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Abstract 
 

The combination of mass spectrometry, infrared action spectroscopy and 

quantum-chemical calculations provides a great tool for the study of the structures, 

properties and reactivity of molecules in the gas phase.  

This thesis is divided into two main parts. The first part reviews some of the 

experimental (ESI-MS, ion spectroscopy) and theoretical (DFT) methods used in this 

thesis and gives a brief description on instrumentation. Second part is presenting four 

practical applications of gas phase studies in organic and organometallic chemistry: 

(1) Describing the influence of two functional groups of para-aminophenol on the 

protonation site. (2) Presenting how the structure and conformation of diethylmalonate 

is affected by the coordination with silver and gold. (3) Showing the possibility to 

distinguish between the isobaric complexes and identifying the key intermediates of 

ruthenium catalyzed C-C coupling. (4) Discussing the possible use of He-tagging 

infrared spectra not only for structure determination but also for the benchmarking of 

DFT methods. 

 

 

Kombinácia hmotnostnej spektrometrie, infračervenej iónovej spektroskopie a 

kvantovo-chemických výpočtov poskytuje výborný nástroj pre štúdium štruktúr, 

vlastností a reaktivity molekúl v plynnej fáze. 

Táto práca je rozdelená do dvoch hlavných častí. Prvá časť zhŕňa niektoré 

experimentálne (ESI-MS, iónová spektroskopia) a teoretické (DFT) metódy a stručne 

popisuje použité prístroje. Druhá časť predstavuje štyri praktické použitia týchto techník 

v organickej a organokovovej chémii: 

(1) Vysvetlenie pôsobenia dvoch funkčných skupín para-aminofenolu na miesto 

protonácie. (2) Porozumenie vplyvu koordinácie striebra a zlata na štruktúru a 

konformáciu dietylmalonátu. (3) Možnosť rozlišovania medzi jednotlivými 

izobarickými komplexami a identifikácie kľúčových medziproduktov v reakcii 

katalyzovenej ruténiom za vzniku C-C väzby. (4) Využitie héliových tagov v 

infračervenej spektroskpii nielen na určovanie štruktúry ale aj pre porovnávanie DFT 

metód. 
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Introduction 

 
"Ion Fishing" by electrospray ionization mass spectrometry 

 

The structural characterization of reaction intermediates is one of the most 

important topics in organic and organometallic chemistry. Methods such as NMR, IR 

and UV/VIS spectroscopy have historically been used to analyze reaction mixtures. 

However, in many reactions, especially those that are metal-catalyzed, the direct 

measurement of reaction intermediates is quite challenging. Therefore, the large 

potential of electrospray ionization mass spectrometry has been exploited to transfer 

condensed phase species to the gas phase. The main advantages of this method are: (i) 

The capability to monitor reaction mixture composition by "fishing out" ionic or 

ionizable intermediates from a solution. It can even detect very minor components of 

studied reactions that are "invisible" to classical methods; (ii) The reactive intermediates 

in the gas phase are isolated and therefore they cannot interact with other reactants 

present in the solution or receive an activation energy from the solvent. This prolongs 

their lifetime and generates a possibility of further experiments beyond the 

determination of mass to charge ratio. Additional experiments including collision-

induced dissociation (CID), 1 , 2  ion-molecule reactions, 3 - 5  and advanced mass 

spectrometric experiments, such as ion mobility are all now possible.67 CID became the 

most dominant technique for structural characterization by mass spectrometry in which 

the structure of a parent ion is reconstructed from a fragmentation pattern produced by 

collisional activation. The main drawback of the CID method is that it will always be an 

indirect approach that encounters severe difficulties with mixtures of isobaric 

complexes. In contrast, the spectroscopic characteristics of ions are directly correlated 

with their structures. Therefore, combining the benefits of mass spectrometry with those 

of IR/UV spectroscopy led to new category of techniques for structure determination: 



 

 viii 

ion spectroscopy. This includes infrared multiphoton dissociation (IRMPD), 8 - 10 

ultraviolet photodissociation (UVPD),11,12 UV-IR double resonance13-16 and messenger-

tagging17-19 spectroscopies. Moreover, experimental infrared or ultraviolet spectra of the 

ions can be compared with theoretical counterparts. This also brings a possibility to 

distinguish between various isomeric structures of the given ions. 

The aim of this thesis is to show that combining mass spectrometry, infrared 

spectroscopy and quantum-chemical calculations creates a powerful tool to solve 

various chemical problems. This combination can be effectively utilized in fields 

including the protonation of heteroaromatic molecules, organometallic chemistry, 

reaction mechanisms and might also serve as a source of accurate experimental data for 

the development of theoretical methods used in quantum chemical calculations. 
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1.1. Electrospray ionization mass spectrometry 

 

In general tems, mass spectrometry (MS) refers to a mixture of experimental 

techniques  based on the generation of gas-phase ions, their separation according to 

mass-to-charge ratio, and detection. Nowadays, a wide variety of instrumentation is 

available, in particular concerning the method of producing the ions (ionization). 

Without any doubt, the practical implication of mass spectrometry has been energized 

since the development of atmospheric pressure ionization techniques (API). 1 

Electrospray ionization (ESI) in particular has proved to be one of the most useful and 

nondestructive techniques for transferring ions from solution to the gas phase ("ion 

fishing"). ESI was developed by Dole and coworkers3 and subsequently improved by 

John B. Fenn. 4 , 5  The latter was awarded the Nobel Prize in Chemistry for his 

development of electrospray ionization for mass spectrometry.6 The main field of 

application of ESI-MS is in biochemistry such as in proteomics7, but it has also become 

one of the most important tools for investigation of organic and organometallic 

reactions. In principle, almost all reactions occurring in solution can be investigated by 

ESI-MS including oxygen and moisture sensitive reactions. Even reaction intermediates 

that are very hard to ionize can be transferred to the gas phase by a charge tag 

technique.9 ESI-MS has been effectively applied in the screening of catalyst reactivity, 

detection of reaction intermediates and determination of related reaction mechanisms 

(reviews on this topic 10 - 17  and selected practical examples 18 - 27  can be found in 

literature). 

