - 'N
interaction stabilizes the 1"-aa-CsO.0.N, isomer at about 29 kJ/mol in respect to the corresponding
2"-aa-Cs0.0,.N, isomer. The shorter terminal amine side chain of 3 in respect to 1 is less capable to
provide space for small alkali ions. Larger ions are less affected, the energy difference between the
structures types aa-O.0,N, for 1°-Li and 3*-Li decreases from 22 kJ/mol to 6 kJ/mol for 1*-Cs and
3"-Cs. Also the "N4O.0, binding motive in 3 is capable to complex alkali ions of all sizes. The
change of the peptide sequence from 3 to 4 enables a higher binding affinity to larger alkali ions.
The "NnO,O. binding motive of 4 changes completely from Li" to Cs* adducts, while the latter
shows a N,0,O. motive. 4°-180a-LiN,0,O., which corresponds to the 4*-Ba-CsO.0.N, isomer, is
46 kJ/mol higher in energy than 4*-Ba-Li"N,O,O..

The influence of the methyl group at the ‘N of the histidine ring in 2 is therefore stronger than the
shorting of the terminal amine side chain. The ethylamine side in chain in 1 allows for a more
variable binding pocket for the alkali ions and is therefore capable to bind small as well as large

ions.

IV-5.5: Dissociation energies of alkali cation dipeptide complexes

The most favorable fragmentation pathway is predicted to be the splitting of the alkali ions in the
case of Rb" and Cs* complexes (cf. Table 3). Fragmentation of K* dipeptide complexes leads to a
drop in the intensity of the ionic fragments due to the fact that K* ions cannot be detected by the
mass spectrometer. Nevertheless, we assume the splitting of K* as the most favorable fragmentation
pathway. Calculations predict free dissociation enthalpies of K*, Rb" and Cs" dipeptide complexes
in the order of 120 — 190 kJ/mol (cf. Table 8 and Fig. 17). Furthermore, free dissociation enthalpies
of Li" and Na" dipeptide complexes are calculated regardless to the experimentally found

fragmentation pathways.

IV-5.6: Relation of CID fragmentation amplitudes to DFT derived dissociation enthalpies

While there is a large distribution within the data for the loss of the same alkali ion, the free
dissociation enthalpies of K*, Rb" and Cs" derived from DFT correlate linearly in a positive slope of
their AG(Ecip) function with their Ecip values (cf. Table 8, Fig. 18 and 19). In contrast, the Ecip
values of the Li* and Na* dipeptide complexes do not correlate to the DFT derived dissociation
enthalpies. Therefore, the splitting of Li" and Na" from the dipeptide complexes can be ruled out as

a dominant fragmentation channel.
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IV-5.7: H/D isotope exchange and relative rate constants

It is known, that the complexation of alkali ions has an influence to the gas phase acidity of
(di)peptide complexes [48]. We used gas phase H/D exchange reactions with ND; under single
collision conditions in order to study the influence of the spatial structure of protonated dipeptides

and their alkali metal ions to their reaction behavior.

Pseudo first order kinetic fits proof the in parallel occurrence of single and double H/D exchange
reactions per single collision of the protonated dipeptides with ND; (cf. Fig. 20 and Table 9). Rate
constants for multiple H/D exchanged protonated dipeptides decrease on the one hand due to
competing D/D exchanges which do not change the mass of the ions (and can therefore not be
accounted for the determination of rate constants). They decrease on the other hand due to lower
concentrations of ions with n-1 exchanged protons (n > 2; n = number of H/D exchanges). Higher
rate constants for the second exchange in respect to the first one can be interpreted under the
assumption that more than one proton is exchanged during the first reaction. This gives rise to
doubly exchanged products X*-d, (X =1, 2, 4) in one reaction step while a single exchange at X*-d,

can also take place in a second step.

Relative rate constants drop for the H/D exchange reactions of the X*-M (M=Li, Na, K) complexes
with ND;. Pseudo first order kinetic fits do not derive a clear evidence for an occurrence of parallel
single and double H/D exchange reactions per single collision of the X*-M ions. We estimated the
binding energy of NH; (according to NDs) to different exchangeable protons and to the alkali ion,

respectively.

IV-5.8: Correlation of binding motives and H/D exchange rates with ND; in protonated

Carnosine and its Li* complex

The interaction of NH; (according to NDs) with 1"-aa-H"NLO, leads to a preference of single H/D
exchange reactions assuming a correlation between calculated relative energies and the exchange
probability. This assumption is in good accordance to the sde values for 1*-H (cf. Table 8) which
exhibit three single H/D exchange reactions with high relative partial rate constants and a lower,
almost constant rate of double exchanges up to the fifth incorporated deuterium atom. In order to

refine this model assumptions further isomers may have to be regarded.
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2°-H has at least two almost isoenergetic isomers (cf. Fig. 9). This could explain the quite different
rate constants for single and double H/D exchange reactions in respect to 1°-H. It could be expected
that 3"-aa-H"ON, undergoes H/D exchange reactions with similar relative partial rate constants
like 1"-aa-H"O(N, as both have the same binding motive. 3"-H shows double exchange reactions
only for the first step and reacts significantly slower than 1*-H. This can be interpreted by means of
considering the contribution of the 1°-B0-H"NyN, isomer to the overall rate constants whereas the

corresponding isomer of 3+-H is relatively high in energy and therefore less abundant.

The strong interaction of ND; (according to NH3) with the Li* cation in 1'-aa-LiO.O.N, may
correspond to the significant drop of the relative partial rate constants for the H/D exchange at 1*-
Li. Furthermore double exchanges at the amine group may be hindered due to the interaction with
the adjacent Li" cation. The number of observed exchange reactions and the decreasing rates are in
relative good accordance to the preferred binding sites of NH; at 1"-aa-LiO.O.N,. Na” and K*
adducts of 1 show decreasing rate constants in respect to 1°-Li (cf. Table 9) although the alkali ion
NH; interaction gets weaker with increasing ion size and the characteristic bond lengths increase

(cf. Fig. 24 and Table 13). (Interpretation?)

The rise of the relative partial rate constants for the H/D exchange of 2°-Na and 2*-K in respect to
the ones of 2*-Li may be explained by the change of the binding motive (cf. Fig. 16). The isomers
2"-aa-Na'N,0, and 2"-aa-K*'N,O, exhibit no direct interaction between the alkali ion and atoms
with exchangeable protons. Rate constants for 3*-M (M = Li, Na, K) are in the same order than
those of 1°-M while they have different energetic minimum isomer structures. In contrast to 1*-M

almost no H/D exchanges after the first single exchange could be observed.

IV-6: Conclusions

We investigated a combination of the four dipeptides Carnosine, Anserine, GlyHis and HisGly with
alkali metal ions with the help of CID, IR-MPD spectroscopy and H/D exchange reactions with
NDs. The aim of the survey is to elucidate the influence of the methyl-group at the histidine ring, of
the peptide sequence and chain length on the binding motives of the alkali ions. We identified the
energetic minimum structures of the protonated dipeptides and their Li* and Cs" ion complexes by a
combination of IR-MPD and DFT calculations. A moderate accordance was found for DFT
predicted IR absorptions to IR-MPD spectra. By means of this assignment of isomers, we figured

out the size dependent relative energy for at least three isomer types per dipeptide alkali ion
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complex. We developed a systematic nomenclature reflecting all binding motives of the four
dipeptides to alkali ions. Carnosine is able to complex all alkali metal ions in an uniform binding
motive. DFT derived energetical minimum isomers of the three other dipeptides show strong
conformational changes with increasing size of the alkali ion. The most favored binding motive of
all peptides is the tridentate complexation of the alkali ion by a carboxylic and an amidic oxygen
atom, while the electron donating nitrogen atom either belongs to the Histidine ring or the amine
group. The ability to form hydrogen bonds in a certain binding motive is essential for the preference
of the Histidine or amine nitrogen atom as an electron donor. The charge solvated binding motive is
the most common within all found isomers. Several structures exhibit hydrogen bonded protons.
Those can be interpretated as intermediates between the charge solvated and the salt bridge binding
motive. CID breakdown curves of the cationic complexes of the dipeptides with K*, Rb" and Cs*
result in a fair agreement of E***,, values with DFT derived Gibbs free binding energies. CID leads
to multiple fragments of the Li* and Na" dipeptide complexes and to an insufficient correlation
between the E***, values and metal-dipeptide free binding enthalpies. Gas phase H/D exchange
reactions of the protonated dipeptides with NDs resulted in the exchange of all labile protons with
comparable relative partial rate constants. The assumption of coexisting single and double exchange
reactions per single collision leads to an enhancement in the quality of the pseudo first order kinetic
fits of the experimental derived data. The Li*, Na" and K" complexes of the dipeptides exhibit a
reduction in the number of exchanged protons, significantly lower rate constants for H/D exchange

and only single exchange reactions.
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IV-8: Supplementary material

Figure 24: 1-color IR-MPD spectra of 1'-Na, 2*-Na, 3'-Na, and 4"-Na. See
Tables 4-7 for numerical values of band peak positions.
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Figure 25: 1-color IR-MPD spectra of 1*-K, 2*-K, 3*-K, and 4*-K. See Tables 4-7
for numerical values of band peak positions.

Figure 26: 1-color IR-MPD spectra of 1*-Rb, 2*-Rb, 3"-Rb, and 4*-Rb. See
Tables 4-7 for numerical values of band peak positions.



Carnosine, Anserine, GlyHis and HisGly and their Alkali metal complexes 111

CarnNa*

AnsNa*

GlyHisNa*

HisGlyNa*



112

Chapter IV

CarnK*

AnsK*

GlyHisK*

HisGlyK*

1+



Carnosine, Anserine, GlyHis and HisGly and their Alkali metal complexes 113

CarnRb*

AnsRb*

GlyHisRb*

HisGlyRb*



114 Chapter IV

Figure 30: Normalized reactant and product intensities in the reactions of protonated 2*-H
with NDs. The temporal evolution of the experimental data points (symbols) is fitted to pseudo
first order kinetics (solid lines) which provides for relative partial rate constants. Fits
correlate to single H/D exchange reactions (a) and to single and double H/D exchange (b)
per single collision. Fits arise through application of generic algorithm code. Fits of (b) are
superior to those of (a). (cf. Table 9 for numerical data)
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Figure 31: Normalized reactant and product intensities in the reactions of protonated 3"-H
with NDs. The temporal evolution of the experimental data points (symbols) is fitted to pseudo
first order kinetics (solid lines) which provides for relative partial rate constants. Fits
correlate to single H/D exchange reactions (a) and to single and double H/D exchange (b)
per single collision. Fits arise through application of generic algorithm code. Fits of (b) are
superior to those of (a). (cf. Table 9 for numerical data)



116 Chapter IV

Figure 32: Normalized reactant and product intensities in the reactions of protonated 4*-H
with NDs. The temporal evolution of the experimental data points (symbols) is fitted to pseudo
first order kinetics (solid lines) which provides for relative partial rate constants. Fits
correlate to single H/D exchange reactions (a) and to single and double H/D exchange (b)
per single collision. Fits arise through application of generic algorithm code. Fits of (b) are
superior to those of (a). (cf. Table 9 for numerical data)
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Figure 33: Normalized reactant and product intensities in the H/D exchange reactions of
cationic 2°-M (M=Li, Na, K) with ND;. The temporal evolution of the experimental data
points (symbols) is fitted to pseudo first order kinetics (solid lines) which provides for relative
partial rate constants. Fits arise through application of generic algorithm code. Fits in (a, c,
e) assume single H/D exchange reactions per single ND; collisions. Fits in (b, d, f) assume
single and possible double H/D exchange reactions per single ND; collisions. Quality of fits
is comparable, clear evidence of H/D double exchange is thus missing. (cf. Table 11 for
numerical data)
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Figure 34: Normalized reactant and product intensities in the H/D exchange reactions of
cationic 3'-M (M=Li, Na, K) with ND;. The temporal evolution of the experimental data
points (symbols) is fitted to pseudo first order kinetics (solid lines) which provides for relative
partial rate constants. Fits arise through application of generic algorithm code. Fits in (a, c,
e) assume single H/D exchange reactions per single ND; collisions. Fits in (b, d, f) assume
single and possible double H/D exchange reactions per single NDs collisions. Quality of fits
is comparable, clear evidence of H/D double exchange is thus missing. (cf. Table 12 for
numerical data)
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Figure 35: Normalized reactant and product intensities in the H/D exchange reactions of
cationic 4°-M (M=Li, Na, K) with ND;. The temporal evolution of the experimental data
points (symbols) is fitted to pseudo first order kinetics (solid lines) which provides for relative
partial rate constants. Fits arise through application of generic algorithm code. Fits in (a, c,
e) assume single H/D exchange reactions per single ND; collisions. Fits in (b, d, f) assume
single and possible double H/D exchange reactions per single ND; collisions. Quality of fits
is comparable, clear evidence of H/D double exchange is thus missing. (cf. Table 13 for
numerical data)
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Chapter V: Enhancement of vibrational bands derived by
2-color IR-MPD -

a mechanistic study on [Carnosine-H,Zinc"]"

V: Preamble

This chapter is formatted as to become a manuscript for publication. It is not submitted yet. All of
the measurements, data evaluations, calculations and all of the text was done by myself. I received
experimental support by Yevgeniy Nosenko, Maximilian Gaffga and Lars Barzen. Christoph Riehn

and Gereon Niedner-Schatteburg helped with discussions.

V-1: Abstract

The gas-phase structure of the zinc(II) cationized dipeptide carnosine is investigated using infrared
multiple photon dissociation (IR-MPD) in the regions from 1300 to 2000 cm™ and from 2600 to
3800 cm™. Fair agreement of experimental and theoretical spectra arises after optimization of
correlation treatment and basis sets. A novel 2-color pump/probe scheme is applied in order to
enhance the fragmentation efficiency of the IR-MPD process. We characterized this pump/probe
scheme in terms of mode specific fragmentation pathways and the timing sequence and we obtained

mode specific enhancement factors.

V-2: Introduction

Structural conformation and the interaction with metal ions play a crucial role for the behavior of
amino acids, peptides and proteins under physiological conditions. Therefore, it is important to
understand the effect of ion size and polarizability of the metal ion on the structure. The carnosine-
zinc(IT)-complex [Carn-H,Zn"]* (1'-Zn) sells by the trade name polaprezinc as a drug on peptic
ulcer [1]. Carnosine consists is a dipeptide of histidine (C-terminus) and [3-alanine (N-terminus) and
was first detected by W. Gulewitsch in meat extracts [2]. It is the major [-alanine source in the
human body [3]. Carnosine itself and several related peptides have been studied for their
physiological properties, metal binding behavior and crystal structure [1, 3-19]. The most stable
conformer of protonated carnosine in the gas phase was identified by a combination of IR-MPD
experiments and DFT calculations [20]. Interpretation of FTIR and Raman spectra of crystalline

[Carn-H,Zn"]" complex suggest a four-fold coordination of the Zn** ion by the His-'N atom, a
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carboxylic oxygen atom, the amidic and aminic nitrogen atoms [15]. In contrast, the His-"N
tautomer seems to be more stable in solution [3]. DFT calculations of isolated [Carn-H,Zn"]*
complexes suggest a four-fold coordination of the Zn** ion by two oxygen and two nitrogen atoms

[21].

Calculated dissociation enthalpies of [Carn-H,Zn"]" range around 260 kJ/mol. Such a high value
causes challenges to the IR-MPD technique. It provides for an opportunity to test our resonant 2-
color IR-MPD spectroscopy technique [22]. The [Carn-H,Zn"]* complex possesses several IR-
active groups and allows for a number of combinations of pump and probe bands in order to

estimate mode specific fragmentation enhancement factors.

We developed a generalized scheme of the four dipeptides carnosine, anserine, GlyHis and HisGly
and their alkali metal adducts (cf. Chapter VI of this thesis) in order to classify the different
structure motives of the isomers derived by DFT calculations. Now, we apply this scheme to the

[Carn-H,Zn"]* complex.
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L> A<1> R<1> A<2> R<2> X<2>

JH N H C O NH,

1, C 0 N H COOH

Table 1: Nomenclature of
electron donor atoms (marked
with underlines).

group abbreviation
COOH Oc
amidic NH N.
amidic CO O.
NH, Nat
His-"N "Ny
His-'N "Nh

We use a nomenclature concentrating on the rotation of the histidine ring and the amidic NH bond
with respect to the functional group at the central carbon atom. In general we distinguish only
between clockwise (a) or counter-clockwise () rotation of the dihedral angles. In some special
cases those angles are approximately 0 or 180 degrees and are therefore given with these values. In
addition, we indicate the electron donating oxygen and nitrogen atoms interacting with the Zn*'

cation (cf. Table 1) in an order starting at the histidine ring.

This leads to the following generalized nomenclature for the isomers of [Carn-H,Zn"]* complexes
(e.g. Fig. 8), where Substance stands for 1-4, Dihedral,,™™" is defined according to Fig. 2 and

Donor;.4 lists the electron donating oxygen and nitrogen atoms (cf. Table 1):

Substance’-Dihedral,Dihedral,*™"-lonDonor;Donor.DonorsDonor.
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We assign bands in IR-MPD spectra in a first approach with an incremental appraisal of the position

of bands of archetypical peptide compounds (cf. Table 2) [23].

Table 2: Assignment of energy ranges to
vibrational modes of various groups (marked with
underlines) [23].

group mode energy range / cm™
free COOH Vs 3500 - 3650
free NH Vs 3400 - 3500
free NH, Vastss 3300 - 3500
bridged N-H-O v 3100 - 3500
aromatic CH Vs 3000 - 3100
aliphatic CH Vs 2850 - 3000
CO Vs 1600 - 1800

V-3: Methods

V-3.1: ESI-MS and CID

Electrospray ionization mass spectrometry (ESI-MS) was performed with an ion trap instrument
(Bruker amaZonSL). The ion source provides cations in positive electrospray ionization mode. Scan
speed was 32500 m/z / s in normal resolution scan mode (0.3 FWHM / m/z), scan range was at least
70 to 400 m/z. We mix solutions of ZnSQO, and Carnosin in H,O at approx. 10? mol/L in a 1:1 ratio.
We dilute this solution with acetonitrile (1:10) and continuously infuse it into the ESI chamber at a
flow rate of 2 pL/min using a syringe pump. Nitrogen was used as drying gas at a flow rate of 3.0
L/min at 220 °C and spray the solutions at a nebulizer pressure of 4 psi with the electrospray needle
held at 4.5 kV. We held transfer parameters to the Paul trap of the mass spectrometer constant and
used Helium as a buffer gas with a partial pressure of about 3 x 10° mbar inside the ion trap.
BrukerTrapControl 7.0 software controlled the instrument and we performed data analysis using

Bruker Data Analysis 4.0 software.

V-3.2: IR-MPD

IR-MPD measurements were performed with the Bruker amaZonSL mass spectrometer (cf. ESI-MS

part) after its modification. Two KTP/KTA optical parametric oscillator/amplifier (OPO/OPA,
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LaserVision) systems, each pumped with a Q-switched 10 Hz injection seeded Nd*:YAG laser
(PL8000, Continuum) provided for tunable IR radiation (v = 0.9 cm™ resp. 6v = 0.3 cm™, 8t = 7 ns)
in order to record vibrational spectra via the multi-photon dissociation scheme. We used the OPA
idler wave (<10 mJ/pulse) of the one system to scan spectra (pump laser) within 2800 — 3600 cm™.
On choice the second IR OPO/A served as probe laser, set to a selected and fixed vibrational
resonance frequency. The probe laser beam was aligned counter-propagating with respect to the
scanning pump laser beam. Each trapped and m/z isolated ion package was irradiated by 2 - 4 laser
pulses (or pulse pairs in case of two-laser experiments) in order to produce sufficient fragment ions.
IR spectra were recorded using Bruker chromatogram software for extracting the intensity of parent
and fragment ions (three point averaging directly by BrukerTrapControl software). IR-MPD signal
was evaluated corresponding to formula 1. Origin Plot Software served to apply a five point
adjacent averaging for smoothing. IR frequency was calibrated by a wave meter (821B-NIR, Bristol
instruments). Laser power curve was recorded in parallel to the IR-MPD spectra through digitizing
the analog output of the laser power meter by an ample ADC input of the amaZonSL mass

spectrometer electronics.

V-3.3: Theoretical methods

DFT [24-27] calculations were performed at the B3LYP [28-31] level of theory using cc-pVDZ (C,
H, N, O) [32] and Stuttgart RSC 1997 ECP (Zn) [33] basis sets and the Gaussian 03 and 09
packages [34, 35]. Standard convergence criteria were applied. We chose starting conformations of
[Carn-H,Zn"]" in accordance to those derived by B. Reinhard [21]. Full geometry optimization of
all nuclear coordinates yields multiple locally stable minimum structures. The lowest structure is
assumed to represent the most stable isomer. We verified the three lowest energy structures on
different levels of theory (B3P86 [28, 30, 31] and B97D [36]) in combination with different basis
sets (Ahlrichs VTZ [37] + Stuttgart RSC 1997 ECP (Zn)) (cf. Table 6). DFT predicted vibrational
spectra at the B3LYP/cc-pVTZ level of theory were scaled by 0.965 [38].

V-3.4: Estimation of photon number

In the IR-MPD processes, the fragmentation arises from the absorption of multiple photons. Their
total number is a priori not known. The IR-MPD efficiency scales exponentially with the number n
of absorbed photons. A corresponding formula was developed for the multiphoton ionization of

molecules [39].
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I.(v)ecI(pf)" (1) | pf = photon flux

n E
I(pf)'ec N (2) | pulse length = const.

pulse

log(I,(v))ecnxlog( ) 3)

pulse

Therefore we measured the fragmentation efficiency using different laser pulse energies. Double-
logarithmic plots of fragmentation efficiency versus laser energy most often allow for linear fitting.
The slope of the fit function is assumed to correspond to the number of photons that are necessary

to induce fragmentation.

V-4: Results

V-4.1: ESI-MS and Collision Induced Dissociation

The resulting mass spectrum (MS) of a solution of carnosine and ZnSO, in water/acetonitrile (1:10)
exhibits a signal at 288.8 m/z (most abundant mass) amongst a large variety of compounds. This
signal can be assigned to the [Carn-H,Zn"]* complex by verification of its isotopic pattern (cf. Fig.
5). The experimental mass spectrum exhibits a constant shift of 0.2 m/z to lower masses with
respect to the simulated isotopic distribution which is due to a deficient calibration of the mass

spectrometer at times of recording the spectrum.
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CID experiments yield a broad variety of fragment ions. We assigned several of them (cf. Fig. 5, 6
and Table 3) and estimated relative ratios of the fragmentation channels (cf. Table 4). Zn*
preferentially remains bonded to the larger fragments. The [Carn-H,Zn"]* complex does not
undergo a loss of NHj3 in contrast to the protonated carnosine molecule (cf. Chapter IV, Table 3).
There are only a few fragmentation pathways that are common to the [Carn-H,Zn"]* complex and

protonated carnosine and its alkali ion complexes, e.g. the neutral loss of 18 m/z (loss of H,0).
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Table 3: Characteristics of observed fragmentation channels
(cf. Fig. 5 and 6). Mass losses are calculated due to the most
abundant mass peaks of the parent and fragment ions.

mass of ionic ionic mass loss / neutral
fragment / fragment m/z fragment

m/z
271 [CoH11N,O2Zn]* 18 H,O
260 [CsH1oN303Zn]" 29 [CH5N]
244 [C;HeN303Zn]" 45 [C.H/N]
243 [C;HsN;05Zn]" 46 [C.HsN]
216 [CeHsN30,Zn]" 73 [CsH/NO]
181 [C;H;N305]" 108 [C:HsNZn]
122 [CeHeN20:]" 167 [Cs3H;N,0O,Zn]

110 [C5I‘131\I3]Jr 179 [C4H5N103ZD]
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V-4.2: 1- and 2-color IR-MPD spectra of [Carn-H,Zn"]"

The 1-color IR-MPD spectrum of isolated [Carn-H,Zn"]" (cf. Fig. 7, top) exhibits two strong (3545
and 3485 cm™) and two minor bands (3359 and 3306 cm™) in the OH and NH stretch region and

some very weak signals between 2800 and 3000 cm™.

Using the difference frequency mixing (DFM) stage of the OPO/OPA system for the fingerprint
region reveals a strong band at 1667 cm™ and two minor bands at 1900 and 1620 cm™. (cf. Table 4).
The application of a 2-color IR-MPD scheme (cf. Fig. 7, bottom, probe laser fixed at 3359 cm™

(black arrow)) exhibits a slight increase of the fragmentation efficiency for most bands.

We assigned the measured signals of [Carn-H,Zn"]* by references to known IR frequencies of OH,
NH, CH and CO stretch motions (cf. Table 2). IR-MPD bands in the region of 3300 to 3500 cm™
correspond to stretch motions of the amine and amide groups. No hydrogen-bonded N-H stretching
motions are observed in the region of 3070 to 3350 cm™. Bands at 1690 and 1900 cm™ may indicate
conjugated and non conjugated CO stretching vibrations, as characteristic for carboxylic and

carbonylic groups, respectively.

Figure 7: 1- (top) and 2-color (bottom, probe at 3359 c¢m™) IR-MPD spectrum of
[Carn-H,Zn"]".



130 Chapter V

V-4.3: Calculations of structures, normal modes and IR spectra

We optimized possible structures (in part taken from [21]) at the B3LYP/cc-pVDZ (C, H, N, O) and
Stuttgart 1997 ECP (Zn) level of theory (cf. Fig. 8).

In structure a), the deprotonated carnosine anion coordinates fourfold with the Zn** cation through a
carboxylic and a carbonylic oxygen atom and through an imidazolic nitrogen atom and the terminal
aminic nitrogen atom (cf. Fig. 8). The coordination with a single oxygen and three nitrogen atoms
(structure b) ) is less stable (+10 kJ/mol), possibly due to a weaker interaction of the amidic
nitrogen atom with the Zn*" ion as compared to the amidic oxygen atom (in structure a)). Rotation
of the N-terminus yields structure c). It allows for a hydrogen bridge between the N, and N
nitrogen atoms. This hydrogen bond can not compensate the enthalpic penalty of loosing the Zn-
NH, bond of a) and b) in favor of a (weaker) Zn"-O bond. The protonation tautomer d) of structure

a) is less stable by 82 kJ/mol and seems unlikely.
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We checked the obtained structures against variation of DFT functional and basis set (cf. Table 6).
The energetic order persists in all cases with variations by +1 kJ/mol (struct. b)) and +9 kJ/mol
(struct. c)). Therefore, we used the well established B3LYP functional for calculations of IR

absorption spectra of the three most stable isomers.