In ESI-MS, a solution of analyte is expelled from a capillary that is in close 

proximity to the inlet of the mass spectrometer and has a high voltage applied. The 

subsequently created electric fields cause charge separation at the surface of the liquid. 

As the solution flows out from the tip of the capillary, a so-called Taylor cone is formed 

(Figure 1.1). The Rayleigh limit28 is reached when the surface tension of the solution is 

equal to the Coulombic repulsion of the surface charge and the droplets with excess 

charge start to separate from the cone tip. These droplets follow the potential gradient 

towards the mass spectrometer and generate isolated ions. While the mechanism of how 

these ions are formed remains a challenging topic of study,29,30 there are currently two 

widely accepted explanations inside the mass spectrometry community. The first of 

these is known as the charge residue model (CRM).31 The CRM assumes that a 

sequence of solvent evaporation and coulombic explosion steps leads to progressively 
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smaller and smaller droplets until the one containing only a single molecule of analyte 

remains. That molecule retains a charge, when the last solvent molecule evaporates. A 

second mechanism known as the ion evaporation model (IEM), 32  assumes that 

increasing charge density at droplet surface caused by neutral solvent evaporation can 

lead to the direct release of bare ions. 

 

 
Figure 1.1. Schematic representation of the electrospray ionization process. Adapted from ref. 2. 
Copyright (2002) Wiley Periodicals, Inc. 

 

It is important to remember that the mechanism of the transfer of ions from 

solution to the gas phase in the ESI process has rather speculative nature.33 This 

difficulty was demonstrated in an article from Schröder, Buděšínský and Roithova,34 the 

authors were able to detect both tautomeric forms of p-hydroxybenzoic acid by ion-

mobility experiments in the gas-phase. Results were then complemented by solution 

phase NMR measurements. They find out that "ESI-MS does not sample the solution 

structures but to a considerable extent it does reflect the situation in the solution, though 

not in a simple 1:1 fashion." 

 

 

1.2. Collision induced dissociation 

 

Collision-induced dissociation (CID) refers to a method that causes ion 

fragmentation as the result of energetic collisions in the gas phase. Mass spectrometry is 

a powerful tool for the determination of thermodynamic properties of gaseous ions. For 

example, using Cooks kinetic method,35 one can determine relative properties like 

proton affinities and gas-phase basicities. In similar way, CID experiments can provide 
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accurate bond dissociation energies,36 but the conversion of the raw threshold data into 

absolute bond energies is often non-trivial. 

Based on the experimental setup used, two types of CID can be distinguished. The 

first type is known as the threshold collision-induced dissociation (TCID) method37,38 

where a tandem mass spectrometer (see Chapter 2.2) is used to isolate a parent ion and 

induce a collision with an inert gas atom or molecule. The collisions in this process are 

described as single collision unimolecular reactions. As proposed by Lindemann,39 the 

theory of unimolecular reactions is described by the collisional energy transfer between 

reactant molecule (A-B)+ and another reagent molecule or a rare gas atom (RG). The 

mechanism for the collisional energy transfer is a two step process, consisting of 

activation and subsequent dissociation of the activated complex (A-B)+* as shown in the 

following equations: 

 

(𝐴 − 𝐵)! + 𝑅𝐺 ⇄ (𝐴 − 𝐵)!∗ + (𝑅𝐺) 

(𝐴 − 𝐵)!∗ → 𝐴! +   𝐵 

 

Unimolecular dissociation reactions can be statistically described using the Rice-

Ramsperger-Kassel-Markus (RRKM) theory40 and with accurate experimental data 

precise bond dissociation energies can be obtained.41-4243 However it is only possible to 

implement this technique with custom made guided ion beam (tandem) mass 

spectrometers, which is a major limitation. 

The second type of CID ("slow" heating process) is commonly applied within ion-

trap mass spectrometers, where stored ions are affected by RF-excitation leading to 

multiple collisions with a He buffer gas inside the trap. The complexity of this process 

prevents detailed modeling and quantitative analysis is consequently difficult. For 

example, in the case of the Thermo Finnigan LCQ ion trap mass spectrometer  (see 

Chapter 2.1), the CID process is performed by application of so-called normalized 

collision energies (NCEs). These values are given as percentages of a standard 

activation pulse.44 To approximate these values to an absolute energy scale a simple but 

straightforward method was proposed by Schröder and co-workers.45 They performed 

energy-resolved CID experiments with a family of substitued benzylpyridinium ions. 

These ions have well defined thermochemical data from single collision experiments 

and quantum chemical calculations allowing calibration of the mass spectrometer. 

Estimates of the phenomenological appearance energies (AEs) of studied ions can then 
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be determined from the dependence of the relative cross-section of the given 

dissociation channel on the collision energy. This approach has been applied in various 

studies concerning transition metals and their complexes.46-50 

 

 

1.3. Infrared multiphoton dissociation spectroscopy 

 

Messenger spectroscopy (see Chapter 1.4) relies on the ability to produce weakly 

bound species and as such requires the production of ions with low internal energies. 

This is most commonly achieved by cryogenic or supersonic expansion cooling and 

therefore the formation of such van der Waals complexes is not possible in current 

commercial mass spectrometers. To overcome this limitation, a major alternative to this 

method has been developed in the form of infrared multiphoton dissociation 

spectroscopy. In this case dissociation is induced by the absorption of multiple infrared 

photons.  