V-4.4: Comparison of IR-MPD spectra to DFT derived IR absorption spectra

Figure 9: 1-color (blue) and 2-color (red) IR-MPD spectrum (top) and DFT derived
absorption spectra of three energetic minimum structures of [Carn-H,Zn"]* (cf. Fig. 8,
structures a)-c)) at the B3LYP/cc-pVTZ (C, H, N, O), Stuttgart 1997 ECP (Zn) level of
theory (scaled by 0.965).
All four major peaks in the region from 3300 to 3600 cm™ can be found in the DFT derived IR
absorption spectrum of a), calculated at the B3LYP/cc-pVTZ (C, H, N, O), Stuttgart 1997 ECP (Zn)
level of theory. Even after scaling with a factor of 0.965 [38], the calculated position (3510 cm™) of
the band at 3545 cm™ exhibits a shift of about 35 cm™ to lower frequency. A relative good
accordance between the theoretical spectrum of a) and the experimental spectra can be seen for the
band at 3485 cm™. The IR-MPD band at 3545 cm™ corresponds to a stretching motion of the N'H
group and the band at 3485 cm™ to the one of the amidic N,H group. The IR-MPD bands at 3306
and 3360 cm™ exhibit a shift to the blue with respect to the calculated spectrum of a) by
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approximately 50 cm™. Relative intensities correlate to the experiment. These bands can be assigned
to asymmetric and symmetric stretch motions of the terminal NH, group (N.,H> vas + vss). The CH
stretching motions of the imidazole ring (C"™H vs) can not be observed in the experimental
spectrum. Aliphatic CH stretching motions (C**™H v;) can be observed in a minor band at 2950 cm™
in both (experimental and theoretical) spectra. In the fingerprint region (< 2000 cm™) of the
spectrum, only three bands at 1900, 1667 and 1620 cm™ could be obtained from the measurement.
The theoretical spectrum exhibits a dominant peak for the C=0 stretching motion of the Zn** bound
"OC=0 ('OC=0 vs) which is redshifted by about 170 cm™ with respect to the measurement. The
experimental peak at 1900 cm™ is very weak. The band at 1667 cm™ consists of an overlap two NH.
bending motions (N“H; v,), combined with an amidic CO stretch motion and a NH & CH bending
motion. These bending motions couple to the imidazole ring and the adjacent CH, group. DFT
derived IR absorptions shift approximately 100 cm™ to the red with respect to the peak at 1667 cm™.
The band at 1620 cm™ originates from a NH bending motion that is coupled to bending motions of

the adjacent tertiary CH and the C=0 group of the molecule.

We verified the influence of the DFT method on the IR absorption spectrum. All three depicted
theoretical spectra of structure a) (cf. Fig. 17) exhibit in principle the same shape and relative
intensities in the region above 2500 cm™. Spectrum C4 was calculated with the B3P86 functional. It
exhibits the largest differences in the fingerprint region as compared to all other spectra. The B97D
functional (C5) leads to a strong shift of the total spectrum towards lower frequencies. Swapping
the double zeta quality active electron basis sets of the Stuttgart 1997 ECP (C2 + C3) for a Ahlrichs

VTZ base (C3) at the Zn>* ion shows no significant influence to the DFT derived spectrum.

V-4.5: IR-MPD spectrum of [Carn-H-H,0,Zn"]* and DFT calculations of fragments

We measured an IR-MPD spectrum of the [Carn-H-H,0,Zn"]* fragment ion (cf. Fig. 10) in order
to compare these data to DFT predicted structures of fragments (cf. Fig. 11). Therefore we had to
produce large amounts of the [Carn-H-H.0,Zn"]" in the first place. We used the CapExit voltage to
accelerate the ions in the CapExit region (cf. experimental scheme of the mass spectrometer in
Chapter I) and to induce fragmentation prior to isolation and fragmentation in the ion trap.
Eventually 271 to 277 m/z ions add water. Those ions exhibit the same isotope pattern as the [Carn-
H,Zn"]" parent ion. An increase of the storage time (without laser irradiation) leads to a slight
decrease of intensity of the ions in the range of 271 to 277 m/z and to a slight increase of ions in the
range of 289 to 295 m/z. This gives hint to gas phase reactions of the fragment ions with water

molecules which are always present in the ion trap. Therefore, it was not possible to measure an IR-
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MPD spectrum of the isolated [Carn-H(-H,0),Zn"]* complex without a contribution of other

complexes to the spectrum.

Figure 10: 1-color IR-MPD spectrum of [Carn-H-HO,Zn"]* after CapExit
fragmentation of [Carn-H,Zn"]".

We calculated DFT geometry optimized structures of complex [Carn-H-H,0,Zn"]" (cf. Fig. 11).
The oxygen and hydrogen atoms of the water molecule can originate from various sites within the
ionic complex. Therefore, we calculated minimum structures and relative energies of several
conceivable products. We calculated relative dissociation energies (without BSSE corrections)

according to Equation 4.

AE = E(H,0) + E(Fragment) — E(Parent) (4)

Assuming isomer 1*(-H,0)-aa-Zn"NyO.N, (cf. Fig. 11) as the most abundant isomer, at least three
NH stretch bands can be expected in the IR spectrum. Only a single intense band at 3485 cm™ was
observed. Due to increment appraisal, it can be assumed that this band corresponds to amidic N,H

stretch motions.
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We cannot draw any definite conclusion on the structure of the [Carn-H(-H.0),Zn"]* complex

from the evaluation of experimental IR-MPD and calculated spectra.

V-4.6: Comparison of CID and IR-MPD channels with rel. abundance of different channels

We applied a resonant 2-color pump/probe scheme in order to enhance the fragmentation efficiency
and to characterize the IR-MPD process in more detail. For that purpose, we scanned one IR laser
(pump) while we set the other IR laser (probe) to a fixed frequency at the center of an absorption

band of the [Carn-H,Zn"]* complex with a timing delay At of 100 ns.
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Figure 12: 2-color IR-MPD spectra of [Carn-H,Zn"]*, scan with pump laser system,
probe laser held fixed at given frequencies (indicated by arrows), pump/probe delay
Atnb_bb = 100 ns.

Our current experimental protocol is the use of the broadband (bb) OPO/A laser system as pump
laser and the use of the narrowband (nb) OPO/A laser system as probe laser. The photons of the
pump laser irradiate the molecules in the ion trap approximately 100 ns before those of the probe
laser. A systematic variation of timing delay is shown in section V-4.8. The IR-MPD spectra of the
[Carn-H,Zn"]* complex shown in Fig. 12 correspond to this standard setup. Scans with the pump
system and additional 5 point adjacent averaging of the derived data leads to smooth band profiles
with FWHM between 10 and 20 cm™. Changing the laser beams normally used for pump and probe
and also the timing sequence leads to the spectra shown in Fig. 13. The probe laser has a smaller
bandwidth and a lower scan velocity. This leads to a higher amount of available data and the spectra
become more structured, even with the same post processing. The enhancement of IR-MPD
efficiency does not dependent on the choice of pump or probe lasers as scanning laser or photon

source on a fixed frequency.

No enhancement of the IR-MPD signal can be observed while the probe laser is set to the CH bands

at 2948 cm™. Trradiation of the band at 3485 cm™ with the probe laser leads to a strong increase of
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the intensity of the bands at 3306 and 3359 cm™ during a pump laser scan. Irradiation at 3305 or
3359 cm™ especially while scanning with the pump laser yields in a strong rise of the band at 3545

cm™.

Figure 13: 2-color IR-MPD spectra of [Carn-H,Zn"]*, scan with probe laser system,
pump laser held fixed at given frequencies, Atyp-ny = 100 ns.

We determined the relative abundance of fragmentation channels by their contribution to the total
ion intensity of the CID and IR-MPD spectra, respectively (cf. Table 4). CID leads to three main
fragmentation channels with 23, 31 and 41% relative abundancy and several minor (< 5%) channels
(cf. Table 3 for assignments). All main fragmentation channels contain the Zn** ion in the ionic
fragment. IR-MPD induced fragmentation exhibits minor differences in one or two color scan
modes. IR-MPD fragmentation channels are strongly mode dependent for the [Carn-H,Zn"]*
complex, however. The loss of H,O becomes more favorable for the bands at 3545 and 3485 cm™
than within CID. The loss of [CH3;N] molecules (mass range 260-269 m/z) is strongly reduced and
also the loss of [CoH7/sN] molecules (mass range 243-250 m/z) is less prevalent. This effect is even
more distinct while pumping the bands at 3359 and 3306 cm™. Those two weak bands exhibit the
loss of H,O as an almost exclusive channel. The fragmentation pattern in the absorption at 1900 cm’

! corresponds to the patterns of the bands at 3545 and 3485 cm™. IR-MPD at 1667 cm™ changes the
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relative abundancies of fragments, the loss of H,O is suppressed and the loss of [CH3;N] and

[C,H,/sN] molecules is enhanced.

Table 4: Relative abundance® of fragment ions due to CID and IR-MPD induced fragmentation of
[Carn-H,Zn"]" (289-293 m/z, cf. Table 3 for assignments). Relative abundances of similar
magnitude are highlighted with the same color.

Mass ranges / m/z

Method thal 270 - 260 - 243- 232- 227- 214- 201- 190- 181- ., ;0
off 278 269 250 236 229 218 204 193 182
CID 24 23 31 41 0 2 1 0 0 2 0 0
IR-MPD
3545 cm' 15 1 0 1 1 2 4 0 1
3545 cm™ &
2545 ! 14 1 0 1 0 2 4 0 0
3485 cm' 15 1 0 1 0 1 3 0 0
3485 cm! &
2545 22 1 0 1 0 1 4 0 0
3359 cm 0.7 91 3 6 0 0 0 0 0 0 0 0
3359 cm™! &
354;Tm_1 09 99 2 7 0 0 0 0 0 0 0 o0
3306 cm™ 02 95 0 5 0 0 0 0 0 0 0 0
3306 cm™ &
354;Tm_1 05 99 1 8 0 0 0 0 0 0 0 0
1900 cm’! 1 49 16 22 0 0 6 0 7 0 0 0
1900 cm™ &
3545 2 59 14 26 1 0 0 0 0 0 0 0
1667 cm’! 24 11 28 42 2 0 2 1 4 5 1 1
1667 cm™ &
2545 21 12 27 43 3 0 2 0 4 8 1 1

* Only fragments with a relative abundance > 1% were taken into account. Rel. abund. were
normalized to the sum of parent and fragment intensities per single spectrum. Data is taken from
energy dependence measurements (cf. Fig. 14 and 15).

V-4.7: Quantification of 2-color induced enhancement of fragmentation

A frequency dependent measurement of the fragmentation efficiency versus the energy of the laser
pulse (and therefore the photon flux at a fixed frequency) can be used to estimate the required

number of photons for a (multi-)photon induced dissociation process. Using an empirical formula
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[39], the slope of a linear fit to a log(IR-MPD)/log(energy) plot (cf. Fig. 14 and 15) yields the

average number of absorbed photons (cf. Table 5).

Figure 14: log(IR-MPD)/log(energy) plots and linear regression curves. These data
allow for the determination of average number of photons in the fragmentation of
[Carn-H,Zn"]".

The bands at 3545 cm™ and 3485 cm™ exhibit a linear dependence of the fragmentation efficiency
on the photon flux with a log-log slope of approximatively one. The use of a second color (pump of
the 3485 cm™ band with probe at 3545 cm™) does not change the slope considerably. Absorptions at
3359 cm™ and 3306 cm™ exhibit a slope of 2.0 (respectively 1.8 for the latter) for the one color
process. The application of a second color (probe at 3545 cm™) leads to a slight decrease (cf. Table

5) of the slope (to 1.7 resp. 1.3) of the linear fits (cf. Fig. 14).

We investigated the bands at 1900 cm™ and 1667 cm™ in more detail (cf. Fig. 15). Therefore we
tested the dependence of the fragmentation efficiency of these bands towards all four bands above
3000 cm™. One color absorption at 1900 cm™ leads to a slope of 1.6. The application of photons
with 3545 or 3485 cm™ leads to a slope of 0.5. The average number of photons is decreased by a
factor of 3. Probing the bands at 3359 or 3306 cm™ yields a lower decrease to at least a factor of 2

(slope 0.8).
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Probing an additional band while pumping at 1667 cm™ flattens the slope of the fit function from
2.5 to 2.1 (probe @ 3545 cm™), 1.6 (probe @ 3485 cm™), 1.8 (probe @ 3359 cm™) and 1.7 (probe
@ 3306 cm™). 2-color IR-MPD needs less photons to cause a fragmentation at 1667 cm™ than 1-
color IR-MPD, but the effect is less than at 1900 cm™.

Table 5: Pump and probe band frequency dependence on
the slope of log(IR-MPD)/log(energy) plots estimated by
linear fitting of experimental data (cf. Fig. 14 and 15).
Product of slope and photon energy corresponds to a
normalized energy absorption regarding the pump photon.

pump (& probe) band / slope x pump photon

cm™ slope energy / kJ/mole
3545 1.1+£0.1 46.7 £ 4.2
3485 1.0+ 0.1 41.7 £ 4.2
3485 (probe @ 3545) 0.9+0.1 37.5+4.2
3359 20+0.1 80.4+4.0
3359 (probe @ 3545) 1.7 +0.1 68.3 + 4.0
3306 1.8+£0.1 71.2+£4.0
3306 (probe @ 3545) 1.3+ 0.1 51.4 + 4.0
1900 1.6 £0.3 36.4+6.8
1900 (probe @ 3545) 0.5+0.1 11.4+ 2.3
1900 (probe @ 3485) 0.5+0.1 11.4+ 2.3
1900 (probe @ 3359) 0.8 +0.2 18.2 +4.5
1900 (probe @ 3306) 0.8 +£0.1 18.2 £ 4.5
1667 25+0.1 499+ 2.0
1667 (probe @ 3545) 2.1+ 0.1 41.9 + 2.0
1667 (probe @ 3485) 1.6+ 0.1 31.9 + 2.0
1667 (probe @ 3359) 1.8+0.1 35.9+2.0

1667 (probe @ 3306) 1.7 +0.1 33.9+20




140 Chapter V

Figure 15: log(IR-MPD)/log(energy) plots and linear regression curves. These data
allow for the determination of average number of photons in the fragmentation of
[Carn-H,Zn"]".
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V-4.8: Influence of the pump/probe delay

Figure 16: 2-color IR-MPD spectra of [Carn-H,Zn"]* due to the variation of At
between pump (broadband OPO/A laser system (bb)) and probe (narrowband (nb)
system) pulses.

We carried out a limited study of the temporal delay of pump and probe laser beams in order to
study the effect on the band profile (cf. Fig. 16). We used the bb laser as scanning pump pulse and
the nb laser as fixed probe pulse at 3485 cm™. We irradiated the [Carn-H,Zn"]" ions first with the
probe laser beam and applied the pump laser after various delays (cf. Fig. 16, top). A spectral
broadening on the ,,red side“ of the bands at 3545 and 3485 cm™ appears for a delay of -1000 ns and
-100 ns (probe before pump), whereas the black curve with a temporal delay of -5000 ns is
significantly smaller. The changeover of the temporal order of pump and probe beam leads to the
spectra in the mid row of Fig. 16. The dark red curve with At = -10 ns is just as broad as the two
grey curves in the upper spectra, the red curve (At = 0 ns) gets a little smaller and the orange curve
(At = 10 ns) is even smaller than the black one (top row). The spectra with At = 100, 1000 and 5000
ns (bottom row) exhibit almost the same band shape, except for the At = 100 ns measurement. Here,

we observe a somewhat lower fragmentation efficiency within the 3485 cm™ band.
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V-5: Discussion

[Carn-H,Zn"]* exhibits a fragmentation pattern, that differs from those of protonated carnosine and
from its alkali metal complexes (cf. Chapter IIT and IV). The fragmentation of [CarnH]" leads to
the preferential loss of NHs. This does not take place in the [Carn-H,Zn"]" complex. The difference
may arise from the binding of the terminal NH> group to the Zn** ion in the [Carn-H,Zn"]*
complex. [CarnLi]® undergoes a loss of H.O as a minor channel which seems to be the only

fragmentation channel which is common to [Carn-H,Zn"]".

Adducts of large alkali metal ions (Rb" and Cs") exhibit preferentially a splitting of these ions. Sole
Zn*" fragment ions do not occur — they would not be trapped either. This m/z ratio lies beyond the
stability region of the quadrupolar rf-field and a stable ion trajectory after excitation is not possible
for this small fragment of low m/z. Anyway, formation of a double charged fragment ion from a

singly-charged ion is unlikely under CID conditions in the gas phase.

The Zn*" ion is fourfold coordinated by electron donating parts of the carnosine molecule in the gas
phase [21] as well as in the liquid phase [15]. Binding motives are different, nevertheless the higher
charge of the Zn*" ion with respect to singly positive charged alkali ions favors the coordination of
the terminal amine group to the Zinc ion in the gas phase (cf. Fig. 8). This coordination seems to
compensate the loss of a hydrogen bond between the terminal amine and the amidic NH group in
the 1"-0B-Li"NnO.O. isomer of [CarnLi]" (cf. Chapter IV). The deprotonation of the carboxylic
group prohibits the formation of a hydrogen bond between the carboxy group and the "N atom of
the histidine ring which stabilizes the 1"-aa-M"N,O.O., (M=Li, Na, K, Rb, Cs) isomers of

carnosine-alkali complexes. This binding motive does not occur for the [Carn-H,Zn"]* complex.

The deprotonation of the carboxylic group of the carnosine molecule to form a singly-charged
[Carn-H,Zn"]* complex makes it hard to clearly assign a charge solvated (CS) or salt bridge (SB)
binding motive. Both motives can occur for doubly-charged alkali ions [40] and are also dependent
on the chain length of the dipeptide [41]. The fourfold coordination of the Zn** ion in the energetic
minimum conformation 1°-BB-Zn"N,O.O.N, tends towards a CS motive while the deprotonation of
the carboxylic group with an ion bound to the terminal amine can be interpretated in terms of a SB

motive.
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Structures of CID fragments are sometimes hard to assign due to proton shifts and reorganization
processes within the energized parent molecular ion. The most challenging pathway is the mass loss
of 18 m/z which can only be assigned under the assumption that a water molecule is formed. We
calculated several possible ionic fragments and determined possible pathways and their relative
energies. This method does not provide data on activation barriers. Therefore is does not provide for
probabilities and branching ratios on competing fragment channels. However, this comparison is a
useful starting point for further assignments of neutral losses. The 1*(-H,0)-aa-Zn"N,O.N, isomer
is the most stable fragment structure (after the loss of H,O, cf. Fig. 11) found in this study. The loss
of a water molecule e.g. requires proton shifts from the backbone of the dipeptide to an oxygen

atom of the carboxy group.

Our calculation of the loss of water from the [Carn-H,Zn"]* complex reveals a relatively high
value for the dissociation enthalpy of at least AgissH 265 kJ/mol. This value implies a multiple-
photon absorption process. Taking the heat capacity of the molecule as a stored amount of energy
useable for fragmentation into account, thus IR-MPD requires an absorption of at least 5 photons of

3485 cm™ (in the NH stretch region) in this case.

At least 8 vibrational bands can be seen in the 1- and 2-color IR-MPD spectra (cf. Fig. 7). Their
comparison with calculated spectra exhibits a fair agreement with structure a) (cf. Fig. 8 and 9). All
DFT predicted IR absorption bands may correlate to some experimental IR-MPD peak in the region
above 2500 cm™, C"*H stretch motions exempt because of a gap in the experimental 2-color IR-
MPD spectrum. The less stronger absorbing N,H mode (3485 cm™) exhibits a higher fragmentation
efficiency in the experimental IR-MPD spectra than the stronger absorbing N'H mode (3545 cm™).
The energy deposited in N'H vibrations has to be redistributed through the molecule in order to
energize some remote fragmentation channel. The N,H group is often in direct neighborhood of the
molecules fragmentation sites. Nevertheless, these two bands exhibit similar fragment patterns (cf.
Table 4). IR-MPD at 3359 and 3306 cm™ (N, H, vss + Vi) leads to a considerable increase of H,O
loss (fragment mass range 271-277 m/z) and fragment masses of 243 — 250 m/z drop significantly.
Irradiation at 1900 cm™ ((OC=0 vs) leads to a similar fragmentation pattern as at 3545 and 3485 cm’
!. The band at 1900 cm™ yields a low fragmentation efficiency, although it should be the strongest
absorber (due to calculations). Seemingly, the C=0 stretch motion of the Zn** bound CO, group
does not energy effective in other vibrational modes of the molecule. The band at 1667 cm™, a
superposition of several bending motions reveals a fragment pattern of its own. The loss of H.O

diminishes while there is a strong increase in the intensity of ions in the mass ranges of 260 — 269
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and 243 — 250 m/z. Bending motions of groups within the backbone of the dipeptide seem to split

the backbone preferentially and at the expense of otherwise likely proton shifts.

Non negligible discrepancies amongst measured and calculated spectra of [Carn-H,Zn"]* (cf. Fig.
9) may arise through the conceptual limitations in the harmonic normal mode approximation that is
paramount to the vibrational analysis of the calculated force constants. The central position of the
Zn*" within the carnosine complexes may have a strong influence on the bond strengths and the
electronic environment of the N,H, N,H>, C,0 and C.O, groups. Variation of the DFT functional

has a small influence on the relative positions of the calculated normal modes.

We observed a small but reproducible enhancement of the fragmentation efficiency when applying a
second resonant IR pulse for several combinations of bands (cf. Fig. 12, 13, 14 and 15). Probing the
bands at 3545 and 3485 cm™ gives little rise of the signal strength for the N,H, stretching motions
at 3359 and 3306 cm™ and vice versa. The higher amount of stored energy, compared to a one color
irradiation, allows for a reduction of the number of photons provided from one laser. Therefore, pre-
excited molecules can also be brought to fragmentation with the second laser. This cooperative
effect leads to a lower number of photons of the pump color needed for fragmentation (cf. Table 5).
Application of a second pulse reduces the average number of photons, estimated as the slope of the

log/log plots. This effect is strongest when pumping vibrational modes in the fingerprint region.

Systematic uncertainties prevail in the determination of the photon number per IR-MPD event. If a
part of the ions is not irradiated, a two state reactivity would have to be assumed for evaluation of
the fragmentation kinetics. One part of the ions would need to be treated as unreactive isomers,
which do not undergo an activation process (which would lead to a fragmentation), the other part as
reactive isomers, which can undergo a fragmentation after the absorption of one or multiple
photons. Therefore, the fragmentation efficiencies for irradiated ions may be systematically
underestimated. In order to estimate the percentage of irradiated ions, an increase of photon flux
would be needed until the slope within the log(IR-MPD)/log(energy) correlation would vanish. We

anticipate, however, that the evaluated photon numbers are qualitatively correct.

Nevertheless, a distinct change in the slopes within the log(IR-MPD)/log(energy) correlation can be
seen. Asymmetric and symmetric stretch motions of the terminal N.H, group as well as absorptions
in the fingerprint region need to absorb less photons of the pump laser within the 2-color scheme.

This effect is quite distinct for the fingerprint region.
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Using a pump/probe laser scheme, in which the pump laser irradiates the ions ahead of the probe
laser, corresponding IR-MPD bands do not broaden (cf. Fig. 16, bottom). Reverse temporal order
does lead to a broadening of bands. Then, the probe laser causes a pre-heating of the ionic
molecules. Therefore, the “blue side” of a band remains in position and slope while the “red side” is

broadened and flattened (cf. Fig. 16, top).

V-6: Conclusions

The binding motive of the [Carn-H,Zn"]" complex is related to a charge solvated binding motive of
the carnosine alkali metal adducts with a fourfold complexation of the Zn** ion. The [Carn-H,Zn"]"
complex exhibits different fragmentation pathways under CID and IR-MPD than protonated
carnosine and alkalized carnosine complexes. Fair comparison of 1- and 2-color IR-MPD spectra to
DFT predicted IR absorption bands provides evidence for a single isomer within the gas phase. An
appropriate timing sequence of pump and probe lasers leads to an enhancement of fragmentation
efficiency without thermal broadening. The complexation of the doubly charged cationic transition
metal Zn** by deprotonated carnosine leads to crucial conformational changes as compared to the
alkali metal complexes studied in chapter III & IV. Former DFT calculations on the gas phase
structure of [Carn-H,Zn"]" are compared to IR-MPD spectra. IR-MPD spectra exhibit several of
the DFT predicted IR absorptions while the overall agreement in the position of bands is fair and
satisfactory in part. The [Carn-H,Zn"]" complex is furthermore utilized in order to study the mode
dependent enhancement of fragmentation efficiency by application of a resonant 2-color IR-MPD
pump/probe scheme. Appropriately evaluated photon flux dependencies suffice to determine the
number of photons that it takes to fragment the complex. It shows that the number of photons of the
pump laser needed for fragmentation is reduced by the use of a second IR color. A reverse delay
between pump and probe laser pulses broadens and shifts the IR-MPD bands by a probe laser pre-
heating of the complex. This seizes when the probe laser is applied simultaneously or after the
pump laser. CID and IR-MPD fragmentation channels differ in their relative abundance. Relative
abundances of fragments are specific to the excited vibrational motions. This study provides

essential first approaches on the mechanism of resonant 2-color IR-MPD spectroscopy.
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V-8: Supplementary material

Table 6: Gaussian version, DFT functional and basis sets used for calculation of the three
lowest energy structures. Relative energies (in kJ/mol) of isomers a), b) and c) of complex

[Carn-H,Zn"]" (cf. Fig. 8), calculated at different levels of theory and basis sets.

Calculatio Gaussi Theory Basis set

Struct. Struct. Struct.

n number an level (C,H,N,0) Basis set (Zn) a) b) 0)
version
C1 g03 B3LYP cc-pVDZ Stuttgart RSC 1997 ECP 0 10 48
C2 g03 B3LYP cc-pVTZ Stuttgart RSC 1997 ECP 10 43
C3 g03 B3LYP cc-pVTZ Ahlrichs VIZ + Stuttgart 10 52
RSC 1997 ECP
C4 g03 B3P86 cc-pVTZ Stuttgart RSC 1997 ECP 0 11 48
C5 g09 B97D cc-pVTZ Stuttgart RSC 1997 ECP 11 57

Table 7: Selected IR-MPD vibrational frequencies (in cm™) and
corresponding values calculated for structure 1°-Zn"N,OcOaNa
of complex [Carn-H,Zn"]" at different levels of theory and basis

sets (calculation numbers correspond to Table 6).

IR- C1 C2 C3 C4 C5 Assignme
MPD nt
3545 3623 3636 3637 3658 3575 N'Hyvs
3485 3575 3591 3592 3613 3531 N.Hv
3359 3507 3532 3532 3558 3484 N.H, v
3306 3443 3465 3467 3488 3404 N.H, v
2948 3072 3071 3073 3082 2998 C*"™Hv;
1900 1805 1780 1784 1804 1726 "OC=0 v;
1667 1613 1626 1631 1626 1585 N,H>w
1620 1579 1578 1580 1588 1534 N.Hw,
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Figure 17: IR-MPD spectrum (top) and spectra of structure a) calculated with different
combinations of theory and basis sets, cf. Table 6 for theory levels.
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Chapter VI: ESI-MS studies on reaction intermediates of a

ruthenium-catalyzed hydroamidation of terminal alkynes

VI: Preamble

This chapter reports on ESI-MS studies on reaction intermediates of a ruthenium-catalyzed
hydroamidation of terminal alkynes within a collaborative research project with the research group

of L.J. GooRen, TU Kaiserslautern. The results were published in two peer reviewed papers:

A Practical and Effective Ruthenium Trichloride-Based Protocol for the Regio- and Stereoselective
Catalytic Hydroamidation of Terminal Alkynes

L.J. Goossen, M. Arndt, M. Blanchot, F. Rudolphi, F. Menges and G. Niedner-Schatteburg
Advanced Synthesis & Catalysis (2008), 350(17), 2701

http://dx.doi.org/10.1002/adsc.200800508

Mechanistic Investigation of the Ru-Catalyzed Hydroamidation of Terminal Alkynes

M. Arndt, Kifah S. M. Salih, A. Fromm, L. J. Goossen, F. Menges and G. Niedner-Schatteburg
J. Am. Chem. Soc. (2011), 133(19), 7428-7449

http://dx.doi.org/10.1021/ja111389r

The preparation of reaction mixtures was done by Matthias Arndt. ESI-MS measurements and the
assignment of most ionic species were done by me. M. Arndt and I developed an experimental ESI-
MS procedure to clarify the assignment of ionic species by isotopic labeling and the use of
different alkenes. Lukas J. Gooen and Matthias Arndt mainly prepared the manuscripts. The other

coworkers contributed with results from several experiments and revisions of the manuscripts.
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Chapter VII: Dysprosium-based mono-, di- and
tri-metallic complexes —
assignment of vibrational bands utilizing IR-MPD and

H/D exchange reactions

Keywords:
Single Molecule Magnets, Lanthanide, Dysprosium, Manganese, Nickel, ESI-MS, CID, IR-MPD,
DFT, Gas Phase Reactions, H/D exchange

VII: Preamble

We carried out an extensive ESI-MS investigation as preparatory work for this infrared multiple
photon dissociation (IR-MPD) spectroscopy study in order to determine gas phase structures of
isolated ionic metal organic complexes. The exploration of different fragmentation channels and the
reaction behavior in gas phase hydrogen/deuterium exchange reactions enables structural
assignments of the fragments and provides important spectroscopic data for further computational
studies. These results were published in two joint publications within the collaborative research

center “3MET” [1, 2]:

From a Dy(lll) Single Molecule Magnet (SMM) to a Ferromagnetic (Mn(Il)Dy(II[)Mn(11)]
Trinuclear Complex

A. Bhunia, M. Gamer, L. Ungur, L. Chibotaru, A. K. Powell, Y. Lan, P. W. Roesky, F. Menges, C.
Riehn and G. Niedner-Schatteburg

Inorganic Chemistry (2012), 51(18), 9589-9597

http://dx.doi.org/10.1021/ic300065x

Trinuclear nickel-lanthanide compounds

A. Bhunia, M. Yadav, Y. Lan, A. K. Powell, F. Menges, C. Riehn, G. Niedner-Schatteburg, P. P.
Jana, R. Riedel, K. Harms, S. Dehnen and P. W. Roesky

Dalton Transactions (2013), 42(7), 2445-2450

http://dx.doi.org/10.1039/c2dt31023f
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The synthesis of the complexes was done by A. Bhunia. ESI-MS measurements and the assignment
of all ionic species were done by me. A. Bhunia and P. W. Roesky mainly prepared the manuscripts.
The other coworkers contributed with results from several experiments, ab initio calculations and

revisions of the manuscripts.

This chapter is formatted as to become a manuscript for publication. It is not submitted yet. The
experimental section of this chapter reports on own IR-MPD studies and hydrogen/deuterium
exchange experiments in solution based on and compared with former experimental results. The

manuscript was written by me.

VII-1: Abstract

We report here on a structural study of four dysprosium based organometallic complexes. We
examined three major variations of the spatial position of the incorporated transition metals. The
basic complex contains one Dy’" cation and is able to incorporate up to two Mn** cations or to

attach one or two complexes of Ni** with tris(2-aminoethyl)amine.

Attempts of utilizing DFT theory for assignment of vibrational bands failed within the geometry
optimization at various theory levels. However, a combination of mass spectrometric and IR-MPD
spectroscopic techniques with H/D exchange reactions in solution and in the gas phase gives insight
into gas phase structures of the molecules. We assigned the most probable protonation sites within

the cationic complexes.

VII-2: Introduction

The synthesis of a [Mn;,012(OAc)6(H20)4] complex was reported by Lis in 1980 [3] and this
molecule has become the “Drosophila” in the study of Single Molecule Magnet behavior (SMM)
[4]. Huge efforts have been put into the synthesis of SMMs and their characterization in order to
understand their magnetic behavior and to achieve enhanced magnetic properties of new SMM

molecules [5, 6].

The combination of high spin state transition metals (3d ions) with highly anisotropic lanthanide
atoms (4f ions) can lead to single molecular magnetic behavior [7]. Especially the use of the Dy*"
ion has attracted great interest, besides other lanthanide ions [8-11]. However, the overall symmetry
imposed by the molecular binding motives can, in fact, play a key role in governing this effect. The

cooperativity of the metal centers depends crucially on their spatial arrangement. The four
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dysprosium based organometallic complexes within this study were synthesized in order to form
Single Molecule Magnets. The SMM behavior relates strongly to the chemical environment of the

incorporated metal ions.

For all studied molecules two deprotonated 2,2’-{[(2-aminoethyl)imino]bis[2,1-ethanediyl-
nitriloethylidyne]}bis-2-hydroxybenzoic acids (furtheron named salen, or salen-type) are used as
ligands for a central Dy*" ion. Each ligand incorporates two carboxy, two hydroxy, two imine and
one terminal amine group. The presence of many electron donating groups allows for different
binding motives of additional electrophilic species, such as e.g. 3d elements like Mn** and Ni*".
Deprotonation of the hydroxy groups of the [Dy(CxH14N4Os)-H] complex (1, cf. Fig. 1) allows for
the incorporation of two Mn®* ions adjacent to the Dy** ion in order to form the
[Dy(MnC»H2,N4O¢).H] complex (2, cf. Fig. 1). Complexes 1 and 2 can undergo a deprotonation or
a protonation under ESI-MS conditions in order to form anionic complexes 1" and 2" (cf. Fig. 1 for
schematic drawings) or cationic complexes 1" and 2* . The addition of [Ni(NO3):(H:2O)s] and tren
(tren = tris(2-aminoethyl) amine) to a solution of salen and [Dy(NO3);(H,O)n] leads to complex 4
[2]. This complex can be observed as a doubly-charged positive ion with one nitrate counterion
under ESI-MS conditions forming complex 4** (cf. Fig. 2 for schematic drawings). Mass spectra of
solutions of 4 also exhibited protonated, doubly-charged complexes with a single [Ni(tren)]*" group

(3*).
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We utilized IR-MPD spectroscopy on the deprotonated and protonated dysprosium based
organometallic molecules 1-4, and hydrogen/deuterium exchange in solution, in order to assign
vibrational bands and the protonation sites of the four complexes (cf. Fig. 1 and 2, cf. [1, 2] for
synthesis and mass spectrometric characterization of the molecules). This study provides useful

spectroscopic data for further ab initio calculations of the molecules properties.

VII-3: Methods

VII-3.1: ESI-MS and CID

Electrospray ionization mass spectrometry (ESI MS) was performed on a Bruker Esquire 3000plus
ion trap instrument in positive and negative ionization mode. Scan speed was 13000 m/z / s in
standard resolution scan mode (0.3 FWHM / m/z) with a scan range of 15 to 2800 m/z. All spectra
were accumulated for at least two minutes. Sample solutions in acetonitrile at concentrations of 1 x
10" mol/L. were continuously infused into the ESI chamber at a flow rate of 2 pL/min using a
syringe pump. Nitrogen was used as drying gas at a flow rate of 3.0 L/min at 300 °C. The solutions
were sprayed at a nebulizer pressure of 4 psi and the electrospray needle was typically held at 4.5
kV. The instrument was controlled by the Bruker Esquire Control 5.3 software and data analysis

was performed using the Bruker Data Analysis 3.4 software.

VII-3.2: Gas Phase reactions

H/D exchange with ND; as reaction gas was performed under single collision conditions in an
Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR-MS, Bruker Apex III,
equipped with a 7.0-T magnet and an APOLLO I electrospray ion source). The background pressure
was held at approx. 1.0 x 10® mbar. Sample solutions in acetonitrile at concentrations of about 1 x
10* M were continuously infused into the ESI chamber at a flow rate of 2 pL/min using a syringe
pump. Nitrogen was used as drying gas with flow rate of 10.0 L/min at approx. 300 °C. The
solutions were sprayed at a nebulizer pressure of 25 psi and the electrospray needle was typically

held at 4.0 kV. Transfer parameters to the Penning trap of the mass spectrometer were held constant.

VII-3.3: IR-MPD

IR-MPD measurements were performed with a modified Bruker amaZonSL ion trap mass
spectrometer. Two KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision) systems,
each pumped by a Q-switched 10 Hz injection seeded Nd*":YAG laser (PL8000, Continuum),
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provided tunable IR radiation (6v=0.9 cm™ resp. év =0.3 cm™, 6t =7 ns) in order to record
vibrational spectra via the multi-photon dissociation scheme. We used the OPA idler wave
(<10 mJ/pulse) of one system to record spectra by scanning from 2800 - 3600 cm™ (pump laser).
By choice, the second IR OPO/A served as probe laser, set to a selected and fixed vibrational
resonance frequency. The probe laser beam was aligned counter-propagating with respect to the
scanning pump laser beam. Probe pulses were delayed by 100 ns with respect to the scanning pump
pulses (delay generator DG645, SRS). Each trapped and m/z isolated ion package was irradiated by
2-4 laser pulses (or pulse pairs in case of 2-color experiments) to produce sufficient fragment ions.
IR spectra were recorded using the Bruker chromatogram software for extracting the intensity of
parent and fragment ions (three point averaging directly by BrukerTrapControl software). The
Origin software package was used to apply a five point adjacent averaging for smoothing. IR
frequencies were calibrated by a wave meter (821B-NIR, Bristol instruments). A laser power curve
was recorded in parallel to the IR-MPD spectra through digitizing the analog output of the laser

power meter by an auxiliary ADC input of the amaZonSL mass spectrometer electronics.

VI1I-4: Results and Discussion

VII-4.1: H/D isotope exchange in solution

We used hydrogen/deuterium exchange (HDX) reactions in solution in order to estimate the number
of exchangeable protons and to compare those numbers to HDX reactions in the gas phase. We
analyzed solutions of 1, 2, 3 and 4 in acetonitrile/D,0O (9:1) mixtures using ESI-MS and estimated
the number of exchanged protons by the m/z shift of the isotopic pattern of protonated and

deuterated species (cf. Table 2).

The cationic complex 17 undergoes ten hydrogen/proton exchange reactions in solution, while the
mass spectrum of the anionic complex 1° exhibits an overlay of four, five and six times H/D
exchanged complexes. The number of H/D exchanges of the cationic complex is consistent with the
number of labile protons of the amine and hydroxy groups of the salen-type ligand. The
incorporation of two Mn** ions into complex 1 reduces as expected the number of exchangeable
protons by a number of four. This results in six exchangeable protons for the cationic complex 2*
and four for the anionic complex 2". The trimetallic complex 2" undergoes a complete exchange of
all four protons in contrast to the monometallic species 1". This indicates different HDX rates of the
four aminic protons and the four hydroxylic protons while the negatively charged ions.

Deprotonated hydroxy groups chelate the two Mn®" ions as can be seen within the crystal structure
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of complex 2 (cf. Fig. 4). Therefore all four remaining labile protons in complex 2 originate from
amine groups. We assume a preference for the exchange of aminic protons in complex 1°, in parallel

to the complete exchange of all four aminic protons of the anionic complex 2.

Table 2: Composition of positive and negative species 1-4 before and after H/D exchange with
D,0 in an acetonitrile solution. Protons and deuterons are emphasized within the sum formular.
Number of exchangeable protons is given in parenthesis (in column “nr. of exch.”)

number of

reactant cations roduct cations
P H/D exchanges

1" [Dy(CxH2sN4Os).]"

10 (10
1'-dy  [Dy(C22H20Ds5N4Oe).]" (10
2" [Dy(MnC3;H23N4O¢).]"
6 (6
2"-d, [DY(MHC22H20D3N406)2]+ ©
3" [Dy(C2H2N4O6)>(Ni(CsH1sN4))H]* 15 (15)
3*-dy [Dy(C22HzoD41\I406)2(Ni(CeH12D6N4))1D]2+
4+ [DY(C22H24N406)2(N1(C6H13N4))2(NO3)2]2+ dECOITlp.
reactant anions roduct anions number of
P H/D exchanges
1" [Dy(C22H24N4Og).]
4-6(8
1'-dx [Dy(CxH21-2D23N40¢)>] ®)
2" [Dy(MnCxH3:N4Oe¢).]
44

2__dX [DY(MHC22H20D2N406)2]_

3" not observed

3'-dx not observed

4 not observed

The cationic complex 3" exhibits a replacement of 15 labile protons which is consistent with eight
protons of the salen-type ligand plus six amino protons of the tren ligand and one extra proton out
of solution. We did not observe the deprotonated species of complexes 3 and 4 under ESI-MS
conditions. The addition of D,O leads furthermore to a decomposition of complex 4 resulting in the

loss of the two [Ni(tren)]** complexes to form 1" or 1*.

These HDX results show the ability of the cationic complexes 1%, 2" and 3" to exchange all labile
protons in solution. Furthermore a preferred replacement of aminic protons can be assumed. The

cationic complex 2" undergoes only two H/D exchange reactions with NDj3 in the gas phase while it
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exchanges all six protons in solution. Under the assumption, that all aminic protons are equivalent
and exhibit the same exchange rate constants, the two additional protons attached to 2" to form 2*
can not be located at the amine groups of the complex. The most probable positions are either the
hydroxylic or carboxylic groups of the complex. The exchange of the four aminic protons of 2* in
the gas phase seems to be inhibited by the chelation of the Mn** ions by the aminic nitrogen atoms

(cf. Fig. 1 and [1]).

VII-4.2: IR-MPD spectra

VII-4.2.1: Results for 17

We measured IR-MPD spectra in order to elucidate the structure of the cationic complex in the gas
phase. The 1-color IR-MPD spectrum of 1* reveals two intense bands at 2970 and 2874 cm™ in the
OH, NH and CH stretch region and one at 1650 cm™ in the CO stretch region (cf. Fig. 3). The band
at 2874 cm™ may correspond to CH stretching modes. The photon energy absorbed by these
vibrational modes may therefore be more or less equally distributed within the whole complex.
Using a 2-color scheme with a probe laser at 2874 cm™ increases all bands of the 1-color spectrum.

Two additional new bands arise at 2600 to 2700 cm™ and at 1400 to 1500 cm™.

No clear assignment of the bands in the OH, NH and CH stretch region is possible due to their
broadness and overlap. We used H/D exchange in solution to facilitate a discrimination between
OH/NH bands and those of CH. OH and NH bands bear labile, exchangeable protons which
vibrational frequencies will shift to lower frequencies after exchange due to their higher reduced

masses. This may result in additional gaps in the spectrum and a rise of new bands.

Comparing IR-MPD spectra of the protonated and H/D exchanged cationic and anionic complexes
of 1 exhibits a clear reduction of bands in several regions of the spectrum (cf. Fig. 4). The cationic
complex 1" exhibits an exchange of ten protons with deuterium. This results in only two remaining
bands at 2850 — 2900 cm™ and at 3000 cm™ within the 1-color IR-MPD spectrum. These remaining
bands correspond to aromatic and aliphatic CH stretching modes. Therefore, the bands in the IR-
MPD spectrum of 1" in the region between 3000 and 3300 cm™ and around 2950 cm™ correspond to

hydrogen bridged OH and to NH stretching modes.
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Figure 3: 1- and 2-color IR-MPD spectra of 1*. Superimposed regions were measured
with various photon fluxes.

The anionic complex 1" undergoes only an exchange of four from up to eight labile protons. Only
one band centered at 2900 cm™ disappears widely while there are small changes in the shape of the

remaining bands.

We assume that the exchanged protons in complex 1" originate from its amine groups. Due to the
decrease of intensity for the band at 2900 cm™, we assign this bands to hydrogen bound NH,
stretching modes. Those bands are strongly redshifted with respect to free NH, stretching modes,
which would occur around 3300 cm™. No clear distinction between the symmetric and asymmetric
NH; stretching modes can be drawn from spectral data. The band at 3080 cm™ of 1" and 1"-d4 can
not be seen in the spectrum of cationic 1*-dj. We assume that this band corresponds to the OH
stretching mode of the hydroxylic groups of the anionic complex 1-ds, which did not undergo a
H/D exchange as discussed before. The IR-MPD spectrum of 1" exhibits two bands at 3080 and
3180 cm™. We identify the band at 3080 cm™ as the OH stretching mode of the hydroxylic groups,
due to the (slightly shifted) frequency of these groups within the anionic complex 1". Two possible

binding sites remain for the two additional protons (to form complex 17 out of complex 1°), either
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the amine or the carboxylic groups of the two ligands. No clear assignment of the positions of the

additional protons can be concluded so far.

Figure 4: 1-color IR-MPD spectra of 1" a), 1'-dy b), 1" ¢) and 1'-d, d). Grey regions
highlight the decrease of fragmentation efficiency due to spectral shifts of deuterated
groups.

VII-4.2.2: Results for 2*

The 1-color IR-MPD spectrum of 2* exhibits one intense bands at 2860 cm™ in the CH stretch
region and one minor at 1650 cm™ in the CO stretch region (cf. Fig. 5) due to increment assessment.
Using a 2-color scheme with a probe laser at 2874 cm™ increases the band itself and all bands of the

1-color spectrum.

Additional sharp minor bands can be seen at 2890, 2920, 2970 and at 3584 cm™. Irradiation with the
probe laser fixed at 3584 cm™ results in no further enhancement of these bands (data not shown).
The band at 2860 cm™ corresponds to absorptions of the aliphatic CH groups, which occurs at the
same position in the IR-MPD spectrum of complex 1*. The minor bands in the 2-color IR-MPD

spectrum of 2* may correspond to the stretching modes of aromatic CH groups.
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Figure 5: 1- and 2-color IR-MPD spectra of 2*. Superimposed regions were measured
with various photon fluxes.

The crystal structure of complex 2 (cf. Fig. 4) reveals a close proximity of the terminal amine
groups with the two Mn*" ions [1]. Therefore, the aminic nitrogen atom can therefore not bind
additional protons. An ineffective IVR process may cause dark bands for those groups due to the
complexation of the Mn*" ions. This effect may be explained by a heavy atom effect, which means
that the energy transport from NH, stretching modes to low lying vibrational motions of the Mn**
ions and their ligands is hindered. We assign the minor band at 3584 cm™ in the 2-color IR-MPD
spectrum of 2* (cf. Fig. 5) to a free OH stretch motion of the carboxylic groups by the following
reasoning: There are two pairs of equivalent carboxylic groups within the molecule. They orient to
coordinate in a Dy-p-oxo-Mn motive. This inevitably forces the carboxylic OH groups to stick out
of the complex and to dangle. Such dangling bonds are easily accessable to gas phase H/D

exchange with ND; as compared to the aminic protons, which are buried inside the complex.
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Figure 6: IR-ATR spectrum of crystals of 2 and 2-color IR-MPD spectrum of 2".

The x-ray structure of 2 reveals a hydrated structure with the composition
[Dy(MnC»,H23N406)>(NOs)-(EtOH)-8(H,0)] [1]. The IR-ATR spectrum of 2 (cf. Fig. 6 (top)) shows
five partially overlapping intense bands in the region from 3200 to 3700 cm™ which correspond to
NH and OH stretching modes due to known IR group frequencies. A huge number of bands can be

seen in the region of aliphatic and aromatic CH stretching modes from 2800 to 3100 cm™.

2-color IR-MPD spectra of 2* (cf. Fig. 6 (bottom)) are in quite good agreement (dashed lines) with
the CH stretch region of the IR-ATR spectrum. However, only one minor band can be seen in the
OH and NH stretch region of the IR-MPD spectrum, which does not clearly correlate to a band in
the IR-ATR spectrum. Several bands in the range of 3400 to 3700 cm™ in the IR-ATR spectrum of 2
may belong to hydrogen bonded OH stretching modes of incorporated water molecules. These

bands vanish in the IR-MPD spectrum of the ionic species in the gas phase, of course.



Dysprosium-based mono-, di- and tri-metallic complexes 165

VII-4.2.3: Results for 3*

Figure 7: 1- and 2- color IR-MPD spectra of 3*.

The 1-color IR-MPD spectrum of 3* exhibits an intense band at 2950 cm™ and two broad bands at
3150 and 3270 cm™ in the CH, NH and OH stretching regions, respectively. Several intense bands
between 1400 and 1700 cm™ in the CO stretch region (cf. Fig. 7). Using a 2-color scheme with a
probe laser fixed at 2940 cm™ increases all bands in the CO stretch region of the 1-color spectrum

and some new bands emerge.

Several of the bands in the CH, NH and OH stretch region can be assigned as discussed before for
complex 1*. The new band between 3220 to 3340 cm™ does not occur in the spectrum of 1* and can
therefore be assigned to the NH, stretching modes of the tren ligand. We utilized H/D exchange
reactions in solution in order to facilitate a discrimination between bands corresponding to OH/NH
stretching modes and those of CH groups. OH and NH bands bear labile, exchangeable protons
which will shift to lower frequencies after H/D exchange. This may result in additional gaps in the

spectrum and a rise of new bands at lower frequencies.
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Figure 8: 1- color IR-MPD spectra of 3** (top) and 3*-d;s. The light grey region
highlights the decrease of fragmentation efficiency due to spectral shifts of deuterated
groups.

The dicationic species 3* undergoes an exchange of all 15 acidic protons with deuterium in
solution. Comparison of protonated and H/D exchanged species reveals a clear reduction of bands
in the region between 2985 and 3350 cm™ (cf. Fig. 8). The remaining bands at 2850 — 2985 cm™
appear more structured due to a reduction of overlapping bands corresponding to NH stretching

modes. The remaining bands correspond to aromatic and aliphatic CH stretching modes.

The IR-MPD spectrum of 3**-d;s exhibits no gap between 2920 and 2960 cm™, unlike the spectrum
of 1*-dy (cf. Fig. 4). The amine groups of complex 3** may have a nonuniform binding behavior.
One amine group is probably bound to the adjacent Ni**(tren) complex 3** (cf. Fig. 2) and the other
amine group may interact with the carboxy group of the salen-type ligand like in complex 1 (cf. Fig.
1). We assume that the vibrational frequencies of the stretching modes of the Nickel bound amine
group are shifted to the blue (3100 to 3220 cm™). The second terminal amine group may form

hydrogen bonds as discussed for complex 1*. This binding behavior can explain the slight reduction



Dysprosium-based mono-, di- and tri-metallic complexes 167

of fragmentation efficiency and the appearance of more structural features in the region from 2860

to 2970 cm™ (cf. Fig. 8).

VI1I-4.2.4: Results for 4**

Figure 9: 1- and 2-color IR-MPD spectra of 4**. Superimposed regions were measured
with various photon fluxes.

The 1-color IR-MPD spectrum of 4** reveals three intense bands at 2940, 3180 and 3270 cm™ in the
CH and NH stretching region and several intense bands between 1400 and 1700 cm™ in the CO
stretching region (cf. Fig. 9). A 2-color scheme with a probe laser at 2940 cm™ gives rise to new
bands emerging. The fingerprint range of complex 4** looks very similar to that of 3**. The OH
stretching band pattern looks different, more intense bands can be seen in the IR-MPD spectrum of
4,
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Figure 10: 1-color IR-MPD spectra of 4%*, 3°* and 1°*. The light grey field indicates the
region of NH, stretching modes of the tren ligand, the dark grey field the region of NH,
stretching modes of the salen-type ligand.

Comparison of the IR-MPD spectra of complexes 3*" and 4** reveals similar positions of bands.
Complex 3* has a reduced fragmentation efficiency compared to complex 4** (cf. Fig. 10).
Complex 4** incorporates two Ni**(tren) ligands and both terminal amine groups of the salen-type
ligand are equivalent (cf. Fig. 2). A larger number of similar NH, groups leads to a higher
absorption coefficient. This induces a higher fragmentation efficiency of complex 4** for the bands
at 3220 to 3340 cm™ and at 3120 to 3220 cm™ as compared to complex 3%, The band at 3220 to
3340 cm™ (cf. Fig. 10, light grey), assigned to the NH, stretching modes of the Ni**(tren) complex,
does not occur in the spectrum of complex 1*. The band at 3120 to 3220 cm™ (cf. Fig. 10, dark grey)
is assigned to the NH stretching modes of the nickel bound terminal amine groups (one group in
complex 3** and two in 4**) of the salen-type ligand. The IR-MPD spectrum of 1* exhibits a band at
the same position without any nitrogen-nickel interaction. In complex 1" there are two protons of
the terminal amine groups that are hydrogen bound to oxygen atoms of the salicylic subunit of the
ligand. We conclude that each of the two protons within complex 1" is located at one of those amine

groups pointing outwards of the complex. Thus, the additional protons in complex 17 exhibit each
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vibrational frequencies of the “free” (non hydrogen bound) NH stretching modes as present in

complexes 3** and 4** as well.

VII-5: Conclusions

H/D exchange reactions with D,O in solution yielded an exchange of all labile (acidic) protons in
case of the cationic complexes. Anionic complexes underwent a partial or a complete exchange of
labile protons. We assigned the bands occurring in IR-MPD spectra of the protonated cationic
complexes 1-4 with the help of IR-MPD spectroscopy on the deprotonated complex 1" and the H/D
exchanged species 1*-dy, 1-ds and 3**-d;s. Complex 1* incorporates two protons bound to the

terminal amine groups of the salen-type ligand (cf. Fig. 11, yellow circles).

In complex 2" the carboxy groups are the most likely protonation sites (dark blue circles). However,
complex 2" exchanges only two protons in gas phase H/D exchange experiments with ND3 [1]. This
corresponds likely to isomer 2*-b) where the carboxylic protons are not in direct neighborhood of

the amine groups of the salen-type ligand (orange circles).