Similar to the single-photon process, a mass-selected parent ion of interest is 

irradiated by photons from a tunable infrared laser. If the laser frequency is in resonance 

with a vibration of the molecule, the ion sequentially absorbs multiple infrared photons 

until the dissociation threshold is reached. From a very simplified point of view, it 

means that if the photon energy corresponds to a vibrational mode, the same transition 

from ground state to the first (vibrational) excited state is repeated and the energy is 

meanwhile redistributed around the molecule. In this process, the internal energy of the 

molecule is slowly increasing (heating) until the energetically most favorable 

dissociation pathway is reached (Figure 1.2). The resulting uni-molecular dissociation 

of the parent ion leads to newly formed fragments and this m/z change is detected by the 

mass spectrometer. The proportion of the parent ions that have undergone fragmentation 

is directly related to the light absorption efficiency at that given wavelength.51 The 

multiphotonic character of the method leads to several significant drawbacks. These 

include rather large bandwidths (typical resolution of FEL >20 cm-1), occasional small 

frequency shifts when compared to linear absorption spectra52  and band intensities that 

do not always correlate (some bands can even disappear).53,54 

The first use of tunable lasers in combination with ion trapping techniques in mass 

spectrometry dates to the 1978. Beauchamp and co-workers irradiated ions in a Penning 

trap of a fourier transform ion cyclotron resonance (FTICR) mass spectrometer with the 
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output from a tunable laser.55 From that time it took more than three decades for tunable 

free electron lasers (FELs) to show that IRMPD spectra of trapped ions can be routinely 

measured. In fact two FEL facilities have been built in Europe for wider usage; the Free 

Electron Laser for Infrared eXperiments (FELIX)56 in the Netherlands and Centre 

Infrarouge Laser Orsay (CLIO)57 in France. Furthermore, a new IR FEL at the Fritz 

Haber Institute in Germany recently became operational.58 

A large number of applications of IRMPD spectroscopy can be found for 

biologically relevant molecules59 but a vast array of other systems have been studied, 

such as metal–organic,60-63 proton-bound,64,65 and inorganic complexes.66 For more 

applications of IRMPD spectroscopy, the reader is referred to specific reviews on the 

subject.51,67-69 

 

 
Figure 1.2. Schematic view of the multi-photon ionization process. Repeated excitation (absorption) and 
relaxation (IVR) increases the internal energy to the dissociation threshold (D0). Reproduced with 
permission from ref. 69. Copyright (2012) The Royal Society of Chemistry. 

 

 

1.4. Infrared photodissociation spectroscopy 

 

Prof. Y.T. Lee and co-workers developed messenger spectroscopy roughly 30 

years ago.70 This has been further improved by the introduction of cryogenic ion traps 

and cold ion trapping techniques in work pioneered by Prof. Gerlich.71 In order to 

perform infrared photodissociation (IRPD) spectroscopy, one important condition has to 

be fulfilled: The dissociation energy has to be below the energy of the single photon. 

This is generally achieved by the introduction of a loosely bound tag to the studied 

molecule that detaches upon absorption of a single IR photon (Figure 1.3). Nowadays, 

commonly used messenger-tags are H2O,72  H2
73 - 75  and especially rare gas atoms 

(RG).76-81 Water, hydrogen and heavy rare gas atoms, can not be generally counted as a 
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loosely bound innocent tags for reactive molecules. On the contrary, helium has been 

shown to have almost no perturbative effect on the resulting infrared spectrum. 82  The 

mechanism of IRPD spectroscopy can be explained by these simple equations: 

 

𝑀! + 𝑛𝑅𝐺 → 𝑀!(𝑅𝐺)! 

𝑀! 𝑅𝐺 ! + ℎ𝜈 → 𝑀!(𝑅𝐺)!!! +   𝑚𝑅𝐺 

 

In this messenger-tagging approach, the ions of interest (M+) are mass-selected, 

transferred to the ion trap, internally cooled and loosely bound tags (RG) are attached. 

These newly formed M+(RG) species are then dissociated upon irradiation by a single 

IR photon (h𝜈), which is resonant with one of the vibrational transitions that are present 

in M+. The lighter M+(RG)n-m fragment is then formed as a function of the laser 

excitation frequency. In other words, the photodissociation yield as a function of the 

laser wavelength is directly related to the vibrational spectrum of the parent ion. The 

main advantage of this technique is that relatively low-power and small tunable laser 

systems can easily cover almost the entire mid-infrared region (600-4500 cm-1). This 

offers a unique system for the structural characterization of mass-selected ions. Today, 

biologically relevant applications are predominant in the literature,83,84 and so far only 

few articles has been published from the field of reaction mechanism research.85-88 

 

 
Figure 1.3. Schematic view of single-photon ionization process. Absorption of a single photon and 
subsequent internal vibrational redistribution leads to dissociation of very weak bonds like those formed 
by messenger-tagging techniques. Reproduced with permission from ref. 69. Copyright (2012) The Royal 
Society of Chemistry. 
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1.5. Quantum chemical calculations 

 

Another crucial tool to complete the description of a studied problem is 

computational chemistry. It is the perfect method to supplement the gas phase 

experiments previously described. Computational chemistry firstly provides bond 

dissociation energies (BDEs) that can be compared with the appearance energies (AEs) 

derived from CID experiments (see Chapter 2.1). BDEs are derived from the energy 

differences between the calculated energy minima of the parent molecule and those of 

their fragments. It is also an important (and sometimes the only) method for 

determining the potential energy surface (PES) for a studied reaction. Finally, 

comparison of the theoretical spectra (e.g. infrared spectra) from theoretical harmonic 

(or anharmonic) frequency calculations with experimental spectra from ion 

spectroscopy experiments can enable precise structure determination. The most 

common approach to study organic and organometallic reactions by computational 

chemistry involves density-functional theory (DFT) calculations. The historical 

development of the exchange-correlation functionals used in DFT can be imagined as 

following Perdew's 89  vision of Jacob's ladder (Figure 1.4), where attaining each 

additional rung adds to the functionals represented by the previous rungs. Based on the 

requirements of scientists, such as chemical accuracy and computational efficiency, the 

ladder will either be climbed or descended. 