The evaluation of IR-MPD spectra of protonated and H/D exchanged species in comparison is a
useful tool to assign the positions of additional protons and the binding motives of the terminal
amine groups of the cationic species of complexes 1-4 in the gas phase. This is of special interest
for studies on the magnetic properties of these complexes conducted in the gas phase, which are

under way in the framework of our 3MET collaborative research center.
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Chapter VIII: Ru-catalysts for transfer hydrogenation: a combined
study of collision and light induced activation processes and

experimental and DFT derived gas phase reactivities

Keywords:
Transfer Hydrogenation, Ruthenium, Pyridine, Pyrimidine, Base free Activation, Alcohol, Ketone,

Mass Spectrometry, IR-MPD, DFT, Gas Phase Reactions, Isotope Labeling, CID, RRKM

VIII: Preamble

This chapter gives an extensive introduction to a joint publication with the research group of Prof.
W. Thiel, TU Kaiserslautern [1] on the reaction mechanism of a novel ruthenium (Ru(II)) based
catalyst for transfer hydrogenation. The synthesis of the complexes was done by L. Ghoochany and
C. Kerner. ESI-MS measurements and the assignment of all ionic species were done by me. L.
Ghoochany and W. Thiel mainly prepared the manuscript of [1]. The other coworkers contributed

with results from several experiments, ab initio calculations and revisions of the manuscripts.

The experimental section of this chapter reports on own CID and IR-MPD studies, gas phase
reaction experiments and ab initio calculations partially based on former results. This chapter is

written by me and formatted as to become a manuscript for publication. It is not submitted yet.

VIII-1: Abstract

The activation process of three differently substituted ruthenium [(n°-cymene)Ru"Cl(apypm)]BPh,
complexes for transfer hydrogenation is studied by collision induced dissociation (CID). It leads to
the same activation process as observed in solution, which is the loss of HCI from the precursor
molecule. During this process the Ru-N bound pyrimidine ring of the ligand rotates about 160° to
form a Ru-C bond after proton abstraction from the carbon atom. Isotopic labeling of two precursor

molecules gives clear evidence for the proposed activation mechanism.

The three complexes need different CID voltages for fragmentation. So called “thermometer ions”
allow for a conversion of the voltage scale of a mass spectrometer to activation energies.

Fragmentation energies of the cationic [(n°-cymene)RuCl(apypm)]* complexes in the gas phase
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derived by CID correlate quite well to DFT predicted activation barriers. CID and DFT estimated

activation energies again correlate to reaction efficiencies found in solution.

The exchange of the chlorido anion with anions of different basicity gave CID derived activation
energies in good agreement with the HSAB concept. Besides CID, also infrared multiple-photon
excitation is capable to induce an activation of the [(n°-cymene)RuCl(apypm)]* catalyst. We used 1-
and resonant 2-color IR-MPD in order to elucidate the gas phase structure of the ruthenium catalyst
precursor. 2-color IR-MPD is capable to detect several dark bands, however only a few vibrational

absorption bands could be recorded.

Gas phase reactions of the three [(n°-cymene)Ru(apypm)]* catalysts with D, lead to a mass shift of
+4 m/z, which is interpretated in terms of a disproportionation of D, and a nucleophilic addition of
D to the ruthenium atom. The addition of D, can be seen as an alternative process to the abstraction
of dihydrogen from an alcohol. DFT based modeling of the reaction coordinate at the B3LYP/cc-
pVTZ level of theory exhibits up to three transition states and different activation barriers according
to the substituents. Gas phase reactions of the catalytical active complexes with D,0O lead to an

addition of OD to the complex and a consecutive loss of HD.

VIII-2: Introduction

Ruthenium and rhodium based catalysts are widely used for transfer hydrogenation reactions [2-9].
They can yield a high enantioselectivity with prochiral starting materials [10]. Transfer
hydrogenation reactions with ruthenium catalysts were widely performed with H, as a hydrogen
source. This is dangerous due to the use of gaseous hydrogen and the search for effective catalysts
in solution is a great field of research. Homogeneous reactions are nowadays often carried out in
isopropanol which serves as both, solvent and source of hydrogen, while it is oxidized to acetone.
The formation of ruthenium dihydrogen species in solution is known as well as the formation of
hydride species. [4, 5] The reaction with dihydrogen can even take place in water [11]. The
underlying activation and reaction processes are a great field of research studied at a huge variety of

ruthenium bearing catalysts.

Common catalysts have to be activated with the help of a base [12-15]. This leads to additional
waste and the search for alternative activation processes is of special interest in terms of sustainable

chemistry. A base free protocol was developed from Ghoochany et al. for a new type of Ru-catalyst.
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Those [(n°-cymene)RX(apypm)]BPh, catalysts contain p-cymene, a chlorido anion (alternatively X
= 1, Br, CF3S0;, CH3COOQO) bound to the ruthenium, a substituted 2-R-4-(2-pyridinyl)pyrimidine
(apypm) ligand (cf. Fig. 1) and a B(Ph), counterion. The variation of substituents leads to the
following complexes: 1 (R=NH,), 2 (R=N(CH3),) and 3 (R=N(CH.)s), which gave different
conversion efficiencies for the transfer hydrogenation from isopropanol to acetophenone (cf. Table

1, taken from [1]).

Table 1: Reaction conditions: acetophenone (2.5 mmol),
catalyst (1.25 x 10? mmol), KOH (1.25 x 10" mmol),
isopropanol (25 mL), 82°C; the reactions were monitored

by GC [1].
catalyst R conversion (%)  time (min)
1 NH, 35 360
2 NMe; 100 90
3 N(CH>)4 97 20

It was shown that IR-MPD is capable to elucidate the gas phase structure of metal complexes and
their reaction products [16-19]. A comparison of CID and IR-MPD experiments were compared
with respect to the fragmentation pathways of [MX,(CO),(dcbpy)] M = Ru, Os; X = Cl, Br, I;
dcbpy=2,2 '-bipyridine-4,4 '-dicarboxylic acid) complexes [20].

Several density functional theory (DFT) studies were carried out in order to elucidate the activation
processes of alcohols and other dihydrogen sources at metal-centered catalysts [21-24]. Also Ru-
catalysts with secondary amino-oxazolines were studied, suggesting an activation of the NH, group
by proton abstraction [25]. Therefore the underlying activation mechanism and relative activation

barriers are strongly dependent on the chelating ligands.
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VIII-2.1: Activation process of the [(n®-cymene)RuCl(apypm)]* catalyst precursors

We used electrospray ionization at solutions of 1, 2 and 3 in acetonitrile, isolated singly charged
cations in a Paul trap of a mass spectrometer (cf. Table 2) and fragmented them by CID. All three
complexes showed the loss of HCI as the major fragmentation pathway (see Fig. 2). Only complex
1" showed an additional loss of H, (ca. 60%) which may arise from the isopropyl group of the
cymene ligand of the molecule forming an isopropylene group. Hence Ghoochany et al. synthesized
a benzene containing complex 4 ([(n°-benzene)RuCl(apypm)]BPhy). Its cation 4" exhibited only the
loss of HCI (cf. Fig. 2 b)). The H; loss detected for 1* originates from the p-cymene ligand.

l c) 1.0 l
\
|
| 0.5 il
| 11 i
43 115 460 470 4

b) 1.0 | d) 1.0 i
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Table 2: Composition and observed masses of the precursors 1°-4" and CID
ionic fragment masses. Only fragment masses of HCI losses are listed. Masses
are due to the most abundant isotopomers. (for mass spectra of isotope patterns

cf. Fig. 2)
parent mass / fragment mass
catalyst sum formular /2  m/z
1+ []RU(C101‘114)(C9H61\I3(1\IH2))Cl]+ 443.06 407.08
2" [Ru(CioH14)(CsHsN3(N(CHs),)Cl]* 471.09 435.11
3" [Ru(CioH14)(CoHsN3(N(CH,)4))CI]* 497.10 461.13
4" [Ru(CsHs)(CsHeN3(NH2))Cl]* 386.99 351.02

We assumed the direct cleavage of a proton from one of the substituents NH,, N(CH3). or N(CH,)4
together with the chlorido anion attached to the ruthenium atom as a first model for the activation
process. This would lead tentatively to the formation of a Ru-N bond for 1* and to a Ru-C bond for

2" and 37, respectively (cf. Fig. 3, process I).

- 1 o

-HCI
CH,

As an alternative explanation of the activation process, we discussed a mechanism taking the
rotation of the pyrimidine ring into account (process II). The rotational barrier might be related to
the size of the substituents. For this process to occur, a weakening of the pyrimidine N-Ru bond has
to take place. In a second step the pyrimidine ring has to rotate and the proton in the 6 position has
to be activated to form a HCI neutral fragment while a Ru-C bond is formed. The remaining

complex has a +16 VE ruthenium center (cf. Fig. 4).
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-HCI

In order to distinguish between the two activation models Ghoochany et al. synthesized two C6
deuterated complexes 1*-d and 2*-d (cf. Fig. 5). ESI-MS spectra of the isotope labeled cations of 1*-
d and 2*-d exhibit a mass shift of +1 m/z, proving the deuterium insertion (cf. Fig. 2 d)). NMR
spectra gives evidence to the C6 position of the deuterium atom. Activation of the complexes 1°-d
and 2*-d with CID leads to a loss of DCI which proves model process II.

+

@ﬂ

VIII-2.2: How to correlate CID fragmentation amplitudes with DFT calculated dissociation

enthalpies

The three catalyst 1, 2 and 3 exhibited strongly different reactivities (cf. Table 1) in solution which
may arise from the rotation taking place several times in the cycle. We estimated relative activation
barriers by a systematic variation of the fragmentation amplitude during the CID process. The CID

process can be understood as a heating of the molecule via collisions with He atoms if an additional
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electric field induces an acceleration of the ionic species. Inelastic collisions of the ion with He
atoms transfer a part of the collision energy to inner degrees of freedom of the molecule. As soon as

enough energy is stored in the molecule, it dissociates via the energetic most favorable paths.

It recently was shown that with substituted benzylpyridinium ions, so-called “thermometer ions”, it
is possible to calibrate the internal scales of the mass spectrometers fragmentation amplitudes
towards appearance energies (E*** ) of the fragment ions [26-30]. The precision of such an
approach is compromised if additional fragmentation channels are taken into account [29]. For
several “thermometer ions” a late transition state can be assumed, while the activation process of
[(n®-cymene)RuCl(apypm)]* comprises an early transition state [1]. Nevertheless, we want to check
if the calibration of the MS fragmentation amplitudes by “thermometer ions” yields reasonable

activation energies for the HCI loss of the complexes 1*-3".

Figure 6: CID appearance curves for activated species of 1* (m), 1°-d (e), 2*
(V),2°-d (¢), 3 (A) and 4" (). Lines were derived from sigmoidal fits of the
measured values.

The internal fragmentation amplitude of the mass spectrometer has to be transformed into a center-
of-mass (COM) system in order to derive relative activation energies from CID experiments. This
COM correction takes the different masses of the complexes into account and therefore the different

efficiencies of the energy transfer during collisions.
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Comparison of the COM corrected appearance curves of the fragments exhibits the highest
activation barriers (corresponding to E**”com, for definition cf. Fig. 9 and formular 3) for 1" and 1*-d
(cf. Fig. 6). 1%, 17-d, 2" and 2*-d show a comparable behavior for the protonated and deuterated
ligand. The small differences of calculated fragmentation ratios (m, ® and V¥, ¢) between the two
species may on the one hand arise due to fluctuations during the measurements and on the other
hand from different vibrational energies of CH and CD, respectively. As there is no clear trend to
higher or lower fragmentation amplitudes for the deuterated species in respect of the protonated
species it can be ruled out that the shift arises from different energies of the vibrational ground-

states.

For 2%, 2°-d and 3" the activation energy is much lower than the ones of 1" and 1°-d. The difference
in the slope and the E**¢;p values of 1" and 4* may arise from the lower heat capacity of 4* due to
the absence of the isopropyl and methyl group of the cymene ligand. The same amount of energy
transferred to the molecule by collisions with He can be distributed to less degrees of rotational and
vibrational freedom and promotes the rotation of the pyrimidine ring. Steric hindrance of the
benzene ligand to the rotation of the pyrimidine ring may be lower within 4" than the hindrance of

cymene to the same rotation within 17,

VIII-2.3: Correspondence of CID derived fragmentation amplitudes of [(n’-
cymene)RuX(apypm)]* catalysts to DFT derived activation enthalpies of “thermometer

ions”

“Thermometer ions” can be used to calibrate the internal fragmentation amplitude of the mass
spectrometer towards calculated activation energies. We used a COM transformed fragmentation
amplitude where 50% (E***cip) of a molecular parent species is fragmented as a degree of energy

needed for fragmentation.

Different activation processes are discussed for the “thermometer ions” [28-30]. We took those
“thermometer ions” into account which exhibit a direct cleavage of the cationic substituted
benzylium ion. This is the case for the following substituents: p-Cl, p-CN, p-H, p-OCH;. Other
substituents lead to a mixture of products: p-F, p-CH;, 0-CH;. We assumed a 1:1 ratio of the
competing reaction pathways for the latter three as a rough estimation. We used DFT calculations in
order to derive temperature (298.15 K) corrected binding energies at the B3LYP/G6-31* level of
theory for all seven molecules. We compared experimental data with ab initio calculations of the

activation process of catalysts 1*-3" [1].
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Figure 7: DFT derived dissociation enthalpies of “thermometer ions” at the
B3LYP/G6-31* level of theory vs. their experimental E°™cp values derived from
sigmoidal fits of the center of mass transferred appearance curves (m) (cf. Fig. 9). The
blue line results from a linear fit function. Measured appearance amplitudes (E°cip) of
1"-(d), 2°-(d) and 3* are shown in red (2° and 2°-d overlap). Green lines are the
projection of the E*”cp values to the dissociation enthalpy scale.

We related DFT derived dissociation enthalpies of seven “thermometer ions” to their experimental
E*qp values derived from sigmoidal fits of the center of mass transferred appearance curves (cf.
Fig. 7, black squares). We applied a linear fit function to those data pairs (blue line). We used the
linear fit function in order to estimate AHg, values (green lines) from E***¢;p values (red lines) of the

HCI, DClI loss respectively, from 17-(d), 2*-(d) and 3".

The suggested use of the E*"com value [30] led to a larger deviation of the linear fit of the AHca.
values of “thermometer ions” vs. their CID appearance amplitude with respect to the fit of the

E**com values (cf. Fig. 8).
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Figure 8: DFT derived dissociation enthalpies of “thermometer ions” at the
B3LYP/G6-31* level of theory vs. their experimental E*fcoy values derived from
sigmoidal fits of the center of mass transferred appearance curves (®) (cf. Fig. 9). The
blue line results from a linear fit function. Measured appearance amplitudes (E*fcom) of
1°-(d), 2*-(d) and 3" are shown in red (2* and 2'-d overlap). Green lines are the
projection of the E*coy values to the dissociation enthalpy scale.

The cations 1*(-d), 2°(-d) and 3" exhibit a loss of HCI (respectively DCI) and 1" a loss of H, in
addition (cf. Fig. 2). The underlying mechanism of the C-H activation of 1*-3" implies a tight (late)
transition state [1] , which might lead to a kinetic shift in the appearance energies obtained by CID.

Due to the kinetic shift the dissociation energies might be overestimated.

No quantitative conclusions could be drawn due to different mechanisms for bond cleavage.
However, the semi-quantitative analysis results in a qualitative trend of activation energies (loss of
HCI or DCI) of the Ru-catalysts 1°(-d), 2°(-d) and 3" with respect to the “thermometer ions” (cf.
Table 3).
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Table 3: Estimated enthalpies (AHg)
of catalysts 1°(-d), 2°(-d) and 3" (cf.
Fig. 7) and calculated ZPE corrected
enthalpies (AAH) for the transition
state of HCI loss, DCI respectively
(data according to [1]).

complex AHg / AAH /
kJ/mol kJ/mol
1°-h 229 195
1°-d 229 195
2°-h 171 151
2°-d 172 151
3" 175 153

VIII-3: Methods

VIII-3.1: ESI-MS and CID

Electrospray ionization mass spectrometry (ESI-MS) was performed with two ion trap instrument
(Bruker Esquire 6000 for CID and amaZonSL for IR-MPD). The ion source yields anions/cations in
negative/positive electrospray ionization mode. Scan speed was 13000 m/z / s in normal resolution
scan mode (0.3 FWHM / m/z), scan range was at least 70 to 400 m/z. Sample solutions of 1-4 and
alkali-halids in water/acetonitrile 9:1 at concentrations of approximately 1 x 10* M were
continuously infused into the ESI chamber at a flow rate of 2 pL/min using a syringe pump. We use
nitrogen as drying gas at a flow rate of 3.0 to 4.0 L/min at 220 °C up to 300 °C and spray the
solutions at a nebulizer pressure of 3 to 4 psi with the electrospray needle held at 4.5 kV. We held
transfer parameters to the Paul trap of the mass spectrometer constant and used Helium as a buffer
gas with a partial pressure of about 3 x 10 mbar inside the ion trap. BrukerEsquireControl 5.3
(Esquire) and BrukerTrapControl 7.0 (amaZonSL) software controlled the instrument and we

performed data analysis using Bruker Data Analysis 4.0 software.
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Figure 9: Relative abundances | tf)t( COM) (e)and | tfort (E COM) (m) for the para-

fluoro-benzylpyridinium parent cation and its ionic fragment. Sigmoid functions

I?lt(ECOM) (-) and Imtirt<Ecow|) (=) were derived from fits of the measured

values. The blue line (=) was derived from the slope of the sigmoid fit function at
E°" com. Positions of the E** oy and the E**con values are marked with green circles.

Relative abundances of fragments were calculated according to:

Z I fr
LAB
fr
1" (E (1a)
tot LAB fr p
Z I (E g +Z l; LAB
and breakdown curves of parent intensities accordingly:
Z H
LAB
| p

o (Eas)= (1b)
“ e Z i LAB +Z Ip LAB

The amount of energy transferred by a single collision is dependent on the velocity and mass of the
collision gas and the ion. The center-of-mass energy is the theoretical amount of energy that can be
absorbed in such a reaction. Center of mass transferred fragmentation magnitudes Ecom were

calculated from internal amplitudes Eiag according to formular 2. m;,» was chosen according to the
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isotopically averaged mass of the molecule.

mHe

Econ=7——————E. & @
Thereby Itfort’ P(E ,g) converts to Itfort’ P(Eqoy) - Those entities may fit to analytical
functions:
fr _ 1
I fit<ECOM)_ (1+e(Ezm—ECOM)B) (3a)
1
p —
I fit(ECOM)_ (1+e_(Eg‘g;;_ECOM)B) (3b)

A phenomenological E***com value can be derived by the center of these sigmoid fit functions

I Iirt’p(E com) (cf. Equation 3a and 3b) applied to experimental data Itfc:t’ P(Ecoy) using a

least-squares criterion. E**coy is the amplitude at which the sigmoid function has reached half of its
maximum, Ecom is the fragmentation amplitude and B describes the rise of the sigmoid curve.
Alternatively, E**com values can be used to determine activation energies (AE) under consideration
of the slope of the sigmoid function [11]. E*fcom values were derived by linear extrapolation of the

slope at the E***coy value to the baseline (cf. Fig. 9, lower green circle).

Resulting E*coy values can be compared qualitatively or quantitatively within one group of
molecules. Activation energies derived from ab initio calculations on the dissociation pathway of an
ion can be correlated to experimental E**coy values. Substituted benzylpyridinium ions, so-called
“thermometer ions”, can be used to calibrate the internal scales of the mass spectrometers

fragmentation amplitudes towards appearance energies of the fragment ions [27-31].



Ru-catalysts for transfer hydrogenation 187

We used a nomenclature for the observed species according to Table 4.

Table 4: Nomenclature of the observed species for listed molecules in mass spectra.

species abbreviation molecules
cationic complex with chlorido ligand M* M=1,23,4
. - . M=1,2,3,4;
activated cationic complex M'(-HX)
X= I, Bl", OSOzCF3, 02CCH3
deuterated cationic complex M'-d M=1,2
protonated and deuterated cationic M'-(d) M=1,2
complex
cationic complex after ligand exchange 2°-X X=1, Br, 0SO,CF;, 0,CCH;

VIII-3.2: IR-MPD

IR-MPD measurements were performed with the ion trap mass spectrometer (cf. ESI-MS part) after
its modification. Two KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision)
systems pumped with two Q-switched 10 Hz injection seeded Nd*":YAG lasers (PL8000,
Continuum) provided for tunable IR radiation (§v = 0.9 cm™ resp. 6v = 0.3 cm™, 8t = 7 ns) in order
to record vibrational spectra via the multi-photon dissociation scheme. We used the OPA idler wave
(<10 mJ/pulse) of the one system to scan spectra (pump laser) within 2800 - 3600 cm™. On choice
the second IR OPO/A served as probe laser, set to a selected and fixed vibrational resonance
frequency. The probe laser beam was aligned counter-propagating with respect to the scanning
pump laser beam. Probe pulses were delayed by 100 ns with respect to the scanning pump pulses
(delay generator DG645, SRS). Each trapped and m/z isolated ion package was irradiated by 2-4
laser pulses (or pulse pairs in case of two-laser experiments) in order to produce sufficient fragment
ions. IR spectra were recorded using Bruker chromatogram software for extracting the intensity of
parent and fragment ions (three point averaging directly by BrukerTrapControl software). IR-MPD
signal was evaluated corresponding to formula 1. Origin Plot Software served to apply a five point
adjacent averaging for smoothing. IR frequency was calibrated by a wave meter (821B-NIR, Bristol
instruments). Laser power curve was recorded in parallel to the IR-MPD spectra through digitizing
the analog output of the laser power meter by an ample ADC input of the amaZonSL mass

spectrometer electronics.

VIII-3.3: Theoretical methods

DFT calculations on the D, addition to 1°(-HCI), 2*(-HCI) and 3"(-HCI) were performed at the
B3LYP [32-35] level of theory using cc-pVDZ (C, H, D, N, O) [36], cc-pVTZ (C, H, D, N, O) and
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Stuttgart RSC 1997 ECP (Ru) [37] basis sets and the Gaussian 03 and 09 packages [38, 39]. DFT
calculations on the “thermometer ions” were performed at the B3LYP/6-31G* [40, 41] level of
theory using standard convergence criteria. Thermal energies, enthalpies and free enthalpies were

calculated at 298.15 K (RT conditions).

VIII-3.4: Gas phase reactions

Gas phase reactions with D,, D,O, CHs and CH;0H were performed under single collision
conditions at a background pressure in the range of 1 and 5 x 10° mbar (dependent on gas) in a
Bruker Apex III FT-ICR-MS equipped with a 7.0-T magnet and an APOLLO I electrospray ion
source. The partial pressure of the reaction gas was set to a constant value and we waited for
passivation of the instruments surfaces (high vacuum part) for at least one hour. Sample solutions in
acetonitrile at concentrations of approximately 1 x 10* M were continuously infused into the ESI
chamber at a flow rate of 3 pL/min using a syringe pump. Nitrogen was used as drying gas with
flow rate of 10.0 L/min at approximately 300 °C. The solutions were sprayed at a nebulizer pressure
of 25 psi and the electrospray needle was typically held at 4.0 kV. Transfer parameters to the

Penning trap of the mass spectrometer were held constant.

VIII-3.5: Determination of rate constants

We used transition state theory (4) as a model in order to derive relative rate constants [42]. We
used free enthalpies for the highest transition state derived from DFT calculations (at RT

conditions) as free enthalpies of activation.

k=kyT/hexp(—A'G°/RT) (@)
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VIII-4: Results and Discussion

VIII-4.1: Influence of the coordinating anion

VIII-4.1.1: Experimental results

The chloride anion of 2" was exchanged with iodide, bromide, triflate (CFsSOs) or acetate
(CH5COQ)) in order to compare the dissociation barriers of the neutral fragment HX (X = I, Br, Cl,
0OSO0,CF;, O,CCH3;) by CID. We measured CID appearance curves and applied a center-of-mass
correction to the derived E***; g values (cf. Fig. 10). Experimental CID appearance curves of 2*-Cl
and 2°-OS0,CF; exhibit the same slope, while 2*-Br and 2*-I show smaller slopes. Acetate anions
are so weakly bound that only the activated complex of 2" occurs under ESI-MS conditions. This

leads to a relative order of the phenomenological activation energy of the four substances:

ESO%CQM(2+-0502CF3) < ESO%COM(2+-C1) < ESO%CQM(2+-B1‘) < ESO%CQM(2+-I)

Figure 10: CID appearance curves for the loss of HX (X=0SO,CF3, Cl, Br, I) from 2*-
OSO,CF; (Vv ), 2°-Cl (m), 2*-Br (®) and 2*-1 ( A ). Lines derived from sigmoidal fits of
the measured values.
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The E**com value of 2°-Cl (cf. Fig. 10) differs from the one derived from former measurements (cf.

Fig. 6) because two different mass spectrometers were used for the two measurements.

VIII-4.1.2: Discussion and Conclusion

Due to the HSAB concept iodide is the most soft base, followed by bromide, while chloride,
CF3SO;5 and CH3;COO" are relatively hard bases. Although the ruthenium (II) cation can be seen as a
compromise between “softness and acidity” [31]. In the present study ruthenium behaves as a soft
base due to its size, its low oxidation state of +II in the complex and its ability to attach a p-cymene
ligand, which is also a soft base. In addition, the CF5SO; anion has the largest size and is therefore
the weakest bound substituent besides acetate anions. These experimental findings are in line with

the HSAB concept.
VIII-4.2: IR-MPD spectra of [(n°*-cymene)RuCl(apypm)]” catalysts

VIII-4.2.1: Experimental results

We measured IR-MPD spectra of cationic complexes 17 and 2" in order to elucidate their structures.
The 1-color IR-MPD spectrum of complex 1" exhibits only a small peak at 3476 cm™ (cf. Fig. 11,
top). Using a 2-color scheme with a probe laser fixed at 3476 cm™ gives an increase of this band

and an additional band at 2983 cm™ appears (cf. Fig. 11, mid, green line).

Probing this new band at 2983 cm™ with a second laser (probe) delivers a third band at 3345 cm™
(cf. Fig. 11, mid, red line). Those bands can be related to different CH and NH, stretching modes.
The band at 3476 cm™ can be assigned to the asymmetric NH,, the one at 3345 cm™ to the

symmetric NH, and the one at 2983 cm™ to an aromatic or aliphatic CH stretching mode.



Ru-catalysts for transfer hydrogenation 191

Figure 11: 1 (top) and 2-color (mid) IR-MPD spectra of 1°. The green line arises from
the pump laser while the probe laser is fixed at 3476 cm™ (green arrow), 2983 cm™ (red
arrow) for the red line respectively. DFT predicted IR absorption spectrum of 17
(bottom) at the B3LYP/cc-pVDZ (C, H, N, Cl) and Stuttgart 1997 ECP (Ru) level of
theory, scaled by 0.961 (above 3200 cm™), 0.955 (under 3200 cm™) respectively. See
Table 4 for numerical values of band peak positions and assignment of bands.

We used DFT calculations at the B3LYP/cc-pVDZ (C, H, N, Cl) and Stuttgart 1997 ECP (Ru) level
of theory in order to predict linear IR absorption spectra. We obtained a scaling factor of 0.961 from
the DFT predicted IR absorption spectrum of complex 1* due to the position of the asymmetric and

symmetric NH, stretching mode within the experimental spectrum (cf. Fig. 11, bottom).
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Figure 12: 1 (top) and 2-color (mid) IR-MPD spectra of 2*. The red line arises from the
pump laser while the probe laser is fixed at 2970 cm™ (red arrow). DFT predicted IR
absorption spectrum of 2* (bottom) at the B3LYP/cc-pVDZ (C, H, N, Cl) and Stuttgart
1997 ECP (Ru) level of theory, scaled by 0.955. See Table 4 for numerical values of
band peak positions and assignment of bands.

The 1-color IR-MPD spectrum of 2* exhibits in contrast to the one of 1" two bands at 2945 and
2980 cm™ (cf. Fig. 12, top). Using a 2-color scheme with a probe laser fixed at 2970 cm™ increases
both bands (cf. Fig. 12, mid, red line). We applied the determined scaling factor for the CH stretch
region (0.955) to the DFT predicted IR absorption spectrum of cation 2" (cf. Fig. 12, bottom). This

leads to a good agreement between the experimental and DFT predicted spectrum.
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Table 5: Assignment of experimental derived bands to DFT predicted IR absorption bands (after
scaling with 0.955 (< 3200 cm™), 0.961 (> 3200 cm™) respectively) of 1" and 2*. Values according
to depicted data in Fig. 11 and 12. Some minor intense absorptions are not listed. Underlines
indicate the atoms involved in the vibrational motions. (Abbreviations: calc. = calculated; cy =
cymene; pyr = pyrimidine; ss = symmetric stretch; as = asymmetric stretch)

1" 2"
IR-MPD / cm™ calc./cm™  assignment IR_CIYIHED/ C;ll:_'l/ assignment
2887 Vss(N(CHs3)2)
2896  vi(cy-CH(CH),) 2897 . va(CNI({%Ej)Z)
2899  v.(cy-CH(CH3),) 2901 ve(cy-CH:)
2946 2945 va(N(CH:))
2967 Vss(cy-CHs) 2967 Vas(cy-CHs)
2975 2971 vu(cy-CH(CH:),) 2970 vas(Cy-CH(CH)2)
2980  vu(cy-CH(CH:),) 2976 2974 vas(N(CHs),)
2984 2985  va(cy-CH(CH:),) 2978 vas(Cy-CH(CHs),)
2996 ves(Cy-CHs) 2983 va(Cy-CHs)
3037 vi(pyr-5CH) 3029 v(N(CEL).)

+ vi(pyr-5CH)
3040 vas(N(CHs),) — Cl
3346 3343 ve(NH,)
3485 3483 Vas(NH,)

VIII-4.2.2: Discussion

Only a few of the bands predicted by DFT calculations could be detected from IR-MPD
spectroscopy (cf. Fig. 11, 12). Therefore it is difficult to find a reliable assignment of bands. We
used the intensity distribution and the shape of the derived bands in order to estimate appropriate
scaling factors. The application of different scaling factors for the assignment of different
vibrational modes within the IR-MPD spectra of 1" and 2" leads to a good agreement of measured
and DFT predicted IR absorption bands, especially in case of the spectra of 2*. This scaling factor
does not provide an exact position of the bands corresponding to CH stretching modes. Correlation
of the most intense IR absorptions in the CH region (2950 — 3010 cm™ after scaling) to the
experimental band at 2983 cm™ yields a scaling factor of 0.955. A scaling factor of 0.97 was
published for the B3LYP/cc-pVDZ level of theory [43]. This scaling factor would shift the DFT
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predicted bands more to the blue and is therefore not applicable. The scaling factor of 0.955
correlates quite well to the factor 0.957 derived from the comparison of DFT predicted IR

absorption spectra and experimental IR-MPD spectra in Chapter VI of this thesis.

The band at 2984 cm™ within the 2-color IR-MPD spectrum of 1" corresponds to an overlap of
several asymmetric CH stretching modes of the methyl groups of the p-cymene ring (cf. Fig. 11 and
Table 5). The band itself exhibits at small shoulder on the red side at 2975 cm™ which also

corresponds to a combination of aliphatic CH stretching modes.

The band centered at 2976 cm™ within the 1- and 2-color IR-MPD spectrum of 2" also corresponds
to an overlap of several asymmetric CH stretching modes of the methyl groups of the p-cymene ring
at which also asymmetric CH stretching modes of the methyl groups of the dimethyl-amine group
contribute (cf. Fig. 12 and Table 5). The band at 2945 cm™ corresponds also to an asymmetric CH
stretching mode of the methyl groups of the dimethyl-amine group and can therefore not be
detected in the spectrum of 1*. No fragmentation is caused by vibrational excitation of the stretch of
the N-CH,-H proton in the direction to the Cl anion bound to the ruthenium atom. Neither a direct
proton transfer to the Cl" anion takes place after vibrational excitation nor it induces a rotation of the
pyrimidine ring unlike other asymmetric CH stretching modes. It is obvious within this assignment

of bands that only asymmetric CH stretching modes on either ligand can be detected by IR-MPD.

Higher fragmentation efficiency in the CH stretch region of 2" compared to 1" may arise from the
lower activation barrier for the loss of HCI from 2" which was also predicted by DFT calculations
(cf. Table 3). Furthermore an additional photon absorption takes place at the dimethyl-amine group

giving rise to bands according to its CH stretching modes.

While 17 needs 195 kJ/mol to reach the transition state, 2" needs only 151 kJ/mol (due to
calculations in ). The photon energy at 2980 cm™ is by conversion 35.6 kJ/mol. Collisions with He
thermalize the ions in the trap to approximately 300 K which corresponds to an enthalpy of
approximately 65 kJ/mol stored in the degrees of freedom. As a rough estimation the ions have to
absorb at least 3 photons in case of 2" and 4 photons in case of 17 in order to reach the transition
state for the HCI loss. The photon energy at 3476 cm™ is by conversion 41.6 kJ/mol. This leads to a

3 photon absorption within the assumed approximation.
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CID and IR-MPD experiments exhibit the same main fragmentation channel, the loss of HCI. CID
results in an additional loss of H, for 1 which cannot be observed within IR-MPD although
asymmetric CH stretching modes could forward H, losses. IVR processes are fast compared to the
subsequent absorption of multiple photons and energy cannot be stored locally which would be

needed for an IR-MPD elimination of H, from 1°*.

VIII-4.2.3: Conclusions

We achieved an enhancement of the most intense band by 2-color IR-MPD. Furthermore, the 2-
color pump/probe scheme gave rise to an additional band which could not be detected in a one color
scan of 1°. The increase of a third band is of special interest because of two points. First, the
irradiation with the probe laser at a frequency, which does not lead to a fragmentation, is capable to
support the appearance of a new band. Second, the excitation of the symmetric NH stretch does not
support the appearance of the symmetric NH,. This either results from too low laser power at the
frequency of the symmetric NH, stretch as a weak absorbing mode or from an ineffective coupling
of energy into the torsional mode of the pyrimidine ring which corresponds to the dark bands of

symmetric CH stretching modes.
VIII-4.3: Gas phase reactions of [(n°®-cymene)RuCl(apypm)]* catalysts

VIII-4.3.1: Experimental results

ESI-MS provided cations of M* (M=1-3). We used a collision cell (integrated in the ion transfer
path to the ICR cell) in order to fragment a fraction of the precursor molecules M* leading to
activated M*(-HCl) complexes (loss of H>*Cl, Am=36; loss of H¥Cl, Am=38 m/z) in the
corresponding mass spectra (cf. Fig. 13, 21 and 24, top). We performed gas phase reactions of the
cationic complexes M" and their catalytical active complexes M*(-HCI) with collision gases D, (cf.
Fig. 13, 21 and 24), D,O (cf. Fig. 14, 22 and 25) and CH3;0H (no reaction observed) under single
collision conditions (pressure in the range of 1 to 5 x 10 mbar) in order to study their gas phase
reaction behavior. We varied reaction delays from O to at least 240 s in varying steps in order to
derive relative partial rate constants from a pseudo first order kinetic fit of relative intensities of the

parent ions and their reaction products (cf. Fig. 15, 23, 26 and Table 5).
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The mass spectrum detected after 240 s delay for the reaction of D, (p = 5 x 10 mbar) with the
activated species 2°(-HCI) exhibits an overlay of an additional isotopic pattern (shift of +4 m/z)
which corresponds to the addition of a D, molecule (cf. Fig 13, bottom). The non activated complex
2" undergoes no reaction during the same reaction delay. We used D, instead of H, because a mass
shift of +4 m/z (caused by addition of one D, molecule) is easier to distinguish from the parent

species than a shift of +2 m/z (H>) within the broad isotopic pattern of the parent species.
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We carried out gas phase reactions with D,O in order to check if water can be bound to the cationic
catalysts M" and/or their activated species M*(-HCI). Furthermore, it is known that D,O is capable
to exchange acidic protons like those of the amino-group of 1*. Gas phase reactions with D,O (1 x
10® mbar) led to the appearance of a mass of shift of Am = +17 m/z with respect to the activated
precursor ions M*(-HCI) while M undergoes no reaction with D,O (cf. Fig. 14, 22 and 25). A H/D
exchange reaction with D,O can neither be observed for catalyst 1" nor for the activated species 17(-

HCI).
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Figure 15: Normalized reactant (437 m/z isotope (®)) and product (441 m/z isotope
(®)) intensities in the reactions of catalyst 2*(-HCI) with D, (p = 5 x 10° mbar, T = 298
K) (a). Normalized reactant (437 m/z isotope (®)) and product (454 m/z isotope (®))
intensities in the reactions of catalyst 2*(-HCI) with D-O (p = 1 x 10° mbar) (b). The
temporal evolution of the experimental data points (symbols) is fitted to pseudo first
order kinetics (solid lines) which provides for relative partial rate constants. Fits
correlate to single D, addition reactions (a) and to reactions leading to an addition of
D>O under subsequent loss of HD (b) per single collision. Fits arise through
application of generic algorithm code. (cf. Table 5 for numerical data)

Table 6: Relative partial rate constants k and
standard deviations (x 107?, arb. units) by single D,
addition per collision of M*-(-HCl) (X=1-3) with D,
(p= 5 x 10° mbar) in the gas phase as obtained from
fitting experimental data (k(D,)) and by addition of
DO under subsequent loss of HD per collision of 1*-
3* with D,O (p= 1 x 10 mbar) (k(D-0)) (cf. Fig. 15,

23 and 26).

catalytical active complex k(D,) k(D,O)
1*(-HCI) 22+0.3 0.30+0.01
2°(-HCl) 1.2+0.2 0.11+0.01
3"(-HC)) 25+0.2 0.10+0.01

Relative partial rate constants for the reaction of 1°(-HCI) and 3*(-HCI) with D, are comparable
while those for 2°(-HCI) are approximately two times lower (cf. Table 6). 1°(-HCI) undergoes the
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fastest reaction with D,O. Relative partial rate constants for the reactions of 2°(-HCI) and 3*(-HCI)

with D,O approximately three times lower.

VIII-4.3.2: Discussion and conclusions

We used the peak intensities of correlating educt and product isotopes which can clearly be
separated within the shift of the overall isotopic pattern (cf. Fig. 13, bottom) for the pseudo first
order fit. Especially the peak at 437 m/z (for 2°(-HCI)) is neither influenced by minor isotopes
masses +4 m/z (due to D, addition) nor does it overlap with higher isotopes. Nevertheless we
calculated rate constants with different isotope pairs to estimate standard deviations (cf. Table 5).
The linear behavior (in a logarithmic plot) of the decrease of the catalytical active complex (cf. Fig.

15) confirms the assumption of a pseudo first order reaction process.

The temperature of the apparatus was approximatively 300 K. Collisions of the ions with remaining
gas molecules during the transfer to the ICR cell lead to a thermal equilibrium. We assume the same
temperature for the reaction gas due to a long equilibration time with the surrounding walls of the
vacuum chamber. Due to the weak binding energy of D, we do not assume a physisorption under
this reaction conditions. The addition of D, to the catalytical active complex can be assigned to a
disproportional split of the dihydrogen bond leading to a cationic D" and an anionic D". We assume
here the protonation of the 6C position of the pyrimidine ring and an nucleophilic addition of a
deuterium anion to the ruthenium atom. This can be considered as the reverse reaction of the HCl
loss, where D, takes the place of the former H and Cl atoms. The proof of the conformation of the

proposed products of the D, addition would be carried out by IR-MPD spectroscopy.

In a simple addition of D,O a mass shift of +20 m/z would be expected. A shift of +17 m/z can be
explained by the addition of OD and the simultaneous loss of HD. Interestingly D,O showed neither
with the non activated nor the activated cation of 1°(-HCI) a H/D exchange with the two amino
protons (cf. Fig. 22). We can rule out the possibility of an OD insertion and a simultaneous loss of
DCI in the sense of a collisional activation. This mechanism would lead to a mass loss of -19 m/z
(most abundant masses) starting from the non-activated species which is +2 m/z higher in mass than

the observed species.
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VIII-5: DFT based modeling of the reaction of [(n*-cymene)RuCl(apypm)]
catalysts with D, and D,O

We used a DFT based modeling of the reaction of activated [(n°-cymene)RuCl(apypm)]" catalysts
M*(-HCI) (M=1-3) with D, in order to relate partial rate constants derived from experiments to rate
constants according to the Arrhenius equation and to transition state theory. A DFT based modeling
of the HCI loss from [(n°-cymene)RuCl(apypm)]* served as a starting point for exploration of local

minima and transition states within the reaction coordinate of the D, addition to M*(-HCI) [1].

VIII-5.1: Results from DFT calculations for the reaction of M*(-HCI) with D,

We derived local minimum and transition state structures and corresponding relative energies and
(free) enthalpies of the D, addition to the catalytical active complexes M*(-HCI) (M=1-3) from
DFT calculations at the B3LYP/cc-pVTZ (H, D, C, N) and Stuttgart 1997 ECP (Ru) level of theory
(cf. Fig. 16, 27 and 28).
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D, approaches the conformation A of 2*(-HCIl) which corresponds to the energetic minimum
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structure of the catalytical active complex. The molecules have to pass a barrier of +36 kJ/mol
(transition state TS A/B) which arises from the change in the angle between the ring planes.
Structure B is +4 kJ/mol less stable in free enthalpy than the separated molecules and exhibits an

increase of the D(1)-D(2) bond length (cf. Fig. 17) and also a slight increase of the Ru-C distance.

DFT energies give a local minimum B and a corresponding transition state TS B/C. The split of D»
takes place at TS B/C where the distances of D(1)-D(2), D(1)-Ru and D(2)-C reach the same value.
This transition state is +11 kJ/mol higher in free enthalpy than B (cf. Table 6). The shortening of the
C-D bond and a change of the dihedral angle in the apypm ligand (cf. Fig. 17, step C) lead to
structure C which is -16 kJ/mol more stable in free enthalpy than structure B. The rotation of the
pyrimidine ring is hindered by a high transition state TS C/D of +40 kJ/mol in respect to C. TS C/D
is + 4 kJ/mol higher in free enthalpy than the TS A/B, while it is -4 kJ/mol lower in thermal energy.
The product D is -60 kJ/mol more stable in free enthalpy than the separated molecules. DFT derived

free enthalpies of the reaction of complexes M*(-HCl) (M = 1, 2, 3) with D, are summarized in

Table 7.

Table 6: DFT derived relative energies and free enthalpies for reaction steps during the D,

insertion at 2°(-HCI) at the B3LYP/cc-pVTZ (H, D, C, N) and Stuttgart 1997 ECP (Ru) level of
theory (cf. Fig. 16).

DFT energy/ Zero-point energy/ Thermal energy/ Free enthalpy /

reaction step

kJ/mol kJ/mol kJ/mol kJ/mol
A 0 0 0 0
TS A/B 10 14 13 36
B -36 -23 -28 4
TS B/C -22 -12 -18 15
C -60 -43 -48 -16
TS C/D 0 15 9 40

D -114 -93 -100 -60
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Figure 17: Selection of DFT (B3LYP/cc-pVDZ (H, D, C, N) and Stuttgart 1997 ECP
(Ru) level of theory) derived atom distances (top) and dihedral angle (bottom) defined
by N-C-C-C (red lines within the insets) during D, insertion at the catalytical active
complex of 2°(-HCI). D(1) corresponds to the deuterium anion which is added to the Ru

atom, D(2) to the deuterium cation added to the pyrimidine ring C6 atom (bound to Ru
in step A).

Table 7: DFT derived free enthalpies (kJ/mol; 298.15 K) for
reaction steps during the D, insertion at M*(-HCI) (M=1-3) at
the B3LYP/cc-pVTZ level of theory (cf. Fig. 16, 27 and 28).

reaction step 1°(-HCl) 2°(-HC)) 3"(-HCl)

A 0 0 0
TS A/B 18 36 27

B -18 4 -7
TS B/C -13 15 6

C -30 -16 -28
TS C/D 22 40 32

D -118 -60 -71
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We estimated relative rate constants for the reaction of complexes M*(-HCI) with D, in order to
compare the DFT derived free enthalpies to experimental data (cf. Table 6, 7 and 8 and page 188 for
formular). We assume constant pre-exponential coefficients and RT conditions for the calculations.
We used free enthalpies of the highest transition state in the reaction coordinate of the D, insertion

as free enthalpies of activation.

Table 8: Rate constants due to transition state theory (TST)
estimated by DFT derived free enthalpies (kJ/mol; 298.15 K)
for the highest transition states TS C/D during the D, insertion
at M*(-HCl) (M=1-3) (cf. Table 7). Cf. Table 6 for relative
partial rate constants derived from pseudo first order kinetic fits
of experimental data.

rate constant 1°(-HCl) 2'(-HCl) 3'(-HCl)
kA-TS /D 6 x 104 5x 107 2 X ].05

27(-HCl) exhibits the highest transition state for the reaction with D, in DFT derived free enthalpy
within the reactions of M*(-HCI) with D, and therefore the lowest rate constant within the transition

state theory model (cf. Table 8). 1°(-HCI) yields the highest rate constant, followed by 3*(-HCI).

VIII-5.2: Results from DFT calculations for the reaction of 2°(-HCI) with D,O

We derived several possible structures from DFT calculations, taking the OD insertion and
subsequent loss of HD to 2*(-HCI) into account (cf. Fig. 18). None of the calculated structures is
lower in energy than the separated molecules. Therefore we can not propose a suitable explanation

of the observed reaction behavior.
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VIII-5.3: Relation of experimental results from gas phase reactions with data derived from

DFT modeling

DFT based modeling of the reaction of [(n°-cymene)RuCl(apypm)]* catalysts with D, exhibits three
transition states for the nucleophilic addition of anionic D™ to the ruthenium atom and the
electrophilic addition of D" to the C6 atom of the pyrimidine ring (cf. Fig. 16, 27 and 28 and Table
7 for numerical values). The transition state TS B/C for the split of the di-deuterium molecule is
lower in free enthalpy than the transition state TS A/B for the approach of D, to the ruthenium atom
and also lower than the transition state TS B/C for the rotation of the pyrimidine ring to yield the
reaction product D. The latter both can therefore be considered as the rate determining steps of the

reaction.

Relative rate constants derived from pseudo first order kinetic fits of experimental data for the
addition of D, at complexes 1°(-HCI) and 3*(-HCI) are similar while the one of 2°(-HCI) is two
times lower (cf. Table 6). Rate constants calculated due to transition state theory (TST) differ in
several orders of magnitude under the assumption of constant pre-exponential factors (cf. Table 8).
Nevertheless, the TST derived rate constant of the D, addition to 2*(-HCI) is significantly lower
than the ones of 1°(-HCI) and 3*(-HCI) and can be compared qualitative to the experimental data.
Assuming the insertion of D, to the ruthenium complexes as a reversed HCI elimination process, it
is striking that 1°(-HCI) and 3"(-HCI) show comparable reaction rates for the addition of D, while
the DFT derived free enthalpies of activation for the elimination of HCI differ about 42 kJ/mol (cf.
Table 3). Within the D, addition reaction two enthalpic comparable transition states have to be
passed, an early one (TS A/B) slightly lower in energy and a late one (TS C/D) slightly higher in
energy. Within the HCI elimination reaction (cf. Fig. 19, taken from [1]) the enthalpic barrier to
reach the first transition state is comparable to the yield of enthalpy during the last step of the D,
insertion (TS C/D - D) (cf. Fig. 16, 27 and 28 and Table 7), the rotation of the pyrimidine ring.
The second and third transition states are the rate determining steps of the HCI elimination and
clearly higher in enthalpy than TS1 (cf. Fig. 19). It can be assumed that the attraction of the

ruthenium atom to the dipolar HCl is stronger than the attraction to the nonpolar D, molecule.



Ru-catalysts for transfer hydrogenation 205

Figure 19: “Calculated geometries leading to the elimination of HCI from the cation
2h*; calculated enthalpies AAHf (kcal/mol) for the cations 2h* (red line) and 2a* (black
line)” (Fig. and caption taken from [1]). “2a*” equates to 1" and “2h*” to 2" within the
used nomenclature (cf. Table 4). Conversion factor from kcal/mol to kJ/mol: 4.12

In the reaction with D,0, 2°(-HCI) and 3"(-HCl) exhibit the same reaction rate while 1°(-HCI)
reacts three times faster. Due to varying pressures and gases with different ionization potentials
(significant for pressure measurement) we cannot carry out a quantitative comparison between the
rate constants for the reactions with D, and D,O. We can not propose a mechanism for the
simultaneous OD addition and HD loss only from gas phase reactions. Useful information could be

achieved by IR-MPD spectroscopy of the reaction products which are yet not available.

We added the observed gas phase reactions to the proposed reaction scheme (cf. Fig. 1) in order to

combine reaction models derived from reactions in solution and in the gas phase (cf. Fig. 20).
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VIII-7: Conclusions

We studied several ruthenium catalysts for transfer hydrogenation reactions with a multitude of
methods in order to elucidate the activation process, its gas-phase structure and its reaction
behavior. CID measurements on isotopic labeled species led to the following conclusion about the
activation process of the catalyst: a nitrogen-ruthenium bond is broken, the pyrimidine ring of the
substituted 2-R-4-(2-pyridinyl)pyrimidine ligand rotates about 160° and a carbon-ruthenium bond is

formed under subsequent loss of a HCI (or DCI) molecule.

A systematic variation of CID fragmentation amplitudes led to a phenomenological order of
activation energies for catalysts with three differently substituted apypm ligands[1]. The mass
spectrometers CID amplitude was calibrated with a set of “thermometer ions”. CID breakdown
curves were used for determination of E**,, values of the three catalysts under study. Finally,
activation energies were estimated by means of the calibration. The resulting activation energies
showed a qualitative correlation to DFT derived activation energies. These results are part of a
manuscript which was submitted to Chemistry — A European Journal and is currently in the review

process [1].

Further studies on this series of transition metal complexes included CID on ligand exchanged
species, 1- and 2-color IR-MPD spectroscopy, gas phase reactions with D, and DFT based modeling
of the reaction coordinate of the D, insertion. The exchange of the anionic chlorido ligand in
solution led to three complexes with different fragmentation thresholds. CID derived activation

amplitudes correspond well to the order predicted by the hard/soft acids/bases (HSAB) concept.

1-color IR-MPD experiments on two complexes showed only a few bands. Resonant 2-color IR-
MPD increased the overall fragmentation efficiency and uncovered several dark bands. DFT
derived IR absorption spectra correlate well to IR-MPD spectra while some bands are still not

observable.

Gas phase reactions with D, showed an increase of the mass of the activated complex of +4 m/z.
This was interpreted in terms of an incorporation of a D, molecule under heterolytic cleavage of the
D, molecule and can be compared to a back reaction of the activation. The reaction coordinate of
the D, incorporation was modeled with DFT at the B3LYP/cc-pVTZ level of theory and different

activation energies were derived dependent on the substituent. Reactions of three differently



208 Chapter VIII

substituted complexes with D, resulted in different relative partial rate constants. The comparison
to rate constants derived from transition state theory showed a qualitative but not quantitative
correlation to the experimental results. This study contributes to our ongoing work on the
assignment and isolation of reaction intermediates in the gas phase. Studies on the dynamics of the
activation process are on the way as well as an estimation of rate constants for the D, insertion

using RRKM theory.
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Figure 23: Normalized reactant (407 m/z isotope (®)) and product (411 m/z isotope (®))
intensities in the reactions of catalyst 1*(-HCI) with D, (p = 5 x 10° mbar, T = 298 K)
(a). Normalized reactant (405 m/z isotope (®)) and product (422 m/z isotope (®))
intensities in the reactions of catalyst 1*(-HCI) with D-O (p = 1 x 10° mbar) (b). The
temporal evolution of the experimental data points (symbols) is fitted to pseudo first
order kinetics (solid lines) which provides for relative partial rate constants. Fits
correlate to single D, addition reactions (a) and to reactions leading to an addition of
D>O under subsequent loss of HD (b) per single collision. Fits arise through
application of generic algorithm code. (cf. Table 5 for numerical data)
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Figure 26: Normalized reactant (461 m/z isotope (®)) and product (465 m/z isotope
(®)) intensities in the reactions of catalyst 3*(-HCI) with D> (p = 5 x 10° mbar, T = 298
K) (a). Normalized reactant (437 m/z isotope (®)) and product (454 m/z isotope (®))
intensities in the reactions of catalyst 3*(-HCI) with D-O (p = 1 x 10° mbar) (b). The
temporal evolution of the experimental data points (symbols) is fitted to pseudo first
order kinetics (solid lines) which provides for relative partial rate constants. Fits
correlate to single D, addition reactions (a) and to reactions leading to an addition of
DO under subsequent loss of HD (b) per single collision. Fits arise through
application of generic algorithm code. (cf. Table 5 for numerical data)
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Chapter IX: The [(*CpCo):(p-C:Ph,)] complex
and its oxidation behavior
studied with ESI-MS, IR-MPD and TD-DFT -

vibrational excitation of electronic excited states

Keywords:
Cobalt, Diphenylethine, “Cp, 'O isotope labeling, Oxidation, Mass Spectrometry, CID, IR-MPD,
DFT & TD-DFT

IX Preamble

The synthesis of the [(*CpCo).(u-C2Ph,)] complex was done by Julia Becker. All ESI-MS
measurements on this complex and the assignment of most ionic species were done by me. A part of
the results from ESI-MS experiments is published in the diploma thesis of J. Becker. J. Schommer
studied (additional) reactions of the complex in solution and did further ESI-MS experiments under

my supervision. These results are published as a student research project thesis.

This chapter reports on own ESI-MS and IR-MPD experiments and on ab initio calculations. This
chapter is written by me and formatted as to become a manuscript for publication. It is not

submitted yet.