 

 
Figure 1.4. Jacob's ladder as described by J. Perdew,89 with some common functionals on each rung.  
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DFT as we know today was developed from the theorems of Hohenberg-Kohn90 

and Kohn-Sham.91 In a simplified view, they postulated that the electron density of a 

system can be used to determine the properties of that system. The main drawback of 

DFT is that the precise exchange and correlation interactions are not known for most 

systems. A series of approximations have been made to counteract this and modern 

density functionals can be traced back to the local density approximations (LDA) to the 

exchange-correlation energy functional.92-94 Several improvements have been made to 

this approximation including the addition of electron spin (the local-spin density 

approximation) 95  and improvements to the treatment of correlation (for example, 

resulting in SVWN and SPWL).96,97 While these approximations have been surpassed 

for many systems, they remain widely used for solid phase calculations. 98 This is likely 

due to the fact that the LDA works best for large systems with small fluctuations in 

electron density. 

The largest shortcoming of the LDA methods is that they consider the electron 

cloud as a homogenous system which is, of course, very different from most real cases 

that are highly inhomogeneous. As a result, functionals based on the general gradient 

approximation (GGA) have been developed where exchange and correlation energies 

are dependent not only on the electron density but also on it's gradient. Currently, the 

most commonly used GGA functionals are B,99 LYP, 100 PBE, 101 mPW102 and PW91.103 

In general, GGA functionals offer a significant improvement over the LDA functionals. 

They have been shown to give satisfactory results for binding energies, however their 

accuracy is still not sufficient to produce a correct description of other molecular 

properties like van der Waals interactions.104 

Ascending to the third rung of Jacob's ladder adds improved treatment of the 

previously mentioned electron density and it's gradient: the second derivative of the 

electron density (the Laplacian). This rung is characterized by a group called meta 

general gradient approximation (meta-GGA) functionals that includes the B95,105 

TPSS106 or M06L107 functionals. Inclusion of this additional treatment considerably 

improved the description of some molecular properties including the thermochemistry. 

The last well established advance of DFT functionals probably came with the 

introduction of hybrid functionals. The idea was to combine exchange-correlation GGA 

(and meta-GGA) functionals with some measure of Hartree-Fock exchange.108 This first 

idea was initially not so successful in competition with GGA methods, but improved 

significantly after introducing the right percentage of Hartree-Fock exchange as 
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determined by fitting with experimental data.109 It was a significant enhancement over 

pure GGAs for describing almost all chemical properties. These days two main methods 

B3LYP 99,100,110 and M06111 are the most widely used and are at times almost treated as 

a synonym for DFT calculations. It is important to mention, that hybrid methods are 

successful due to the cancellation of some errors, potentially leading us to the future 

development of a new class of functionals that will represent the next rung on our 

Jacob's ladder. Most of the functionals that were mentioned above fail to adequately 

describe the long-range correlations representing van der Waals interactions. This led to 

another set of corrections (D2,112 D3,113 D3BJ114) to the functionals that attempt to 

account for dispersion interactions. More information about this topic can be found in 

the review by Ramos 115 and Yang116 and references therein. 
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2.1. LCQ ion trap 

 

At the center of most studies presented in this thesis is the Finnigan LCQ ion-trap 

mass spectrometer (Figure 2.1).1 This LCQ was used with a conventional ESI source. 

An investigated solution is prepared in a volatile solvent with concentrations from µmol 

up to mmol. The solution is transferred from a gas-tight glass syringe, through PEEK 

and/or silica capillary (typical flow rate is 0.3 ml/h), to the spray unit where nitrogen is 

used as a sheath gas. Then the ESI process takes place (see Chapter 1.1). The applied 

spray voltage depends on the type of solvent. In case of more polar solvents (methanol 

or acetonitrile) it is around 4 kV while in case of less polar solvents (typically 

dichloromethane) it is around 5 kV. After the droplets are formed they are transferred 

through the heated metal capillary that can be heated up to 300 ºC. This is followed by a 

first set of lenses which can generate "soft" or "hard" ionization conditions by varying 

the degree of in-source collisional activation. Soft conditions provide larger ionic 

clusters, whereas hard conditions lead to the generation of smaller ions.2,3,4 Ions then 

enter two transfer multipoles (quadrupole and octopole) and the Paul type quadrupole 

ion trap for ion filtering, storage and manipulations such as CID experiments. 5 

Experiments in the ion trap are done in the presence of helium buffer gas. Finally, the 

ions are ejected from the ion trap to the electron multiplier and detector.  

 

 
Figure 2.1 Simplified scheme of the quadrupole ion trap mass spectrometer. Adapted from ref. 5. 
Copyright (2016), Royal Society of Chemistry. 
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To ensure the smooth transition of ions, the system is divided into the 3 pressure 

regimes. These regimes roughly cover: (i) the electrospray source (close to the 

atmospheric pressure), (ii) lenses and transfer multipoles (medium to low pressure) and 

(iii) the ion trap itself operating at low pressure (≈ 10-5 mbar). The advantage of this 

type of trap is the possibility for multistage mass spectrometry (MSn).6 On the other 

hand, the drawback of this instrumentation is a possible contamination of the ion trap 

environment by air, nitrogen sheath gas and solvent molecules.7,8 This can affect the 

detection of highly reactive species and make the interpretation of some spectra more 

difficult. Collision-induced dissociation spectra are acquired by application of an 

excitation AC voltage to the end-caps of the trap to induce collisions of the isolated ions 

with the helium buffer gas for a period of 20 ms. 

 

 

2.2. TSQ tandem mass spectrometer 

 

Another instrument used in this work is the Thermo Finnigan TSQ 7000 tandem 

mass spectrometer (Figure 2.2). It is also equipped with a conventional ESI source and 

the studied solution is transferred to the gas phase in a similar fashion as for the LCQ 

(see Chapter 2.1). It has a QOQ (quadrupole–octopole–quadrupole) configuration that 

permits a variety of MS/MS experiments. The generated ions are transferred through a 

heated capillary (usually operating around 250 ºC) and tube lens towards a small guide 

(radio frequency only) quadrupole. Adjustment of the voltages applied to the capillary 

and tube lens allows for modification of the ionization conditions (softer and harder) 

similar to the ion trap. The first analyzing quadrupole is used as a mass filter for ions 

formed in the ion source and mass selection of the ions to be submitted to the 

unimolecular (CID) or bimolecular reactivity experiments. The following octopole 

serves as a collision cell and is therefore placed in its own housing to separate the 

higher pressure collision region from the rest of the instrument. This separation 

minimizes the diffusion of a collision gas to the high-vacuum manifold. During the 

experiments, the typical pressure in the manifold is on the order of 10-7 - 10-6 mbar and 

the temperature is maintained at 40 ºC. 