IX-1: Abstract

The complex [(*CpCo)z(p-C2Phy)] forms various cations [(“*CpCo)(p-C2Ph)X]" (X=H, CH5CN, O,
Cl) by electrospray ionization (ESI-MS). '®O isotope labeling experiments verify the capability of
the complex to bind O* out of solvent water. Infrared multiple-photon dissociation (IR-MPD)
spectroscopy in the near IR exhibits either metal-to-ligand charge-transfer (MLCT) bands or
vibrational excited states, depending on the oxidation state. A systematic screening of functionals
and basis sets suggests the use of B3LYP and B97D functionals in conjunction with cc-pVDZ and
Stuttgart 1997 ECP basis sets for further calculations, which identify high and low spin ground
states in four reaction adducts. IR-MPD spectra in the mid- and near-IR region of [(“CpCo)x(p-
C,Phy)]" and its reaction products are compared with calculated IR absorption spectra and electronic

transition spectra by TD-DFT.
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IX-2: Introduction

Cobalt complexes are of great scientific and technological interest, e.g. because of their ability to
split water in H, and O, [1]. Cobalt is more abundant and cheaper than commonly used metals as
e.g. platinum. Several complexes are yet developed which are capable to act as photocatalytic H»-
evolving systems by using sunlight as an energy source. Those cobalt based H,-evolving catalysts

have the need for an effective electronic coupling to a photosensitizer [2].

Properties of metal clusters usually depend on their size, on their geometry and on their oxidation
state. Redox reaction involves valence electrons and it can be expected that electronic near-IR
spectra depend sensitively on the oxidation state changes. Charged cobalt clusters and their reaction
adducts with alcohols in the gas phase have been intensively studied by (multiple-)photon
dissociation spectroscopy in the mid and near-IR region (IR-(M)PD) [3-5]. Results from time-
dependent density functional theory (TD-DFT) were compared to IR-PD spectra of Co,"(CH;OH);
(n = 1-3) in the region of 2800 to 6800 cm™ [5]. The HOMO-LUMO gap was found to change with
cluster size and with the binding sites of the methanol. Also for small cationic cobalt and vanadium
clusters electronic transitions in the near-IR region have been found [6, 7]. Those broad absorptions

have been assigned by TD-DFT to 3d electronic transitions [6, 8].

Cobaltocene [Cp.Co] was synthesized by Fischer et al. in 1953 [9] which was followed by the
synthesis of a huge variety of cobaltocene derivatives. Koelle et al. showed in the early 80ies that
halogen bridged Co-dimers of the type [Cp*CoX], are accessible in good yields by salt metathesis
[10]. [(CO)sCos(u-C2Phy)] was the first complex with only one organic molecule as a bridge
between two metal ions [11]. The sp® carbon atoms of the p, acetylide bridge coordinate in a
tetrahedric environment. Eaton et al. synthesized such a cobalt-dimer complex 1 with two anionic
Cp ligands and silyl substituents at the C, ligand [12] (cf. Fig. 1). X-ray diffraction studies found

this complex to reveal the shortest metal-metal bond at that time.
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The use of DFT is nowadays the state of the art for a huge variety of applications. Several
publications report on the advantages and disadvantages of DFT functionals for the appropriate

calculation of e.g. bond lengths and relative energies [13-15].

In the course of her diploma thesis work J. Becker, member in the research team of Prof. H.
Sitzmann, synthesized complexes [(*CpCo)(p-C.Phy)] (2) (cf. Fig. 2, “Cp = tetraisopropyl-
cyclopentadiene) - dark red, almost black, crystals. This complex exhibits a formal double Co'-Co'
bond, stabilized by two terminal *Cp™ and a bridging C,Ph, ligand. Our ESI-MS studies confirmed
redox activity of 2. It yields adducts by simple addition of ions and chelating molecules from
solution, and it is capable to electrolyze water. This manifests in a color change in solution. We
utilized a combination of ESI-MS, mid- and near-IR spectroscopy and TD-DFT calculations to

characterize 2, its reaction products, and its electronic properties.
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IX-3: Methods

IX-3.1: ESI-MS and CID

Electrospray ionization mass spectrometry (ESI-MS) was performed with an ion trap instrument
(Bruker amaZonSL). The ion source yields cations in positive electrospray ionization mode. Scan
speed was 32500 m/z / s in normal resolution scan mode (0.3 FWHM / m/z), scan range was at least
70 to 1000 m/z. Sample solutions in tetrahydrofuran (THF) at concentrations of appr. 1 x 10 M
were continuously infused into the ESI chamber at a flow rate of 2 pL/min using a syringe pump.
We use nitrogen as drying gas at a flow rate of 3.0 L/min at 220 °C and spray the solutions at a
nebulizer pressure of 4 psi with the electrospray needle held at 4.5 kV. We held transfer parameters
to the Paul trap of the mass spectrometer constant and used Helium as a buffer gas with a partial
pressure of about 3 x 10 mbar inside the ion trap. BrukerTrapControl 7.0 software controlled the

instrument and we performed data analysis using Bruker Data Analysis 4.0 software.

IX-3.2: IR-MPD

IR-MPD measurements were performed with the ion trap mass spectrometer (cf. ESI-MS part) after
its modification. A KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision) system
pumped with a Q-switched 10 Hz injection seeded Nd*": YAG lasers (PL8000, Continuum) provided
for tunable IR radiation (v = 0.9 cm™, 8t = 7 ns) in order to record vibrational spectra via the multi-
photon dissociation scheme. We used alternatively the OPA idler or signal wave (<10 mJ/pulse) of
the system to scan spectra within 2800 - 3600 cm™, 3700 — 7400 cm™ respectively. Each trapped and
m/z isolated ion package was irradiated by 2 laser pulses in order to produce sufficient fragment
ions. IR spectra were recorded using Bruker chromatogram software for extracting the intensity of
parent and fragment ions (three point averaging directly by BrukerTrapControl software). IR-MPD

signal was evaluated corresponding to formula 1 (fr = fragment, p = parent)

Z Iifr

fr
1= i

tot_m (1)

Origin Plot Software served to apply a five point adjacent averaging for smoothing. IR frequency
was calibrated by a wave meter (821B-NIR, Bristol instruments). Laser power curve was recorded
in parallel to the IR-MPD spectra through digitizing the analog output of the laser power meter by

an ample ADC input of the amaZonSL mass spectrometer electronics.
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Relative photon fluxes (rpf) were estimated by normalization of recorded laser power at various

amplification levels to the lowest amplification level and adjacent averaging of the derived values.

IX-3.3: Theoretical methods

DFT [16-19] calculations were performed at various levels of theory (BLYP, B3LYP, B3PB86,
BPW91 [20-23], PBE1PBE [24, 25] and B97D [26]) with cc-pVDZ (C, H, N, O, Si, Cl), cc-pVTZ
[27, 28] respectively, Stuttgart RSC 1997 ECP [29] and cc-pVTZ-NR (Co) [30] basis sets using the
Gaussian 03 and 09 packages [31, 32]. Additional MP2 calculations were performed employing the
same basis. Standard convergence criteria for energy optimization were applied. The crystal
structure of 1 was chosen as starting conformation [12]. The optimized structure of complex 1 was
used as initial geometry for geometry optimization of complex 2 with various multiplicities and
adducts with some alternations: Si(CHs) groups were substituted by phenyl rings, four protons of
the cyclopentadienyl-ligands were exchanged with isopropyl groups. The optimized structures were
checked for minima by 2™ derivative (frequency) calculations. Most of the depicted and discussed
structures exhibited no imaginary eigenvalues, some of them, especially for high multiplicities

exhibit some of those.

Electronic excitation energies and oscillator strengths were determined by TD-DFT [33-39]
methods using the B3LYP/cc-pVDZ and Stuttgart RSC 1997 ECP level of theory, B97D
respectively, as implemented in the Gaussian 03 and 09 packages. Excitation energies were checked
for negative values indicating an electronic transition from an electronic excited state to an
energetically lower state. TD-DFT calculations exhibiting such negative transitions are not used for

comparison with IR-MPD derived spectra.

We used the extensible computational chemistry environment (Pacific Northwest National
Laboratory, Richland, Washington (ECCE) [40]) in order to build structures, to execute calculations
and to parse them for DFT energies, vibrational frequencies and IR intensities. The use of the
Gaussian 09 package and of TD-DFT calculations is not implemented in ECCE yet, results from

those calculations were parsed with homemade scripts.
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IX-4: Results of ESI-MS and IR-MPD on complex 2 and its reaction products

IX-4.1: ESI-MS

The positive ESI mass spectrum of a solution of 2 exhibits an intense peak at 525.6 m/z and at
762.6 m/z the monomeric cation of 2* (cf. Fig. 3). 2" corresponds to an oxidation product of 2 under
ESI-MS conditions with a formal triple charge [Co.]*" unit. Subsequent collision induced
dissociation (CID) of 2* via a MS? experiment reveals the loss of C,Ph, and of H,. Isolation of 580.4
m/z and CID in an MS? experiment reveals various fragment ions which can partly be assigned by
the combination of losses of various likely molecules, such as CH4, C;Hs, C;Hs and Cs;Hs, supported

by isotopic simulations of assumed fragment ion compositions.

7626
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7624 (b)

580.4 (c)

5384 7

A4

580.3 (d)

534.3 (e)

(f)



The [(*CpCo),(pu-C>Phy)] complex and its oxidation behavior 227

The mass spectrum of complex 2 after addition of 0.5 Vol.% H,"°O or H,'O to a solution of
complex 2 in THF exhibits an intense peak of cationic 2" as a main species (cf. Fig. 4). Additionally
a peak at 778.3 m/z or 780.3 m/z occurs in the mass spectrum which is assigned to the addition of
either '*0* or '®0O” to the Co, unit in order to form [2,°0]" or [2,'®0]". Cationic [2,*0]" corresponds
to an oxidation product of complex 2 by elimination of H, under ESI-MS conditions and reveals a
formal oxidation state of the [Co,] unit of +5. Under otherwise identical reaction conditions the
admixture of H,"°O leads to a shifted peak at 778.3 m/z, Am=-2 m/z compared to the H,"°O

experiment.

5254

602.3 (C)

600.3

580.3 (e) H
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CID of [2,"®0]" leads to dominant loss of C,Ph, to form [2,*0,(-C.Ph,)]*. Subsequent CID of
fragment [2,*0,(-C.Phy)]* (MS®) exhibits several neutral losses which are assigned to

combinational losses of molecules like CH., C,H4, C,Hg and CsHe.

ESI-MS of a solution of complex 2 in dry THF (cf. Fig. 19) yields 797.4 m/z, assigned to a [2,CI]
complex. This corresponds to an oxidation product of complex 2 with a formal +4 charge of the
[Co,] unit. The addition of acetonitrile to a solution of complex 2 in dry THF leads to ESI spectra
with a bundle of isotopic peaks centered at 804.3 m/z (cf. Fig. 20 and 21). We assign these to
[2,CH;CN]* and [2,H,CH;CN]". Cationic [2,CH3CN]" corresponds to an oxidation product of
complex 2 with a formal +3 charge of the [Co,] unit. In [2,H,CH;CN]" the formal +2 charge of the

[Co>] unit is the same as in 2*.

Sum formulas of observed cations of 2 and its reaction products observed under ESI-MS conditions,
formal charge states of the [Co.] unit, parent and main fragment masses and a selection of assigned

neutral losses are summarized in Table 1.

Tablel: Masses® of cationic species of 2 observed in ESI-MS spectra, abbreviations used in text”,
corresponding sum formulas, formal charge states of the [Co,] unit, selected main MS* fragment
masses® and corresponding neutral fragments.

formal main ionic

mass / assignment formula [Co:] fragments / corresponding neutral
m/z fragments
charge m/z
762.3 2" C0,C4sHes" +3 580.4 C.Ph,,n H;
763.3 [2,H]+ C02C43H69+ +2 582.4 Czth , 11 Hz
778.3 [2,1601+ C02C43H6316()+ +5 600.3 Czth
780.3 [2,*01" C0,C4sHes'®O" +5 602.3 C,Ph,
. . 619.2 C,Ph;,
797.3 [Z,Cl] C02C48H68C1 4 470.2 Czth, C2H4, C3H6, n Hz, HCI
R N 762.2 CHs;CN
803.3 [2,CH;CN]* Co0,CiHes(CHsCN)"  +3 568.0 4Cp3’ i,
N N 762.2 CHs;CN
804.3 [2,H,CH;CN]" C0,C4sHeo(CH3CN)™  +2 5682 4Cp3, H,

 All masses are due to the most abundant mass peak and confirmed by isotopic composition.
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IX-4.2: IR-MPD spectra

Figure 5: IR-MPD spectra of 2%, [2,CII*, [2,'°O]' and [2,CH;CN]*, recorded by
variation of photon fluxes. Same colors represent equal relative photon fluxes (rpf):
orange — rpf = 0.8, green — rpf = 1, violett — rpf = 1.26, blue — rpf = 2

There are up to three bands in the IR-MPD spectra of 2850 to 3050 cm™ of cationic 2* and of its
reaction products (cf. Fig. 5). The spectra of all four species exhibit two main bands at 2980 cm™
and 2945 cm™, the intensity of the latter band varies. Cations [2,CI]* and [2,'°0]" fragment easier
than 2* and [2,H,CH;CN]". The latter one exhibits a very low fragmentation efficiency for both
bands. High photon flux, which leads to a saturation of the 2980 cm™ band (blue line) gives rise to a

weak third band at 2880 cm™ in [2,'°0]".
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Fragmentation via IR-MPD not only yields in the most abundant CID fragmentation channels (loss
of C,Phy). It also leads to a couple of fragments are assigned to the loss of isopropyl groups from
the “Cp rings (cf. Fig. 6 and Table 1). The contribution of multiple neutral loss channels to the
overall fragment ion intensity varies with the photon flux and the IR strength of the vibrational
modes of the [2,"®0]" ions. Note, that CID causes complete parent depletion while IR-MPD does

not. This points to incomplete/partial illumination by the IR laser of the trapped ion cloud.
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Figure 7: IR-MPD spectra of [2,"®0]". Dashed lines exhibit the contribution of C.Ph,
(602 — 604 m/z) and n H> (596 — 600 m/z, n=1-3) losses and of multiple fragments from
“Cp (320 — 580 m/z) to the otherall fragmentation efficiency.

We studied the relative contribution of partial fragments to the overall fragmentation efficiency in
the case of the most fragile complex [2,'"®0]*. This is meant to investigate the energy dissipation
within the complex towards the fragmentation channels (cf. Fig. 7). The loss of C,Ph, is the
dominant channel for the band at 2945 cm™. As soon as the overall fragmentation efficiency
exceeds 40% within the 2978 cm™ band the contribution of additional losses of H, molecules and
higher fragments from the *Cp ligands rises. 50% of the overall fragmentation efficiency in the
center of the 2978 cm™ band arises from the contribution of masses between 320 and 600 m/z. The
relative contribution of the loss of C,Ph, stays at approximately 40% in the center region of the

2978 cm™ band. The band at 2945 cm™ arises almost only from C,Ph, loss.
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Figure 8: IR-MPD spectra of 2* (solid lines, all ionic fragments) and likely
contributions of [2,(-C.Ph,-H;)]" fragments (dashed lines) recorded by variation of
relative photon fluxes (rpf). At high photon flux, the fragment seems to decay further by
additional photon absorption (cf. dip in black dashed curve).

Variation of photon flux during the IR-MPD of 2" in the region from 2900 to 3100 cm™ exhibits an
increase of the fragmentation efficiency until the band at 2980 cm™ is saturated (cf. Fig. 8). The
combined loss of C,Ph, and H> (dashed lines) is not directly proportional to the photon flux while it
exhibits the same trend for low fluxes. High photon flux reduces the contribution of C,Ph, and H,

losses to the overall frag. eff. (black dashed line).



The [(*CpCo),(pu-C>Phy)] complex and its oxidation behavior 233

Figure 9: IR-MPD spectra of [2,"®0]" and its main fragment [2,0,(-C:Phy)]*, recorded
with different photon fluxes.

We measured IR-MPD spectra of complex [2,'*0]" and of its fragment [2,'*0,(-C,Ph;)]" in order to
compare the contribution of both species to the overall bands within the spectra of [2,'*0O]" (cf. Fig.
9). The spectrum of the main fragment of [2,*0,(-C.Ph;)]* after the loss of C,Ph, exhibits a similar
shape of the band in the region from 2960 to 3000 cm™. In the region above 3000 cm™ an additional
broad band appears while the band at 2945 cm™ in the parent spectrum is flatten and broaden.
Comparable photon fluxes enhance the overall fragmentation efficiency of the [2,*0,(-C.Phy)]*

cation with respect to the one of [2,"*0]".
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Figure 10: IR-MPD spectra of 2%, [2,CI]", [2,°0]" and [2,H,CH;CN]"* recorded with
various photon fluxes. Formal charge state of the [Co-] unit is emphasized. Color of
lines is arbitrarily chosen, multiple assigned regions are measured with various photon
fluxes.

Spectra in the mid- to near-IR region (2800 to 7500 cm™) of 2* and of its adducts exhibit several
bands (cf. Fig. 10). 2* and [2,H,CH;CN]* exhibit a sharp band at 6750 cm™ the latter one an
additional inhomogeneously broad band at 7000 to 7300 cm™. Furthermore [2,H,CH3;CN]"* exhibits
a quite high fragmentation efficiency for the near-IR bands, while the mid-ID bands at 2800 to 3000
cm™ are relatively weak. [2,Cl]* exhibits broad bands at 7000 to 7300 cm”, much like
[2,H,CH;CN]". [2,"°0]" exhibits several broad bands in the range of 3000 to 7400 cm™.
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Figure 11: Near IR-MPD spectra of [2,"°0]" (top), laser intensities (middle) and power
normalized spectra (bottom). Variations in photon flux arise in part from experimental
complications, see text.

Intensities of these bands strongly depend on photon flux, which varies significantly (cf. Fig. 11,
mid). We normalized the fragmentation efficiency linearly by the photon flux. The normalized
fragmentation efficiency reveals more clear structured and largely reproducible spectra (cf. Fig. 11,
bottom). Two main bands emerge at 5000 to 6000 cm™ with a center at 5500 cm™ and at 6500 to
7400 cm™ with a maximum at 7390 cm™. Especially in the region from 5000 to 6000 cm™ linear

power scaling seems to fail.

Scan by scan variation are non negligible and have to find attention in the future. Further
complications arise from trace gas absorption lines because of unappropriately lacking purging

opportunities. These deficiencies need to be helped in the next future.

IX-4.3: Discussion

Some of the [2,®0]" ions (cf. Fig. 6 bottom) do not fragment at high photon fluxes. This can be
interpreted by the assumption that the ion cloud does not completely overlap with the focussed laser

beam. The beam of gaussian shape does not irradiate all ions equally. They absorb different



236 Chapter IX

amounts of photons. 40% of all fragmented [2,"®0]* molecules absorb by two laser pulses (200 ms
storage time in the Paul trap, 100 ms between two laser pulses) an amount of photons that suffices

to loose C,Ph, (cf. Fig. 7).

Effective IR-MPD implies fast internal vibrational redistribution (IVR) that enables the subsequent
absorption of multiple photons. The loss of C,Ph, from complex [2,'"®0]" seems to be favored. It
occurs more efficient and may be faster than the desintegration of the *Cp ligands (cf. Fig. 6, band
at 2945 cm™). It can be assumed that the loss of C,Ph; leads to a change in the distances and angles
of the [C0,0O] unit of the [2,'*0,(-C.Ph;)]" ion. Therefore the IR-MPD derived bands with
contributions of fragment channels other than the loss of C,Ph, may not reflect bands only derived
from [2,"®0]"*. Furthermore they also exhibit contributions of the [2,"*0,(-C,Ph,)]* fragment and of

other fragment ions (cf. Fig. 9).

In contrast to [2,"®0]", in 2* the loss of C,Ph; is not the prefered fragmentation channel (cf. Fig. 8).
This also shows in CID experiments where the loss of C,Ph, comes along with fragmentations of
the isopropyl groups of the ‘Cp ligands (cf. Fig. 3). These two fragmentation channels seem to be

energetically more or less equivalent.

The IR-MPD spectrum of the 602.3 m/z fragment helps vibrational assignment of [2,'*O]" (cf. Fig.
9). The first fragmentation process (loss of C,Ph,) heats up the molecule while the internal rotation
of the *Cp rings is no longer sterically hindered. Further energy input enables to split of H,, C;H,
and C,Hs. The recorded IR-MPD spectrum thus consists of a superposition of the spectral
contributions from the [2,"*0,(-C,Ph;)]" and further fragment ions. The loss of the C,Ph, moiety
results in a lower heat capacity of the molecule. Lower heat capacity and the energy stored in
rotational degrees of freedom enable a rise in fragmentation efficiency even within same photon
flux as in the spectra of [2,'*0]* (rpf = 1). The bands at 2980 cm™ and 2945 cm™ remain even after
the loss of the C,Ph, molecule. Therefore, it can be stated, that those to bands correspond to

aliphatic CH vibrational stretching modes of the “Cp ligands.

The sharp bands at 6750 cm™ for 2* and [2,H,CH3CN]* may correspond to metal-to-ligand charge-
transfer (MLCT) bands, while the broad bands for 2*, [2,°0]" and [2,H,CH;CN]* may correspond
to vibrations of excited electronic states (cf. Fig. 10). Note the correlation with the formal charges at

the [Co,] unit.
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The observed reaction products confirm that the [Co,] unit in complex 2 may obtain four charge
states (cf. Table 1). High charge states of the [Co,] unit lead to a favored loss of C,Ph,. Low
charge states enable contributions of fragments out of the *Cp’ ligands. The addition of X (X=H",
CH;CN, CI;, '“®*0*) to complex 2 changes IR-MPD fragmentation patterns. Variation of X binding
sites seem likely. The surprising stability of [2,H,CH3CN]+ withstands a definite interpretation. At
least two structures are conceivable (cf. Fig. 12). The reaction of CH;CN with cobalt-acetylene is

known to yield heteroaromatic species in solution [41].
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IX-5: Gauging the level of DFT theory by the help of model complex 1

We performed DFT calculations of complex 1 to gauge the level of theory. The crystal structure of
complex 1 was determined by X-ray analysis [12]. Complex 1 has less free/hindered rotors (such as
isopropyl groups at “Cp) than complex 2. Less steric hinderance and less dispersion interaction has
to be regarded (cf. Fig. 13), while the main binding motive at the [Co.] unit is the same. We applied
a variation of functionals and basis sets on complex 1, and we examined the influence of the

multiplicity on geometry and energetics.

IX-5.1: Results of calculations on complex 1

We choose three representative distances, d(Co-Co), d(Co-Cp) and d(Co-C;.prigge), for evaluation.
Those distances correlate directly to the electronic environment of the [Co.] unit, and they represent

the resulting structural changes.
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Figure 14: Selected atom distances in 1 (as of Fig. 13) as calculated by various
combinations of basis set (DZ = cc-pVDZ, TZ = cc-pVTZ (H, C, Si) and Stuttgart 1997
ECP (Co, not labelled) or TZ-NR = Stuttgart 1997 ECP and cc-pVTZ-NR (Co)) and
DFT functional (labeled), and multiplicity (M). For energetics refer to Table 2. Solid
lines indicate the distances within the bulk.

The results of the model calculations are depicted in Fig. 14. No combination of basis set and
functional predicts all three chosen distances as observed in the X-ray crystal structure. The B3LYP
functional with cc-pVDZ or cc-pVTZ (C, H, Si) and Stuttgart 1997 ECP (Co) basis sets matches the
d(Co-Co) and d(Co-*Cp) X-ray distances well, while it underestimates the d(Co-C,) X-ray distance
in low spin state (M=1). B3P86, B97D and PBE1PBE functionals combined with cc-pVDZ and
Stuttgart 1997 ECP basis sets exhibit a good agreement to the Co-‘Cp and Co-C, X-ray bond
distances, while the calculated Co-Co distance is in all cases predicted shorter than in the crystal
structure. Applying an additional non-relativistic cc-pVTZ-NR basis to the Stuttgart 1997 ECP for
the Cobalt atoms at the PBE1PBE level leads to a deviation in all distances. The use of triple zeta
basis sets does not increase the quality of the derived results significantly and is therefore not used
further. DFT calculations with M=3 and M=5 exhibit in all cases an elongation of the Co-Co bond

distance and and show no clear trend for the other both distances.
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Comparison of relative energies of the lowest three multiplicities exhibits two trends for the three
selected functionals (cf. Table 2). B3LYP and B3P86 estimate M=3 as the ground state while B97D
exhibits comparable values for M=1 and M=3. B3LYP and B3P86 exhibit the same trend in relative
energies.

Table 2: Relative energies in kJ/mol
for 1 in different multiplicities and by
various theory levels, all calculated
with cc-pVDZ (C, H, N, O, Cl) and
Stuttgart 1997 ECP (Co) basis sets.
Some low  lying imaginary
frequencies prevail in most cases.
They are attributed to conceptional
numerical limitations.

multiplicity B3LYP B3P86 B97D

1 71 64 0
3 0 0 5)
5 28 23 67

IX-5.2: DFT calculations of complex 2

We used B3LYP and B97D functionals for the calculation of different reaction products of 2 under
ESI-MS conditions as described before. We selected up to seven characteristic bond distances (cf.

Fig. 15).

Change in multiplicity has a strong influence to the length of the Co-Co bond, as well as to the Co-
C, distances within all molecules while the Co-*Cp(CH) and Co-X distances are only slightly
affected (cf. Fig. 15). The reaction of an oxygen atom with 2" leads to an asymmetric distortion of
the molecule which has a crucial influence to the Co-C, interaction in M=6" (cf. structures depicted
in Fig. 15). The reaction of a Cl" anion with complex 2" has a smaller influence on the Co-C,
(n=1,2) bond lengths while it is less strongly bound to the two Cobalt atoms than anionic O*. B97D

and B3LYP calculations exhibit same trends in all characteristic bond lengths.
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[2,CI]* M=3 2+ M=4

[2

2

CH))

All structures derived with B3LYP do not exhibit the lowest multiplicity as the ground state (cf.
Table 3), whereas DFT calculations with B97D exhibit mostly the lowest multiplicity as the ground

state, except for [2,'°0]".
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Table 3: Relative energies in kJ/mol for 2*, [2,"°0]", [2,CI]* and [2,H,CH;CN]" in different
multiplicities, as calculated at the B3LYP/cc-pVDZ (C, H, N, O, Cl) and Stuttgart 1997 ECP
(Co) level of theory, B97D respectively.

oo 2" [2,%0]" oo [2,Cl]" [2,H,CH;CN]*
multiplicity multiplicity
B3LYP B97D B3LYP BY97D B3LYP B97D B3LYP B97D
27 0 61 6 1 49 0 0
4 0 42 33 0 3 0 38 26
117 0 103 5 12 73
7 28 136

IX-5.3: Discussion

Packing effects in the crystal could lead to differences between the experimental atom distances
derived from X-ray analysis and DFT derived bond lengths. The appropriate description of the third

row transition metals varies strongly by the DFT functional [42].