The zero-point of the kinetic energy scale as well as the width of the kinetic 

energy distribution are determined by retarding-potential analysis. The relative potential 

offset of the octopole is varied with respect to that of Q1 and the potential offset of Q2 is 
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kept at the sum of the offsets of Q1 and O. The abundance of mass-selected ions 

measured in dependence of the relative potential offset of Q1 and O roughly has a 

sigmoidal shape and the inflection point on the rise of the kinetic energy profile is taken 

as the nominal zero of the collision-energy scale. The full width at half maximum 

(FWHM) of the derivative of the sigmoid curve defines the broadness of the kinetic 

energy distribution.9  

The CID experiments (where Xe or Ar is usually used as a collision gas) can be 

performed at different collision energies adjusted by varying the potential difference 

between Q1 and O in the range of 0–196 V. The ionic products ([P]+) formed in the 

octopole are mass-analyzed by scanning Q2. The mass resolutions of both Q1 and Q2 are 

adjusted to fully resolve the nominal masses of all studied ionic species. The 

photomultiplier is usually working at 1200 V in mass analyzer mode (MS) and at 2000 

V in CID (MS/MS) mode. The ion intensities are determined by using a Daly-type 

detector operating in counting mode. Usually, several hundred scans are accumulated to 

improve the signal-to-noise ratio. 

 

 
Figure 2.2. Scheme of the TSQ 7000 tandem mass spectrometer. Ions are generated by an ESI source, 
mass filtered in the first quadrupole. Mass selected ions [M]+ are then transferred to the octopole cell 
where they collide with collision or reactant gas. Products [P]+ of these collisions are then mass analyzed 
in the second quadrupole.  

 

 

2.3. Free electron laser CLIO 

 

Infrared multiphoton dissociation (IRMPD) spectra were recorded using a Bruker 

Esquire 3000 ion trap mass spectrometer coupled to a free electron laser at CLIO 

(Centre Laser Infrarouge Orsay, France).10,11 The CLIO FEL (Figure 2.3) is a widely 

tunable free electron laser operating in the mid-infrared region. CLIO is based on 

electron bunches that are generated at an energy range between 8 and 50 MeV. Photons 

are emitted by forcing electron bunches into a sinusoidal motion within series of 
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alternatively poled magnets (undulator). The photon energy depends on the strength and 

periodicity of the magnetic field and on the electron kinetic energy. By using different 

electron energies, the range between 500 and 2500 cm-1 can be covered. The FEL 

delivers macropulses (8 µs long) at a repetition rate of 25 Hz, and each macropulse is 

made from 500 micropulses (~1 ps), which are 16 ns apart. The common power of the 

laser is in between 500 mW and 1.5 W, corresponding to 40-80 mJ micropulse and 20-

40 mJ macropulse energies. The relative spectral line width of the FEL is of about 1% 

and the precision of the measurement of the wavenumbers with a monochromator is 

about 1 cm-1.12 

 

 
Figure 2.3. Schematic drawing of  CLIO FEL. Adapted from ref. 13. 

 

 

2.4. ISORI 

 

Our home-built instrument, ISORI (Figure 2.4), 14  for helium tagging 

photodissociation experiments is based on a commercial Thermo Finnigan TSQ 7000 

platform (see Chapter 2.2). The ion-source chamber is mounted in its factory form, so it 

is possible to use all of the standard ionization modes (EI, CI, ESI). The generated ions 

are mass selected by a quadrupole (4P1) and guided (QPB and 8P) toward the wire 

quadrupole ion trap (w4PT). The trap is based on a linear quadrupole geometry where 

each of the rods is constructed from several copper wires which help to create an 

environment with temperatures below 3 K. This extremely low temperature and the 

high number density of helium (1015 cm-3), achieved after a helium pulse in the 

beginning of each trapping period, leads to effective formation of helium complexes. 

For reactive ions, such as C6H6
2+, up to 11 attached helium atoms were detected.15 
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However, the experiments presented in this work are performed with ions that have 

been tagged by a single He atom because they are available in relatively high 

abundances and are likely to provide the lowest degree of structural perturbation.16,17 

The instrument is equipped with two infrared optical parametric oscillators 

(OPOs) to supply tunable photon beams to irradiate the trapped ions. The effect of 

irradiation is monitored in two alternating cycles. After the helium gas is pumped down, 

the ions are irradiated by photons from the OPO/OPA (LaserVision) system and 

extracted toward the second quadrupole (4P), which is set to transmit only the ions with 

m/z of the helium complexes. After the mass selection, the number of helium complexes 

is counted (Ni). The subsequent cycle is identical, but the photon beam is blocked. This 

means that the total number of generated helium complexes N0 is acquired. The helium 

tagging IRPD spectra are then obtained in the form of a relative attenuation (1 − Ni 

(ν̃)/N0).18  

 

 
Figure 2.4.  Geometry of the ISORI instrument. (a) Design of the wire quadrupole ion trap mounted into 
a copper box. (b) Simulation of the potential of the w4PT. Contours show the difference between the 
numerically calculated potential and the ideal quadrupole potential in the depicted color code. The 
surrounding cylinder (diameter of 27 mm) has been set to 0 V. Reproduced with permission from ref. 18. 
Copyright (2015), American Chemical Society.  

 

 

2.5. DFT methods 

 

Calculations were performed using the Gaussian 03 suite19 (Chapter 3) and the 

Gaussian 09 suite20 (Chapters 4,5 and 6). The DFT method B3LYP21-24 is used for most 

of the calculations or the choice of method is specified together with the basis sets. For 
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all optimized structures, frequency analyses were performed at the same level of theory 

in order to assign them as genuine minima or transition structures on the potential-

energy surface as well as to calculate zero-point vibrational energies (ZPVEs). This 

analysis also provided theoretical IR spectra. 