DFT calculations at higher multiplicities exhibit in all cases an elongation of the d(Co-Co) atom
distance and most often also an elongation of the d(Co-Cp) bond length (cf. Fig. 14). It can be
assumed that highspin multiplicities M>1 would increase the overall volume of the molecule and
would not reflect the binding behavior within the unit cell of the crystal. We assume that the

structure derived by X-ray analysis of the crystal is in its electronic ground state.

The DFT functionals B3LYP and B3P86 exhibit the same trend in relative energies (cf. Table 2) for
various multiplicities and predict M=3 as the most stable spin state, whereas B97D predicts M=1 as
the most stable state. The use of the B97D functional leads to results that seem to agree better with
X-ray data in terms of the proposed M=1 ground state. Nevertheless, we use the DFT functionals
B97D as well as BBLYP combined with cc-pVDZ and Stuttgart 1997 ECP basis sets for further DFT
calculations in order to compare their influence to the prediction of bond lengths in minimum
structures of singly and multiply oxidized reaction products of 2* at various multiplicities (cf. Fig.
15).

There are large variations in the predicted [Co,] bond length of 2*, [2,CI]* and [2,"°O]" (cf. Fig. 15).
Cobalt-Cobalt distances derived from DFT at the B97D level of theory are in all cases shorter than
those derived at the B3LYP level, while there is no clear correlation between the chosen functional

and other bond lengths. Interestingly, both functionals predict more or less constant d('Co-X) and
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d(*Co-X) (X = Cl, O) atom distances for several multiplicities of [2,Cl]* and [2,'°0]" while the
d(*Co-*Co) distance strongly depends on the chosen conditions. We can not identify an appropriate
level of theory to describe the electronic structure of the [Co,] unit in complexes 1 and 2. Therefore,
we compare IR-MPD derived absorption bands to those predicted by DFT and TD-DFT at the
B97D and B3LYP level of theory.

IX-6: Comparison of IR-MPD spectra of 2° and of its reaction products with
DFT predictions

IX-6.1: IR-MPD spectra and DFT predicted IR absorption bands of complex 2* and of its

reaction products

We used DFT calculations at the B3LYP/cc-pVDZ (C, H, N, Cl) and Stuttgart 1997 ECP (Co) level
of theory, B97D respectively, in order to predict IR absorption spectra of 2* and of its reaction
products [2,CI]", [2,°O]" and [2,H,CH;CN]" (cf. Table 3). We estimated a scaling factor of 0.957
from the DFT predicted IR absorption spectrum of complex 2" at the B3LYP level of theory by
scaling the position of the asymmetric CH stretching modes to the experimental spectrum, and a
scaling factor of 0.9723 for spectra derived at the B97D level of theory, respectively (cf. Fig. 16 and

17 and Table 4 for numerical values).

DFT derived IR absorption bands at 2975 cm™ correspond to asymmetric stretching modes of
aliphatic CH groups of the “Cp™ ligands while these bands below 2850 cm™ correspond to the
symmetric stretching modes of the same groups. Stretching modes of aromatic CH groups occur as

a small band just above 3000 cm™ (cf. Table 4).
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Calculated IR spectra of 2*, [2,CI]*, [2,"°0O]" and [2,H,CH;CN]* at the B3LYP level of theory
exhibit an almost constant position of the most intense band at 2975 cm™ (cf. Fig. 16), whereas, the
most intense band within the IR spectra of [2,Cl]* and [2,'®O]" derived at the B97D level of theory
exhibit a shift to the red (cf. Fig. 17).
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It is evident, that the DFT predicted symmetric CH stretching modes do not agree with the
measured frequencies in the IR-MPD spectra. Only the IR-MPD spectrum of [2,*0O]" exhibits a
band at 2985 cm™ at the theoretical predicted position (cf. Fig. 16 ¢) and 17 c), blue lines). None of
the weak absorbing aromatic CH stretching modes of the C,Ph, ligand can clearly be assigned, a

weak band at 3072 cm™ can only be observed for complex [2,'°0]".
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Table 4: Assignment of experimental IR-MPD bands to calculated vibrational
modes at the B3LYP/cc-pVDZ level of theory (after scaling with 0.9570), B97D/cc-
pVDZ (after scaling with 0.9723) respectively, of 2*, [2,CI]", [2,'*0]" and
[2,H,CH5CN]". Values are according to depicted data in Fig. 16 and 17. Underlines
indicate the atoms involved in the vibrational motions. (Abbreviations: calc. =
calculated; arom. CH = CH stretching modes within the C,Ph, ligand; aliph. CH =
CH stretching modes within the “Cp ligand; ss = symmetric stretch; as = asymmetric
stretch)

2" [2,CI]" assignment
IR-MPD B3YLP B97D IR-MPD B3YLP B97D
/cm?  calce./cm? cale./ecm? /cm? cale. / cm? cale. / cm?

2902 2878 2913 2882 vss (aliph.(CHs)
2940 2947
2975 2975 2975 2979 2983 2974 v, (aliph. (CHs)
3026 3033 3067 3011
vs(arom. CH)
3060 3052 3120 3051
[2,'°01 [2,H,CH;CN]"

IR-MPD B3YLP B97D IR-MPD B3YLP B97D

/cm?  calce./cm? cale./ecm? /cm? cale. / cm? calc. / cm? assignment
2880
2905 2914 Vs (aliph.(CH)
2941
2884
2945
2942
2977 2980 2971 2981 2981 Vs (aliph. (CHs)
3063 3005
3072 3066 Vs (arom. CH)
3105 3053

IX-6.2: IR-MPD spectra and TD-DFT predicted IR absorption bands of complex 2" and its

reaction products

Beyond vibrational analysis we aimed to model NIR electronic spectra of 2*, [2,CI]*, [2,'*0O]" and
[2,H,CH;CN]" (cf. Fig. 10). We applied time-dependent density functional theory (TD-DFT) for
several multiplicities. We aimed to correlate the experimental transitions to HOMO/LUMO gaps in
the cases of 2*, [2,CI]*, [2,'°0]" and [2,H,CH;CN]"* (cf. Fig. 18). TD-DFT calculation of some
multiplicities at the B3LYP/cc-pVDZ level of theory led to negative transition energies, e.g. for 2*
(M=6), [2,CI]* (M=5) and [2,'°0]" (M=2 and 4). This correlates mostly to the trend in relative

energies which also exhibits that those multiplicities do not correspond to minimum structures. We
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calculated additionally the TD-DFT transitions of minimum structures at the B97D/cc-pVDZ level
of theory (red lines).

a)

Ions in the trap are at approximately 300K and the spectra should be affected by thermal
broadening. We converted each line to a Gaussian function of full width at half maximum (FWHM)

of 2000 cm™ in order to simulate a thermal absorption spectrum. This value was taken from the
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work of Hirabayashi et al [5]. Found transitions visualized in Fig. 18, numerical values documented
in Table 5. No correlation of calculation and experiment was found.

Table 5: TD-DFT predicted transitions at the B3LYP/cc-pVDZ level of
theory of 2, [2,CI]*, [2,’*0O]" and [2,H,CH3CN]*, B97D/cc-pVDZ
respectively. Values according to depicted data in Fig. 18.
(Abbreviations: calc. = calculated; OS = oscillator strength)

2" [2,CI]+
B3YLP OS/ B97D OS/ B3YLP OS/ B97D OS/
calc./cm™ 10* calc./ cm™ 10* calc./cm™ 10* calc./ cm™ 10*
3418 0 5082 0 4351 4 10578 175
6010 1 6095 4 4747 15 11052 53
6262 3 6579 1 6326 60 12115 46
7403 3 12294 132
[2,'°0]" [2,H,CH;CN]*
B3YLP OS/ B97D OS/ B3YLP OS/
calc./cm™ 10 calc./ cm™ 10 calc./cm™  10*
2856 0 5760 47 4245 74

6179 3 8568 1 7364 3
6232 0 8800 81 8299 12
11256 4

IX-6.3: Discussion of vibrational and electronic spectra

A scaling factor of 0.97 was published for the B3LYP/cc-pVDZ level of theory [43]. In the spectral
database [44] no scaling factor is given for the B97D functional. A scaling factor of 0.97 would shift
the DFT predicted bands at the B3LYP level more to the blue and is therefore not applicable. The
scaling factor of 0.957 derived from comparison of experimental IR-MPD spectra to DFT predicted
IR absorptions bands correlates quite well to the factor 0.955 derived from the comparison of DFT
predicted IR absorption spectra at the B3LYP/cc-pVDZ and Stuttgart 1997 ECP level of theory and
experimental IR-MPD spectra in Chapter IV of this thesis.

There is poor overall agreement of experimental IR-MPD spectra and calculated DFT spectra. The
calculated minimum structures of 2* and of its reaction products [2,CI]*, [2,"*O]" and
[2,H,CH5CN]" do not necessarily represent the actual structure of the isolated ions in the gas phase.
It can be assumed that rotations of the isopropyl-groups of the “Cp ligands and of the ligand itself
are multiply excited at an approximated temperature of 300 K. Those rotational excitations could
lead to a weakening of metal-ligand interactions and therefore to an overall change of the gas phase

structure.
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Multiple excited rotations lead to a broadening of IR-MPD derived bands and could exhibit an
additional shift of bands due to the change in the other all structure of the excited molecules.
Molecular structures derived from DFT calculations represent “frozen” molecules at a local
minimum of the potential energy surface. IR-MPD is applied to “warm” molecules at ca. 300 K and
the absorption of multiple photons transfers additional energy in the molecules. Those two contrary

worlds, “cold” DFT structures and “warm” IR-MPD bands do not agree within our study.

The IR-MPD spectrum of 2" (cf. Fig. 18, black line) can be assigned to an overlap of the DFT
spectra of the anionic *Cp ligand and of the cationic complex 2* under the assumption that neither
symmetric CH stretching modes of the isopropyl groups in both molecules nor the aromatic CH
stretching modes of the C,Ph; ligand contribute to the overall spectrum. It can be assumed that a

weakening of the Co-*Cp interaction within the molecule 2" takes place.

TD-DFT calculations at the chosen levels of theory are not able to predict the electronic transitions
found in the experimental spectra. This may be due to the deficient description of the binding
behavior within the complex found in the vibrational analysis. It can be assumed that the position of
electronic transitions by TD-DFT crucially depends on an appropriate description of the metal-

ligand interaction.

IX-7: Conclusions

The cationic reaction products and the complex itself were subject of IR spectroscopic
characterization. IR-MPD efficiency changed crucially with modification of the complex, yielding
[(“CpCo)a(p-C,Phy)X]" (X=H, (H+CH;CN), Cl, O). The contribution of various fragmentation
channels to the overall fragmentation efficiency was studied in detail. An increase of photon flux
resulted in a saturation of preferred C,Ph, loss, additional alkyl fragments out of the *Cp rings
arising. Several absorption bands were found in the mid- and near-IR region. A model system from
literature was used to identify seemingly levels of DFT theory by reference to X-ray crystal
structure data. The B3LYP and the B97D functional with cc-pVDZ and Stuttgart 1997 ECP basis
sets were identified for calculations of the complex [(*CpCo).(u-C:Phy)]" and of its reaction
products. An elongation of the Co-Co bond distance was observed for the cationic reaction products
with CI" and O*. Calculations with B3LYP and B97D resulted in different electronic ground states.

We did not obtain a good agreement of calculated vibrational modes and recorded IR-MPD spectra.
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DFT predicted more absorption bands than observed, especially those corresponding to aliphatic
symmetric CH, (n=2, 3) and aromatic CH stretching modes. Future 2-color IR-MPD experiments

might resolve currently prevailing discrepancies.

TD-DFT calculations yielded several electronic transitions that do not correspond to the IR-MPD
spectra. The chosen levels of theory for DFT and TD-DFT calculations does not seem to be
appropriate. IR-MPD spectra have to be remeasured in order to normalize the spectra to photon
flux. Furthermore, a different strategy has to be developed for ab initio calculations on the

complexes under study.
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Chapter X: Appendix

X-1: Documentation of data processing

VisualBasic script used for data processing inside the DataAnalysis software (comments marked
with '):

'global variables

dim NP 'number of parent ions

dim MP() 'mass table of parent ions

dim NF ‘number of fragments

dim MF() 'mass table of fragment ions
dim dmLeftMP 'lower limit of parent masses
dim dmRightMP 'upper limit of parent masses
dim dmLeftMF 'lower limit of fragment masses
dim dmRightMF 'upper limit of fragment masses
dim filenamezent 'name of the output file

dim inputfile 'path and name of the input file

inputfile = Analysis.Path

Sub Form_OnLoad
NP=1 'number of parents
redim MP(NP-1)
MP(0)=359

NF=2 'number of fragments
redim MF(NF-1)

MF(0)=132.9

MF(1)=151

inputfile = Left(inputfile, Len(inputfile) - 2)
inputfile = inputfile & "_" & NP & "P" & NF & "F.txt"
filenamezent = inputfile

dmLeftMP=0.5
dmRightMP=0.5
dmLeftMF=0.5
dmRightMF=0.5

ShowDm

ShowListParent

ShowListFragment
End Sub

Sub ShowDm
edDmLeftMP=dmLeftMP
edDmRightMP=dmRightMP
edDmLeftMF=dmLeftMF
edDmRightMF=dmRightMF

End Sub

Sub ReadDm
dmLeftMP=edDmLeftMP
dmRightMP=edDmRightMP
dmLeftMF=edDmLeftMF
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dmRightMF=edDmRightMF
End Sub

Sub ShowListParent
dim i
ListParent.clear
for i=0 to NP-1
ListParent. AddItem(MP(i))
next
End Sub

Sub ShowListFragment
dim i
ListFragment.clear
for i=0 to NF-1
ListFragment.AddItem(MF(i))
next
End Sub

Sub btAddMP_Click
NP=NP+1
redim preserve MP(NP-1)
MP(NP-1)=edMP
ShowListParent

End Sub

Sub btAddMF_Click
NF=NF+1
redim preserve MF(NF-1)
MF(NF-1)=edMF
ShowListFragment

End Sub

Sub btClearMP_Click
NP=0
redim preserve MP(0)
ShowListParent

End Sub

Sub btClearMF_Click
NF=0
redim preserve MF(0)
ShowListFragment
End Sub

Sub btClearLastMP_Click
if NP=0 then exit sub
NP=NP-1
redim preserve MP(NP-1)
ShowListParent

End Sub

Sub btClearLastMF_Click
if NF=0 then exit sub
NF=NF-1
redim preserve MF(NF-1)
ShowListFragment

End Sub

Sub btExit_Click
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form.close
End Sub

Sub btRun1_Click
dim i,n
dim chrom

Analysis.Chromatograms.clear
ReadDm

dim TIC 'creation of the total ion chromatogram (TIC)

"type "TIC, +All MS FullScan"

Set TIC = CreateObject("DataAnalysis. TICChromatogramDefinition")
TIC.MSFilter.Type = daMSFilterAll

TIC.ScanMode = daScanModeFullScan
TIC.Polarity = daBoth
" load and display the TIC

Analysis.Chromatograms.AddChromatogram TIC

dim CP 'creation of parent chromatograms
redim CP(NP-1)
for i=0 to NP-1
set CP(i)= CreateObject("DataAnalysis. EICChromatogramDefinition")

CP(i).Range = MP(i)
CP(i).WidthLeft = dmLeftMP
CP(i).WidthRight = dmRightMP

CP(i).MSFilter.Type = = daMSFilterAll
Analysis.Chromatograms.AddChromatogram CP(i)
next

dim CF 'creation of fragment chromatograms
redim CF(NF-1)
for i=0 to NF-1
set CF(i)= CreateObject("DataAnalysis.EICChromatogramDefinition")

CF(i).Range = MF(i)
CF(i).WidthLeft = dmLeftMF
CF(i).WidthRight = dmRightMF

CF(i).MSFilter.Type = = daMSFilterAll
Analysis.Chromatograms.AddChromatogram CF(i)

next

dim PW1 'external input 1, laser power measurement

Set PW1 = CreateObject("DataAnalysis. VARChromatogramDefinition")
dim PW2 'external input 2, laser power measurement

Set PW2 = CreateObject("DataAnalysis. VAR ChromatogramDefinition")
'PW1.Color = daRed

'PW1.VariableName ="UV Signal 1"

PW?2.Color = daBlack

PW2.VariableName ="UV Signal 2"

'PW.VariableName = "Vacuum High"

'Analysis.Chromatograms.AddChromatogram PW1
Analysis.Chromatograms.AddChromatogram PW?2

dim NS

set Chrom=Analysis.Chromatograms(1)
NS=Chrom.size ‘number of chromatograms

dim Parent, Fragment, IRMPD, Tps, PWs
dim rt, intensite
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redim Parent(NS) 'table of all parent ions
redim Fragment(NS) 'table of all fragment ions
redim IRMPD(NS) 'table of IRMPD spectra

redim Tps(NS) ‘table of time data

redim PWs1(NS) 'table of external input 1 data

redim PWs2(NS) 'table of external input 2 data

for n=2 to NP+1 'processing of parent chromatograms

set chrom = Analysis.Chromatograms(n)
chrom.ChromatogramData rt, intensite
for i=0 to NS-1 'sum of parent intensities
parent(i)=parent(i)+intensite(i)
next
next

for n=NP+2 to NP+NF+1 "processing of fragment chromatograms
set chrom = Analysis.Chromatograms(n)
chrom.ChromatogramData rt, intensite

for i=0 to NS-1 'sum of fragment intensities
fragment(i)=fragment(i)+intensite(i)
next
next

'processing of external input data
set chrom = Analysis.Chromatograms(n)
chrom.ChromatogramData rt, intensite
for i=0 to NS-1 'sum of intensities
'pws1(i)=intensite(i)
pws2(i)=intensite(i)
next

'calculation of IRMPD signal
for i=0 to NS-1
if (Parent(i)<>0) and ((parent(i)+fragment(i))<>0) then
IRMPD(i)=(fragment(i)/(Parent(i)+fragment(i)))
end if
next

'write output file

Dim Filepath,Filename
Filepath=Analysis.path
Filename=filenamezent

Dim fso,filehandle, file, f

dim s

Set fso = CreateObject("Scripting.FileSystemObject")

Set fTS = fso.CreateTextFile(filename)

s="num" & " " & "time" & " " & "power" & " " & "parent" & " " & "fragment" & " " & "IRMPD"

fts.WriteLine s

for i=0 to NS-1
s=i& " " &rt(i) & " & pws2(i) & " "' & parent(i) & " " & fragment(i) & " " & IRMPD(i)
fts.WriteLine s

next

fts.close
form.close

End Sub

Sub btRun2_Click
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dim i,n,j
dim chrom

Analysis.Chromatograms.clear
ReadDm

dim TIC 'creation of the total ion chromatogram (TIC)

"type "TIC, +All MS FullScan"

Set TIC = CreateObject("DataAnalysis. TICChromatogramDefinition")
TIC.MSFilter.Type = = daMSFilterAll

TIC.ScanMode = daScanModeFullScan
TIC.Polarity = daBoth
'load and display the TIC

Analysis.Chromatograms.AddChromatogram TIC

dim CP 'creation of parent chromatograms
redim CP(NP-1)
for i=0 to NP-1
set CP(i)= CreateObject("DataAnalysis. EICChromatogramDefinition")

CP(i).Range = MP(i)
CP(i).WidthLeft = dmLeftMP
CP(i).WidthRight = dmRightMP

CP(i).MSFilter.Type = = daMSFilterAll
Analysis.Chromatograms.AddChromatogram CP(i)
next

dim CF 'creation of fragment chromatograms
redim CF(NF-1)
for i=0 to NF-1
set CF(i)= CreateObject("DataAnalysis.EICChromatogramDefinition")

CF(i).Range = MF(i)
CF(i).WidthLeft = dmLeftMF
CF(i).WidthRight = dmRightMF

CF(i).MSFilter.Type = = daMSFilterAll
Analysis.Chromatograms.AddChromatogram CF(i)

next

dim PW1 'external input 1, laser power measurement

Set PW1 = CreateObject("DataAnalysis. VAR ChromatogramDefinition")
dim PW2 'external input 2, laser power measurement

Set PW2 = CreateObject("DataAnalysis. VARChromatogramDefinition")
'PW1.Color = daRed

'PW1.VariableName ="UV Signal 1"

PW2.Color = daBlack

PW2.VariableName ="UV Signal 2"

'PW.VariableName = "Vacuum High"

'Analysis.Chromatograms.AddChromatogram PW1
Analysis.Chromatograms.AddChromatogram PW2

dim NS

set Chrom=Analysis.Chromatograms(1)
NS=Chrom.size 'number of chromatograms

dim Parent, Fragment, IRMPD, Tps, PWs

dim rt, intensite

redim Parent(NS) 'table of all parent ions
redim Fragment(NS) 'table of all fragment ions
redim IRMPD(NS) 'table of IRMPD spectra
redim Tps(NS) 'table of time data
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redim PWs1(NS) 'table of external input 1 data
redim PWs2(NS) 'table of external input 2 data
for n=2 to NP+1 'processing of parent chromatograms

set chrom = Analysis.Chromatograms(n)
chrom.ChromatogramData rt, intensite
for i=0 to NS-1 'sum of parent intensities
parent(i)=parent(i)+intensite(i)
next
next

for n=NP+2 to NP+NF+1 'processing of fragment chromatograms
set chrom = Analysis.Chromatograms(n)
chrom.ChromatogramData rt, intensite

for i=0 to NS-1 'sum of fragment intensities
fragment(i)=fragment(i)+intensite(i)
next
next

'processing of external input data
set chrom = Analysis.Chromatograms(n)
chrom.ChromatogramData rt, intensite
for i=0 to NS-1  'sum of intensities
'‘pws1(i)=intensite(i)
pws2(i)=intensite(i)
next

'calculation of IRMPD signal
fori=0to NS-1
for j = 0 to NP-1
IRMPDP(i) = IRMPDP(i) + parent(i,j)
next
next

fori=0to NS-1
forj = 0to NF-1
IRMPDEF(i) = IRMPDEF(i) + fragment(i,j)
next
next

for i=0 to NS-1
if IRMPDP(i)<>0) and ((IRMPDP(i)+IRMPDF(i))<>0) then
IRMPD(i)=(IRMPDF(i)/(IRMPDP(i)+IRMPDF(i)))
end if
next

'write output file

Dim Filepath,Filename
Filepath=Analysis.path
Filename=filenamezent

Dim fso,filehandle, file, f

dim s

Set fso = CreateObject("Scripting.FileSystemObject")
Set fTS = fso.CreateTextFile(filename)

masses = MP(0) & " "

s="num" & " " & "time" & " " & "power" & " "
fork=0toNP-1

s=s&MPk) &" "

next
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fork=0to NF -1
s=s&MFKk)&" "
next

s =s & "IRMPD"
fts.WriteLine s

fori=0to NS-1
fts.Write(i)
fts.Write(" ")
fts.Write(rt(i))
fts.Write(" ")
fts.Write(pws2(i))
fts.Write(" ")

forj =0 to NP-1
fts.Write(Parent(i,j))
fts.Write(" ")

next

for k = 0 to NF-1
fts.Write(Fragment(i,k))
fts.Write(" ")

next
fts.Write(IRMPD(i))
fts.WriteBlankLines(1)

next

fts.close
form.close

End Sub
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Figure 2: Screenshot of the LibreOffice Calc template sheet for data import.

Mass to charge ratios of the parent and fragment ions serve as input data for the VisualBasic script.
Intensities of each given m/z ratio are automatically exported from all single mass spectra by
chromatogram functions (cf. Fig. 1, e.g. EIC 359 + 0.2 (red line, EIC = extracted ion
chromatogram)) supported by the DataAnalysis software. Number, time, digitized powermeter
output and intensity of each m/z ratio from single mass spectra is imported into a LibreOffice Calc
template sheet. Parent channels are summed up, fragment channels respectively. Furthermore,
single fragment channels can be extracted (cf. Fig. 2). Fragmentation efficiency is calculated in the
“spectra” sheet of the template file (cf. Fig. 3, column “IRMPD”). Wavenumbers are calculated
using the starting wavelength, the scan velocity and the time delay of each mass spectrum.

Calculated spectra are directly displayed in a graph window.
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Figure 3: Screenshot of the LibreOffice Calc template sheet for
calculation of spectra. Some artificial data is inserted for
exemplification.
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Chapter XI: Summary and Outlook

This thesis reports on investigations on the structure and reactivity of dipeptide-alkali metal
complexes, a series of ruthenium bearing catalysts, dysprosium based single molecule magnets and
organometallic di-cobalt complexes. A variety of experimental and theoretical methods was used
dependent on the problem: collision induced dissociation, hydrogen/deuterium exchange reactions,
gas phase reactions with D,, infrared multiple-photon dissociation and the determination of
minimum energy structures, IR absorption spectra, transition states and electronic transitions based

on density functional theory.

A case study was carried out to explore the influence of alkali metal ions on the gas phase
structure of the dipeptide Carnosine. CID experiments on protonated Carnosine and its alkali metal
complexes in an ion trap resulted in different fragment pathways dependent on the size of the alkali
metal. The complexation of small ions (Li* and Na") promoted the cleavage of bonds in the
molecules backbone under CID, while Rb*- and Cs*-Carnosine complexes underwent the exclusive
loss of the alkali metal. CID breakdown curves reflected the different binding behavior of the
alkali ions to Carnosine. Gas phase H/D exchange reactions with D,O resulted in the exchange of
several protons of the protonated dipeptide, while its alkali metal complexes underwent no
exchange reactions. DFT derived energetical minimum isomers exhibited only charge solvated
tridentate structures, whereas salt bridge as well as charge solvated binding motives are reported
in literature on complexes of alkali metal ions and oligopeptides. This study was published in a

similar version as a paper in Zeitschrift fiir Physikalische Chemie.