All geometries of the calculated structures shown in this thesis can be found on 

the separate CD-ROM in the XYZ format. 
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Protonated aromatic molecules are presented in various processes covering the 

whole range of chemistry. For example, in organic chemistry they are known as σ-

complexes (Wheland intermediates)1 in electrophilic aromatic substitution reactions. 

Also biologically relevant molecules like proteins are bearing aromatic systems in their 

protonated forms.2 If protonation of simple heteroaliphatic compounds like alcohols and 

amines is considered, one will naturally assume that proton bounds to the heteroatom. 

On the other hand, in case of heteroaromatic molecules like amines and phenols, a 

possibility of a ring protonation has to be also taken into account. This has already been 

studied extensively in condensed phase using classical approaches like NMR or IR 

spectroscopy,3 or potentiometry and titration calorimetry.4 However all these studies are 

more or less solvent and temperature dependent. Therefore it is important to separate 

these effects from molecular electronic properties by using gas phase experiments.  

Mass spectrometry, together with related experiments like CID, ion mobility and 

ion spectroscopy, became the major tool for gas phase structure determination (see 

Chapter 1). All of the mentioned methods have been applied also in the investigation of 

protonation sites of substituted benzenes.5-10 For example, using IR photodissociation 

spectroscopy, it has been shown, that protonation of bare phenol proceeds either to the 

ortho or para-position of the phenyl ring.10-12  In the case of aniline, protonations at the 

nitrogen atom and at the carbon atoms of the ring are in competition.13-19 Prevalence of 

the former or the latter situation largely depends on the method used for the generation 

of the protonated molecules. Situation is even more complicated in the presence of an 

electron withdrawing or an electron donating substituent at the aromatic ring, which can 

distort the equilibrium between ring and substituent protonation. 20  Particularly 

interesting is an interplay between the hydroxy- and amino- substituents, because of its 

relevance to the nucleobases.21,22 It has been also shown, that theoretical studies of 

neutral aminophenol and their comparisons with experimental data, that the classical 

DFT functional B3LYP represents a suitable approach for description of this system. It 

has been successfully applied in the interpretation of the following experiments: (i) 

Investigation of rotation of the OH group in all positional isomers of neutral 

aminophenol by vibrational overtone spectroscopy,23 (ii) IR and Raman spectra of meta-

aminophenol, 24  (iii) mass analyzed threshold ionization spectrometry and infrared 

resonance 2-photon ionization spectroscopy of meta- and para-aminophenol,25 (iv) 

electrochemical oxidation of para-aminophenol to para-quinonimine 26  and most 
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recently, (v) UVPD spectroscopy of ortho-, meta- and para-aminophenol as a probe of 

protonation sites. 27  

In this chapter, influence of two functional groups in protonated para-

aminophenol is discussed. For this study, combination of several methods like ESI-MS, 

CID experiments, IRMPD spectroscopy and DFT calculation is used (see Chapter 1). 

 

 

3.1. Experimental and theoretical details 

 

The experiments were performed with a TSQ 7000 mass spectrometer (see 

Chapter 2.2). The ions of interest were generated by ESI from methanolic solutions (0.1 

mM) from their neutral precursors (para-aminophenol; Sigma Aldrich). Xenon (Sigma 

Aldrich) was used as a collision gas for collision induced dissociation (CID) 

experiments at a pressure of 2•10-4 mbar. 

The infrared multiphoton dissociation (IRMPD) spectrum (see Chapter 1.3) of 

protonated para-aminophenol was obtained with tunable infrared free-electron laser 

FEL CLIO (see chapter 2.3) coupled to a modified Bruker APEXQe FTICR mass 

spectrometer.28 The FEL was operated at 42 MeV, which provided photons in the 1000-

1700 cm-1 range. Power of the laser almost linearly decreased from 650 mW at 1000 

cm-1 to 450 mW at 1700 cm-1 (Figure 3.1). Typical bandwidth was in the range of 15 – 

20 cm-1 (FWHM) under the given experimental setup.29,30 The ions of interest were 

generated in the same way as described for the TSQ experiment, mass-selected by a 

quadrupole, pre-acumulated in a hexapole collision cell, and subjected to the ICR trap. 

Then they were irradiated with the FEL for 500 ms to achieve sufficient 

photofragmentation. Each point in a raw spectrum is an average of 32 measurements. 

The dependence of the fragmentation intensities on the wavelength of the IR light gives 

the infrared multiphoton dissociation (IRMPD) spectra, as described in the Chapter 1.3. 

The spectrum here is obtained as the sum of abundances of the fragment ions with m/z 

93, 92, 82, 67, and 65 (ΣIf) divided by the sum of abundances of the precursor (parent) 

ion with m/z 110 and the fragment ions (Ip + ΣIf).  

The calculations were performed using the density functional method B3LYP in 

conjunction with 6-311+G(2d,p) basis set. 31 , 32  The relative energies (Erel) of the 

structures refer to energies at 0 K and are anchored to Erel(1) = 0.00 eV. The theoretical 

infrared spectra are scaled with a factor of 0.965.33 
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Figure 3.1. Dependence of the power of the free-electron laser as a function of the photon wavenumber. 

 

 

3.2. Results and discussion 

 

3.2.1. CID experiments 

At the beginning, I have investigated collision induced dissociation of protonated 

para-aminophenol (Figure 3.2a). The dominant fragmentation channel corresponds to 

the loss of ammonia (m/z = 93). Other dissociation pathways involve elimination of 

molecules containing the oxygen atom, i.e. eliminations of H2O (m/z = 92) or CO (m/z = 

82). Some other, subsequent eliminations are present, from which the elimination of 

NH3 followed by CO is the dominant one, but it can also alternatively correspond to 

eliminations of H2O and CNH or HCN (m/z = 65). While the elimination of HCN is 

energetically favored, the elimination of CNH is preferred kinetically and is thus 

expected in the this case. 34 The suggested consecutive elimination appears at larger 

collision energies (Ecoll) than the eliminations of NH3, H2O, and CO (Figure 3.2b).  
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Figure 3.2. (a) Collision induced dissociation spectrum of mass-selected ions C6H8NO+ (genereated by 
ESI from p-aminophenol) at collision energy of 5.4 eV (c.m.). (b) Relative cross sections for individual 
fragmentation channels in dependence of the collision energy. Sum of the abundances of the fragment 
and parent ions is set to 1. (c) Branching ratios between the fragmentation channels; sum of the 
abundances of all fragment ions is set to 1, the error bars show the standard error of the mean. 

 

The relative onsets for the fragmentation channels can be even more clearly seen 

from the branching ratios, where the sum of the fragment abundances is normalized to 1 

(Figure 3.2c). It is difficult to conclude anything from the branching ratios below the 

collision energy of 2 eV, because abundances of the individual channels are negligible 

(cf. Figure 3.2b). The ratios of the individual fragmentation channels are therefore 

burdened by a large experimental error (even though the presented branching ratio is the 

average of three independent measurements and the standard error of the mean is rather 

small). Above the collision energy of 4 eV, the primary fragmentation channels start to 

decline and the formation of C5H5
+ is becoming the dominant channel. The relative 

abundance of the NH3 elimination is more than three times larger than elimination of the 

H2O. This ratio is constant through the whole energy range and might suggest the 

presence of isomers with different protonation sites. 
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In order to check this observation, I have performed the same CID experiments 

with ions generated by ESI from the solution of para-aminophenol in acetonitrile 

(Figure 3.3). The CID spectrum as well as the collision-energy dependences of the 

individual fragmentation channels are almost identical (within the experimental error) to 

those obtained from the methanolic solution. I would like to note in passing that it does 

not need to prove anything about the structure of the ions. It just shows that the use of 

either the protic or aprotic solvent does not lead to the change of the populations of 

different isomeric ions, which would be reflected in the different ratios of the 

fragmentation channels.35-37 

 

 
Figure 3.3. (a) Collision induced dissociation spectrum of mass-selected ions C6H8NO+ generated by 
electrospray ionization from acetonitrile solution of para-aminophenol at collision energy of 5.4 eV 
(c.m.). (b) Relative cross sections for individual fragmentation channels of C6H8NO+ in dependence of the 
collision energy. Sum of fragment and parent ions is set to 1. (c) Branching ratios between the 
fragmentation channels; sum of all fragment ions is set to 1. 
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For the comparison, I have also investigated fragmentations of bare protonated 

phenol and aniline (Figure 3.4). Fragmentation of the protonated phenol leads almost 

exclusively to the elimination of H2O. Elimination of CO represents a negligible 

channel in the whole range of the studied collision energies (0 – 11 eV in the center of 

mass frame). Phenol is protonated either at the ortho- or para-position of the aromatic 

ring. The elimination of H2O is therefore associated with hydrogen rearrangements. 

Similarly, fragmentation of protonated aniline leads almost exclusively to the loss of 

ammonia. 

 

 
Figure 3.4 Relative cross sections for individual fragmentation channels of protonated (a) phenol, (b) 
aniline in dependence of the collision energy. Sum of fragment and parent ions is set to 1. "Rest" is the 
sum of all minor and subsequent fragmentation channels. 

 

From the results above, two questions arise. (1) Is protonation at the ring preferred 

similarly as for bare phenol and aniline? (2) Fragmentations of protonated phenol and 

aniline show that hydrogen rearrangements take place prior to the dissociation in order 

to follow the most energetically preferred fragmentation channel. In the case of para-

aminophenol competition of three fragmentation channels can be observed. Are the 

energy barriers for these fragmentations similar or the competition between kinetically 

and energetically preferred channels takes place? In order to answer these questions, an 

infrared multiphoton dissociation (IRMPD) spectrum was measured and density 

functional theory calculations were applied.  

 

3.2.2. IRMPD study 

The IRMPD spectrum of protonated para-aminophenol shows three distinct bands 

at about 1160 cm-1, 1275 cm-1, and 1440 cm-1 (Figure 3.5a). DFT calculated IR spectra 

of all possible protonated isomers show, that the best agreement with the experiment 

can be found for the spectrum of nitrogen-protonated para-aminophenol (Figure 3.5b). 
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Figure 3.5. (a) IRMPD spectrum of mass-selected C6H8NO+ generated by electrospray ionization from 
para-aminophenol. (b-g) Theoretical IR spectra of different isomers of protonated para-aminophenol; 
scaling factor was 0.965.33 

 

In fact, this spectrum is the only one, which can account for the experimental 

band at 1275 cm-1. Analysis of the theoretical vibrational mode corresponding to this 

band reveals that it represents the C-O stretching mode of this particular isomer. The 

band at 1160 cm-1 and 1440 cm-1 corresponds to the O-H and NH3 bend vibration 

respectively. Interestingly the calculated band at about 1600 cm-1 (C=C vibrations of the 

aromatic ring) is not present in the experiment. This can be caused by the fact, that 

power of the free electron laser decreases for the larger wavelengths (Figure 3.1) and 

most probably due to the multiphotonic character of this type of measurements (see 

Chapter 1.3).  
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3.2.3. Calculations and CID vs. IRMPD 

The theoretical calculations on para-aminophenol revealed that the atom with the 

highest proton affinity corresponds to nitrogen (Table 3.1). Protonation at the ring is 

slightly less favorable. For simpler model molecules phenol and aniline, the opposite 

finding is true. The highest proton affinity can be found at the carbon atom C(4) (para-

position with respect to the functional group). Different findings can be simply 

explained by the presence of the electronegative substituents at the para-positions with 

respect to either amino- or hydroxy-function. Therefore, in para-aminophenol these 

protonation sites are disfavored. The second most favored ring-protonation site in 

phenol and aniline correspond to the carbon atoms in the ortho-positions with respect to 

the functional groups (C(2)). These positions are also favored for protonation in para-

aminophenol in that, as expected, the amino function has a larger effect and therefore 

the C(3) carbon atom reveals a higher proton affinity than C(2). 