A combination of the four dipeptides Carnosine, Anserine, GlyHis and HisGly with alkali metal
ions was investigated with the help of CID, IR-MPD spectroscopy and H/D exchange reactions
with ND;. The aim of the survey was to elucidate the influence of the methyl-group at the histidine
ring, of the peptide sequence and chain length on the binding motives of the alkali ions. The
experimental results were compared to DFT derived minimum energetical isomers. A moderate
accordance was found for DFT predicted IR absorptions to IR-MPD spectra. A systematic
nomenclature was developed reflecting all binding motives of the four dipeptides to alkali ions.
Carnosine complexes all alkali metal ions in an uniform motive. DFT derived energetical
minimum isomers of the three other dipeptides showed strong conformational changes with

increasing size of the alkali ion. The most favored binding motive of all peptides was the tridentate
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complexation of the alkali ion by a carboxylic and an amidic oxygen atom, while the electron
donating nitrogen atom either belongs to the Histidine ring or the amine group. The ability to form
hydrogen bonds in a certain binding motive is essential for the preference of the Histidine or amine
nitrogen atom as an electron donor. The charge solvated binding metive is the most common
within all found isomers. Several structures exhibited hydrogen bonded protons. Those can be
interpretated as intermediates between the charge solvated and the salt bridge binding motive. CID
breakdown curves of the cationic complexes of the dipeptides with K*, Rb* and Cs" resulted in a
fair agreement of E**,, values with DFT derived Gibbs free binding energies. CID led to multiple
fragments of the Li* and Na" dipeptide complexes and to an insufficient correlation between the
E*.m values and metal-dipeptide free binding enthalpies. Gas phase H/D exchange reactions of
the protonated dipeptides with NDj; resulted in the exchange of all labile protons with comparable
relative partial rate constants. The assumption of coexisting single and double exchange reactions
per single collision led to an enhancement in quality of the pseudo first order kinetic fits of the
experimental derived data. The Li*, Na" and K* complexes of the dipeptides exhibited a reduction in
the number of exchanged protons, significantly lower rate constants for H/D exchange and only

single exchange reactions.

The complexation of the doubly charged cationic transition metal Zn** by deprotonated Carnosine
led to crucial conformational changes with respect to the alkali metal complexes. Former DFT
calculations on the gas phase structure of [Carn-H,Zn"]* were now compared to IR-MPD spectra.
IR-MPD spectra exhibited several of the DFT predicted IR absorptions while the overall agreement
in the position of bands is only partially satisfactory. The complex [Carn-H,Zn"]* was furthermore
used in order to study the band dependent enhancement of fragmentation efficiency by
application of a resonant 2-color IR-MPD pump/probe scheme. In literature, it is assumed that the
slopes of linear fits to the log-log scale of experimental data (fragmentation efficiency vs. laser
pulse energy) correlate to the number of photons needed for fragmentation. No reasonable number
of photons for the fragmentation of the molecule was derived with this approach. However, it could
be shown that the number of photons of the pump laser needed for fragmentation is reduced by the
use of a second IR color. The change of the delay between the pump and probe laser pulse had an
influence on the shape of the absorption bands. Irradiation with the probe laser pulse before the
pump laser caused a heating of the molecule which resulted in a broadening of bands. No
broadening was observed when the probe laser was applied simultaneously or after the pump laser.
CID and IR-MPD fragmentation channels differed in their relative abundance. Furthermore,

relative abundancies of fragments were specific to the excited vibrational motions. This study
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provides essential approaches for the further study of the mechanism of resonant 2-color IR-MPD

spectroscopy.

Several ruthenium catalysts for transfer hydrogenation reactions were synthesized by L.
Ghoochany (research group W. Thiel, TU Kaiserlautern). CID measurements on isotopic labeled
species led to the following conclusion about the activation process of the catalyst: a nitrogen-
ruthenium bond is broken, the pyrimidine ring of the substituted 2-R-4-(2-pyridinyl)pyrimidine
ligand rotates about 160° and a carbon-ruthenium bond is formed under subsequent loss of a
HCI (or DCI) molecule. The mass spectrometers CID amplitude was calibrated with a set of
“thermometer ions”. CID breakdown curves were used for determination of E**”,, values of three
differently substituted catalysts. Finally, activation energies were estimated by means of the
calibration. The resulting activation energies showed a qualitative correlation to DFT derived
activation energies. These results are part of a manuscript which was submitted to Chemistry — A
European Journal and is currently in the review process. Further studies on this series of transition
metal complexes included CID on ligand exchanged species, 1- and 2-color IR-MPD
spectroscopy, gas phase reactions with D, and DFT based modeling of the reaction coordinate of
the D, insertion. The exchange of the anionic chlorido ligand in solution led to three complexes
with different fragmentation thresholds. CID derived activation amplitudes correspond well to the
order predicted by the hard/soft acids/bases (HSAB) concept. 1-color IR-MPD experiments on two
complexes showed only a few bands. Resonant 2-color IR-MPD increased the overall fragmentation
efficiency and uncovered several dark bands. DFT derived IR absorption spectra correlate well to
IR-MPD spectra while some bands are still not observable. Gas phase reactions with D, showed an
increase of the mass of the activated complex of +4 m/z. This was interpreted in terms of an
incorporation of a D, molecule under heterolytical cleavage of the D, molecule and can be
compared to a back reaction of the activation. The reaction coordinate of the D, incorporation was
modeled with DFT at the B3LYP/cc-pVTZ level of theory and different activation energies were
derived dependent on the substituent. Reactions of three differently substituted complexes with D,
resulted in different relative partial rate constants. The comparison to rate constants derived from
transition state theory showed a qualitative but not quantitative correlation to the experimental
results. This study contributes to our ongoing work on the assignment and isolation of reaction
intermediates in the gas phase. Studies on the dynamics of the activation process are on the way as

well as an estimation of rate constants for the D, insertion using RRKM theory.
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A series of dysprosium based complexes was synthesized by A. Bhunia (research group P. W.
Roesky, KIT) and studied within the collaborative research center SFB/TRR 88 “3MET”. We
contributed to this work with ESI-MS, CID and experiments on H/D exchange reactions with ND;
in the gas phase. Those complexes consist of a central triple-charged dysprosium cation and two
identical salen-type ligands which allow for a complexation of up to two transition metals. The
monometallic dysprosium complex shows single molecule magnet (SMM) behavior in SQUID
measurements, while the incorporation of two double-charged manganese cations leads to
ferromagnetic behavior. The interaction of terminal amine groups with the manganese ions caused a
hinderance of the exchange H/D exchange reaction with NDs in the gas phase. Alternatively, the
terminal amine groups of the monometallic dysprosium complex allow for the bond of two Ni*
(tren) complexes. ESI-MS studies showed anionic as well as cationic complexes due to
deprotonation or protonation in solution. CID studies led to fragmentation schemes which correlate
quite well to the predicted structures of the complexes. These results are part of two publications in
Inorganic Chemistry and Dalton Transactions. Further studies on this series of mono-, di- and
trimetallic complexes are reported in this thesis. H/D exchange reactions with D,O in solution
yielded in an exchange of all labile protons for the cationic complexes. Anionic complexes
underwent a partial or a complete exchange of labile protons. A comparison of 1- and 2-color IR-
MPD spectra of anionic and cationic complexes as well as H/D exchanged species allowed for the
assignment of vibrational bands. Furthermore, preferred protonation sites were derived by
comparing the results of IR-MPD experiments and H/D exchange reactions in solution and in the
gas phase. This study contributes to our ongoing work on the determination of magnetic properties

of isolated ions in the gas phase at the Helmholtz-Zentrum Berlin.

The complex [(*CpCo)(p-C.Ph;)] (‘Cp = tetraisopropyl-cyclopentadiene) was synthesized by J.
Becker (research group H. Sitzmann, TU Kaiserslautern). The cationic complex and several reaction
products were characterized by ESI-MS. Some of the experimental data contributed to the diploma
thesis of J. Becker. The cationic reaction products and the complex itself were subject of IR
spectroscopic characterization. IR-MPD efficiency changed crucially with modification of the
complex, yielding [(*CpCo)(p-C:Ph2)X]" (X=H, (H+CH;CN), Cl, O). The contribution of various
fragmentation channels to the overall fragmentation efficiency was studied in detail. An increase of
photon flux resulted in a saturation of preferred C,Ph, loss, additional alkyl fragments out of the
*Cp rings arising. Several absorption bands were found in the mid- and near-IR region. A model
system from literature was used to identify seemingly levels of DFT theory by reference to X-ray

crystal structure data. The B3LYP and the B97D functional with cc-pVDZ and Stuttgart 1997 ECP
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basis sets were identified for calculations of the complex [(*CpCo).(p-C2Phy)]* and of its reaction
products. An elongation of the Co-Co bond distance was observed for the cationic reaction products
with CI" and O*. Calculations with B3LYP and B97D resulted in different electronic ground states.
We did not obtain a good agreement of calculated vibrational modes and recorded IR-MPD spectra.
DFT predicted more absorption bands than observed, especially those corresponding to aliphatic
symmetric CH, (n=2, 3) and aromatic CH stretch motions. Future 2-color IR-MPD experiments
might resolve currently prevailing discrepancies. TD-DFT calculations yielded several electronic
transitions that do not correspond to the IR-MPD spectra. The chosen levels of theory for DFT and
TD-DFT calculations does not seem to be appropriate. IR-MPD spectra have to be remeasured in
order to normalize the spectra to photon flux. Furthermore, a different strategy has to be developed

for ab initio calculations on the complexes under study.

A combination of various methods applied to isolated ions in the gas phase and in solution allowed
for the study of their structure, binding energies and reactivity. 1- and 2-color IR-MPD spectroscopy
combined with DFT predicted absorption spectra of different isomers enabled an assignment of
vibrational bands and binding motives of the molecules. The derived results are important for

further studies on the binding behavior of peptides and the reaction behavior of metal complexes.
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Kapitel XI: Zusammenfassung und Ausblick

Diese Arbeit beschaftigt sich mit der Struktur und Reaktivitit von Dipeptid-Alkalimetall
Komplexen, einer Reihe rutheniumhaltiger Katalysatoren, dysprosiumbasierter
Einzelmolekiilmagnete und organometallischer Di-Kobalt Komplexe. Eine Vielzahl an
experimentellen und theoretischen Methoden wurde in Abhédngigkeit zur Fragestellung auf die
Molekiile = angewandt:  stofinduzierte = Fragmentation (CID),  Wasserstoff/Deuterium
Austauschreaktionen, = Gasphasenreaktionen mit D, Infrarot-Multiphotonendissoziations-
Spektroskopie (IR-MPD) und die Bestimmung von energetisch giinstigen Isomeren, IR
Absorptionsspektren,  Ubergangszustinden  und  elektronischen ~ Ubergangen  mittels

Dichtefunktionaltheorie.

Es wurde eine Voruntersuchung iiber den Einfluss von Alkalimetallionen auf die Struktur des
Dipeptides Carnosin in der Gasphase durchgefiihrt. CID Experimente an protoniertem Carnosin
und seinen Alkalimetall Komplexen wiesen unterschiedliche Fragmentationskanéle in Abhdngigkeit
zur Groe des Alkaliions auf. Die Komplexierung kleiner Ionen (Li" und Na®) begiinstigte
Bindungsbriiche im Riickgrat des Peptids innerhalb des CID Prozesses, wahrend die Rb*- und Cs'-
Carnosin Komplexe den Verlust des Alkaliions als exklusiven Fragmentationskanal aufwiesen. CID
breakdown curves spiegeln die unterschiedlichen Bindungsverhéltnisse der Alkaliionen an
Carnosin wieder. Gasphasenreaktionen mit D,O ergaben den Austausch mehrerer Protonen des
protonierten Dipeptids, widhrend dessen Alkalimetallkomplexe keine Austauschreaktionen
eingingen. DFT ermittelte Isomere niedrigster Energie wiesen nur dreizahnige charge solvated
Strukturen auf, wihrend in der Literatur salt bridge als auch charge solvated Bindungsmuster fiir
Komplexe der Alkalimetalle mit Oligopeptiden berichtet werden. Diese Studie wurde in dhnlicher

Form in der Zeitschrift fiir Physikalische Chemie als Artikel veroffentlicht.

Eine Kombination der vier Dipeptide Carnosin, Anserin, GlyHis und HisGly mit
Alkalimetallionen wurde mit Hilfe von CID, IR-MPD Spektroskopie und H/D
Austauschreaktionen mit NDs untersucht. Ziel war die Aufkldarung des Einflusses der Methylgruppe
am Histidinring und der Peptidsequenz und -ldnge auf die Bindungsmotive der Alkaliionen. Die
experimentellen Ergebnisse wurden mit den durch DFT ermittelten Isomeren niedrigster Energie
verglichen. Es zeigte sich eine moderate Ubereinstimmung der mit DFT berechneten IR

Absorptionsspektren mit den IR-MPD Spektren. Es wurde eine systematische Benennung
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entwickelt, die alle Bindungsmotive der vier Dipeptide zu den Alkaliionen beriicksichtigt. Carnosin
komplexiert alle Alkaliionen mit einem einheitlichen Bindungsmuster. DFT ermittelte Strukturen
niedrigster Energie der drei anderen Dipeptide wiesen starke konformationielle Anderungen mit
steigender Grolle des Alkaliions auf. Das vorherrschende Bindungsmuster aller Dipeptide war die
dreizihnige Komplexierung der Alkaliions durch ein carboxylisches und ein amidisches
Sauerstoffatom, wahrend das elektronenliefernde Stickstoffatom entweder zum Histidinring oder
zur Amingruppe des Dipeptids gehort. Die Moglichkeit zur Ausbildung von
Wasserstoffbriickenbindungen innerhalb eines bestimmten Bindungsmotivs ist essentiell fiir die
Bevorzugung des Histidin-Stickstoffatoms oder des Amins als Elektronendonator. Das charge
solvated Bindungsmotiv ist das Verbreitetste innerhalb aller gefundenen Isomere. Mehrere
Strukturen wiesen wasserstoffbriickengebundene Protonen auf. Diese konnen als Ubergange
zwischen den charge solvated und den salt bridge Bindungsmotiven gesehen werden. CID
breakdown curves der kationischen Komplexe der Dipeptide mit K*, Rb" und Cs" ergaben eine
angemessene Ubereinstimmung der E*%.,,, Werte mit DFT ermittelten freien Bindungsenthalpien.
CID fiihrte zu einer Vielzahl an Fragmentationskandlen der Li* und Na" Dipeptid-Komplexe und zu
einer unbefriedigenden Ubereinstimmung zwischen den E°*,, Werten und den freien Metall-
Dipeptid Bindungsenthalpien. Gasphasen H/D-Austauschreaktionen der protonierten Dipeptide
mit ND; ergaben einen Austausch aller labilen Protonen mit vergleichbaren relativen partiellen
Geschwindigkeitskonstanten. Die Annahme einer parallelen Einfach- und Doppelaustauschsreaktion
innerhalb eines EinzelstoBes fiihrte zu einer Erh6hung der Qualitét der kinetischen fits pseudo erster
Ordnung an die experimentellen Daten. Die Li", Na® und K" Dipeptid-Komplexe wiesen eine
Verringerung der Gesamtzahl ausgetauschter Protonen, signifikant niedrigere

Geschwindigkeitskonstanten fiir den H/D Austausch und nur Einfachaustauschreaktionen auf.

Die Komplexierung des doppelt geladenen Ubergangsmetallkations Zn** durch ein deprotoniertes
Carnosinmolekiil fiihrt zu einer grundlegenden Verdnderung der Konformation gegeniiber den
Alkalimetallionenkomplexen. Frithere DFT Rechnungen der Gasphasenstruktur von [Carn-H,Zn"]"
wurden jetzt mit IR-MPD Spektren verglichen. Die IR-MPD Spektren wiesen mehrere der von DFT
vorhergesagten IR-Absorptionen auf, wobei die Gesamtiibereinstimmung der Bandenpositionen
nicht befriedigend war. Der Komplex [Carn-H,Zn"]* wurde weitergehend dafiir benutzt, um die
bandenspezifische Verstirkung der Fragmentationseffizienz durch die Anwendung eines
resonanten 2-Farben IR-MPD pump/probe Schemas zu untersuchen. Die Steigungen der linearen
fits der doppellogarithmisch aufgetragenen experimentellen Daten (Fragmentationseffizienz gegen

Pulsenergie des Lasers) sollen zu der Zahl der zur Fragmentation benétigten Photonen korrelieren.
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Mit diesem Ansatz konnte keine nachvollziehbare Photonenanzahl fiir eine Fragmentation des
Molekiils ermittelt werden. Dennoch konnte gezeigt werden, dass sich die Zahl der zur
Fragmentation benétigten Photonen des pump Lasers durch die Verwendung einer zweiten
Laserfarbe verringert. Die Anderung des zeitlichen Abstands zwischen dem pump und probe
Laserpuls hat einen Einfluss auf die Form der Absorptionsbanden. Das Einstrahlen des probe Lasers
vor dem pump Laser fiihrte zu einem Aufheizen der Molekiile, das sich in einer Verbreitung von
Banden dullerte. Keine Verbreiterung wurde beobachtet, wenn der probe laser gleichzeitig oder nach
dem pump Laser eingestrahlt wurde. CID und IR-MPD Fragmentationskanale unterschieden sich
in ihrer relativen Haufigkeit. Zudem war die relative Haufigkeit der Fragmente spezifisch fiir die
angeregte Schwingung. Diese Studie zeigt grundlegende Ansdtze fiir weitergehende

Untersuchungen des Mechanismus der resonanten 2-Farben IR-MPD Spektroskopie auf.

Mehrere rutheniumhaltige Katalysatoren fiir Transferhydrogenierungsreaktionen wurden von
L. Ghoochany (Arbeitsgruppe W. Thiel, TU Kaiserslautern) synthetisiert. CID Messungen von
isotopenmarkierten =~ Komplexen fiihrten zu folgenden Schlussfolgerungen iiber den
Aktivierungsprozess des Katalysators: eine Ruthenium-Stickstoff Bindung wird gespalten, der
Pyrimidinring des substituierten 2-R-4-(2-pyridinyl)pyrimidin Liganden rotiert um ca. 160° und
eine Ruthenium-Kohlenstoff Bindung wird unter gleichzeitiger Abspaltung eines HCI (oder DCI)
Molekiils gebildet. Die CID Amplitude des Massenspektrometers wurde mit Hilfe einer Reihe von
“Thermometerionen” kalibriert. CID breakdown curves wurden zur Ermittlung der E***con Werte
dreier unterschiedlich substituierter Katalysatoren genutzt. Mit Hilfe der Kalibrierung wurden
schlieBlich Aktivierungsenergien abgeschidtzt. Die erhaltenen Aktivierungsenergien zeigen eine
qualitative Korrelation zu den mit DFT ermittelten Aktivierungsenergien. Diese Ergebnisse sind
Teil eines Manuskriptes, das bei Chemistry — A European Journal eingereicht wurde und sich
gegenwirtig im Uberarbeitungsprozess befindet. Weitere Studien an dieser Reihe von
Rutheniumkomplexen umfassten CID Experimente an ligandenausgetauschten Komplexen, 1- und
2-Farben IR-MPD Spektroskopie, Gasphasenreaktionen mit D, und die DFT basierte
Modellierung der Reaktionskoordinate der D, Aufnahme. Der Austausch des anionischen Chlorido
Liganden in Losung fiihrte zu drei Komplexen mit unterschiedlichen Fragmentationsschwellen. Die
mittels CID ermittelten Fragmentationsamplituden entsprechen der durch das HSAB Konzept
vorhergesagten Reihenfolge. 1-Farben IR-MPD Messungen an zwei der Komplexe zeigten nur
wenige Banden. Resonante 2-Farben IR-MPD Spektroskopie erhohte die
Gesamtfragmentationseffizienz und machte mehrere dunkle Banden sichtbar. DFT berechnete IR

Absorptionsspektren stimmen gut mit den IR-MPD Spektren iiberein, wobei immer noch mehrere
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Banden nicht sichtbar sind. Gasphasenreaktionen mit D, zeigten einen Massenzunahme der
aktivierten Komplexe um +4 m/z. Dies wurde als eine Aufnahme eines D, Molekiils unter
heterolytischer Spaltung des D, interpretiert und kann mit der Riickreaktion der Aktivierung
verglichen werden. Die Reaktionskoordinate der D, Aufnahme wurde mit Hilfe von DFT auf
dem B3LYP/cc-pVDZ  Theorielevel modelliert und es wurden unterschiedliche
Aktivierungsenergien in Abhédngigkeit des Substituenten ermittelt. Die Reaktionen dreier
unterschiedlich substituierter Komplexe mit D, ergaben unterschiedliche relative partielle
Geschwindigkeitskonstanten. Der Vergleich zu nach der Theorie des Ubergangszustandes
ermittelten Geschwindigkeitskonstanten zeigt eine qualitative aber keine quantitative Korrelation zu
den experimentellen Ergebnissen. Diese Studie trdgt zu unserer anhaltenden Arbeit an der
Zuordnung und Isolation von Reaktionsintermediaten in der Gasphase bei. Derzeit laufen Arbeiten
an der Untersuchung der Dynamik des Aktivierungsprozesses sowie auch an der Abschitzung von

Geschwindigkeitskonstanten fiir die D, Aufnahme anhand der RRKM Theorie.

Eine Reihe dysprosiumbasierter Komplexe wurde von A. Bhunia (Arbeitsgruppe P.W. Roesky,
KIT) synthetisiert und innerhalb des Transregio-Sonderforschungsbereichs SFB/TRR 88 “3MET”
untersucht. Wir trugen mit ESI-MS, CID, sowie mit Experimenten zu H/D Austauschreaktionen
in der Gasphase zu diesen Untersuchungen bei. Diese Komplexe bestehen aus einem zentralen
dreifach-geladenen Dysprosium Kation und zwei identischen salen Liganden, die die
Komplexierung von bis zu zwei weiteren Ubergangsmetallen erlauben. Der einmetallige
Dysprosium Komplex zeigt in SQUID Messungen das Verhalten eines Einzelmolekiilmagneten,
wiahrend die Aufnahme zweier zweifach geladener Mangan Kationen zu ferromagnetischem
Verhalten fiihrte. Die Wechselwirkung der terminalen Amingruppen mit den Manganionen fiihrte
zu einer Hinderung der H/D Austauschreaktion mit ND; in der Gasphase. Alternativ ermdglichen
die terminalen Amingruppen des monometallischen Dysprosium Komplexes die Bindung von bis
zu zwei Ni*’(tren) Komplexen. ESI-MS Untersuchungen zeigten durch Deprotonierung oder
Protonierung in Losung sowohl anionische als auch kationische Komplexe. CID Untersuchungen
fiihrten zu Fragmentationsschemata, die gut mit der angenommenen Struktur der Komplexe
korrelieren. Diese Ergebnisse sind Teil zweier Publikationen in Inorganic Chemistry und Dalton
Transactions. In dieser Arbeit werden weitere Untersuchungen an dieser Reihe von ein-, zwei- und
dreimetalligen Komplexen vorgestellt. H/D Austauschreaktionen mit D,O in Losung fiihrten zu
einem Austausch aller austauschbaren Protonen der kationischen Komplexe. Anionische Komplexe
zeigten einen teilweisen oder vollstdndigen Austausch. Der Vergleich von 1- und 2-Farben-IR-

MPD Spektren anionischer, kationischer und H/D ausgetauschter Komplexe ermoglichte die
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Zuordnung von Schwingungsbanden. Des weiteren wurden die bevorzugten Protonierungsstellen
durch einen Vergleich von IR-MPD Experimenten mit den Ergebnissen der H/D
Austauschreaktionen in Losung und in der Gasphase ermittelt. Diese Studie trdgt zu unserer
anhaltenden Arbeit an der Bestimmung magnetischer Eigenschaften isolierter Ionen in der Gasphase

am Helmholtz-Zentrum Berlin bei.

Der Komplex [(*CpCo).(p-C,Ph;)] (“Cp = tetraisopropyl-cyclopentadiene) wurde von J. Becker
(Arbeitsgruppe H. Sitzmann, TU Kaiserslautern) synthetisiert. Der kationische Komplex und
mehrere seiner Reaktionsprodukte wurden mittels ESI-MS charakterisiert. Ein Teil der
experimentellen Daten trdgt auch zu der Diplomarbeit von J. Becker bei. Kationische
Reaktionsprodukte und der Komplex selbst wurden weitergehend mittels IR-MPD untersucht. Die
IR-MPD Fragmentationseffizienz &nderte sich deutlich mit dem an den Komplex [(*CpCo):(p-
C,Phy)X]* gebundenen Atom/Molekiil (X=H, (H+CH3CN), Cl, O). Der Beitrag verschiedener
Fragmentationskandle zur Gesamtfragmentationseffizienz wurde im Detail untersucht. Eine
Erhohung des Photonenflusses fiihrte zu einer Séattigung des Beitrags des meistens bevorzugten
Verlust von C,Ph, und zu einer Fragmentierung der Alkylketten der “Cp-Ringe. Mehrere
Absorptionsbanden wurden im mittleren und nahen Infrarot gefunden. Ein Modellsystem aus
der Literatur wurde verwendet, um ein ausreichendes Theorielevel fiir die DFT Rechnungen zu
ermitteln. Kriterium fiir das Theorielevel war die ausreichende Beschreibungen der
Bindungsverhéltnisse innerhalb der Kristallstruktur. Das B3LYP und das B97D Funktional in
Zusammenhang mit cc-pVDZ und Stuttgart 1997 ECP Basissdtzen wurde fiir weitere Rechnungen
des Komplexes [(“CpCo),(p-C,Ph,)]" und seiner Reaktionsprodukte verwendet. Eine Verlingerung
des Co-Co Bindungsabstandes konnte fiir die kationischen Reaktionsprodukte mit Cl" und O*
beobachtet werden. DFT Rechnungen mit den B3LYP und B97D Funktionalen fiihrten zu
unterschiedlichen elektronischen Grundzustinden. Es konnte keine gute Ubereinstimmung
zwischen den mit DFT berechneten IR Absorptionsbanden und den IR-MPD Spektren erzielt
werden. Mehrere durch DFT berechnete Absorptionsbanden konnten nicht gefunden werden,
besonders diejenigen, die zu symmetrischen Streckschwingungen aliphatischer CH, (n=2,3) oder
aromatischer CH Gruppen gehoren. Die energetisch giinstigsten Strukturen aus den Rechnungen
beider Funktionale wurden fiir zeitabhdngige DFT Rechnungen genutzt. Es wurden mehrere
elektronische Ubergdnge im nahen Infrarot berechnet. Diese zeigten eine moderate
Ubereinstimmung mit den IR-MPD Spektren. Die Wahl des Theorielevels fiir die DFT und TD-
DFT Rechnungen scheint nicht ausreichend zu sein, um die experimentellen Ergebnisse zu

beschreiben. Die IR-MPD Spektren miissen nochmals gemessen werden, um eine Normalisierung
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der Spektren anhand des Photonenflusses vornehmen zu koénnen. Des weiteren muss eine andere
Strategie zur Ermittlung eines geeigneten Theorielevels die ab initio Berechnung der untersuchten

Molekiile erarbeitet werden.

Eine Kombination verschiedener Methoden angewendet auf isolierte Ionen in der Gasphase und in
Losung ermoglichte die Untersuchung ihrer Struktur, Bindungsenergie und Reaktivitdt. 1- und 2-
Farben IR-MPD Spektroskopie verbunden mit DFT berechneten Absorptionsspektren verschiedener
Isomere ermdglichte die Zuordnung von Schwingungsbanden und Bindungsmotiven der Molekiile.
Die erhaltenen Ergebnisse sind wichtig fiir weitere Studien iiber das Bindungsverhalten von

Peptiden und dem Reaktionsverhalten von Metallkomplexen.
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