 
Table 3.1. Proton affinitiesa at different protonation sites of para-aminophenol, phenol and aniline 

 Proton affinity [eV] 

Protonation site O C(1)a C(2)b C(3)b C(4)a N 

para-aminophenol 8.06 8.66 8.63 9.00 8.14 9.18 

phenol 7.58 7.29 8.41 7.90 8.53 - 

aniline - 7.43 8.95 8.16 9.14 9.05 
a Proton affinities are calculated from energies at 0 K (including zero-point vibrational energy). b The 
numbering of the carbon atoms is according to the nomenclature rules. Hence, the C(1) carbon in para-
aminophenol bears the oxygen atom, whereas the C(4) carbon atom bears the amino function. Note that 
the carbon atom, which bears the amino function in aniline, is C(1). 

 

Based on the IRMPD spectrum and the theoretical calculations, one can certainly 

assume that the N-protonated isomer is sampled, but the presence of the other isomers, 

which could contribute to the bands at 1160 cm-1 and 1440 cm-1, cannot be excluded. 

Interestingly, the relative ratios of abundances of different fragmentation channels 

largely differ, when comparing the IRMPD and CID experiments. While in the CID 

experiment the elimination of NH3 prevailed, in the IRMPD experiment, the elimination 

of H2O is preferred. In the fragmentation patterns at the individual absorption bands in 

the IRMPD spectrum, water elimination represent always about 60% in the branching 

of fragmentation channels (Table 3.2). The abundance of the other channels slightly 

depends on the energy of photons. Notably, at the band at about 1275 cm-1 the relative 

abundance of ammonia elimination is increased with respect to the other bands. The 
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interpretation of this observation is rather difficult, because it could originate from an 

admixture of different isomers in the sampled ions, but it can be also just a consequence 

of the IRMPD process.38 

 
Table 3.2. Branching ratios in the fragmentation of protonated para-aminophenol upon IRMPD at 
different photon energies.a 

Elimination channels 

(m/z of the fragments) 

1160 cm-1 1275 cm-1 1440 cm-1 

93 15.4 ± 0.9 26.9 ± 1.7 10.7 ± 0.6 

92 60.4 ± 0.4 58.0 ± 7.3 64.4 ± 3.5 

82 15.5 ± 0.5   9.7 ± 0.8 10.8 ± 0.1 

67   4.6 ± 2.0   2.4 ± 3.5 10.1 ± 0.6 

65   4.1 ± 1.0   2.9 ± 2.9   4.4 ± 3.6 
a Data are obtained as an average of two independent measurements. 

 

3.2.4. Potential energy surface 

Finally, I have investigated potential energy surface of the protonated para-

aminophenol with respect to its rearrangements and fragmentations (Figure 3.6, see also 

Table 3.3 for calculated energies). As indicated by the calculations and the IRMPD 

spectrum, para-aminophenol protonated at the nitrogen atom (1) is the most stable 

isomer. Migration of the proton to the aromatic ring is associated with an energy barrier 

of 2.18 eV (TS 1/2) and leads to the isomer protonated at the ipso-position with respect 

to the amino group (2). The proton migration at the aromatic ring is subject only to 

small energy barriers in the order of about 1.3 eV. Rearrangement of the proton from 

the ring to the oxygen atom proceeds over the largest energy barrier of 2.42 eV (TS 5/6) 

and the oxygen protonated isomer 6 represents the least stable isomer on the potential 

energy surface. Elimination of the water molecule from the oxygen protonated isomer is 

3.00 eV endothermic (with respect to 1) and corresponds to the lowest energy 

demanding dissociation pathway. In comparison, elimination of ammonia from the 

nitrogen-protonated isomer requires energy of 3.46 eV. 
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Table 3.3. B3LYP/6-311+G(2d,p) total energies and energies at 0 K of all considered ions and transition 
structures. 

 Etot/Hartree E0K/Hartree  Etot/Hartree E0K/Hartree 

1 -363.2932815 -363.158054 TS 1/2 -363.2056522 -363.077900 

2 -363.2526106 -363.119604 TS 2/3 -363.2366493 -363.108063 

3 -363.2840400 -363.151219 TS 3/4 -363.2412251 -363.112848 

4 -363.2693444 -363.137667 TS 4/5 -363.2418285 -363.112980 

5 -363.2719783 -363.138899 TS 5/6 -363.1964031 -363.069117 

6 -363.2484567 -363.116770    

7 -286.7116115 -286.609599 TS 7/9 -286.6400499 -286.541774 

8 -306.5688548 -306.481128 TS 8/14 -306.4990961 -306.413009 

9 -286.7218836 -286.618720 TS 9/10 -286.6433997 -286.545415 

10 -286.7068842 -286.604720 TS 10/11 -286.6453020 -286.546642 

11 -286.7487859 -286.643876 TS 11/12 -286.6687279 -286.568999 

12 -286.7398690 -286.638222    

13 -193.2031083 -193.123811    

14 -306.5745275 -306.484885 TS 14/15 -306.4999236 -306.414190 

15 -306.5602430 -306.471090 TS 15/16 -306.4926210 -306.406795 

16 -306.6049865 -306.513143 TS 16/17 -306.5434407 -306.456181 

17 -306.6147365 -306.523940    

NH3 -56.5838371 -56.549623 CNH -93.433289 -93.417932 

H2O -76.4595258 -76.438235 CO -113.3520125 -113.346977 

 

With respect to the fact that the generated ions are protonated at the nitrogen 

atom, the elimination of ammonia corresponds to a simple unimolecular dissociation 

and represents the kinetically favored process, whereas the elimination of the water 

molecule requires many rearrangements and represents the energetically favored one. 

This findings are in perfect agreement with the experimental data. In the CID 

experiment, which is high energy collisional activation process, the elimination of 

ammonia prevails and this consistent with its kinetic preference. In the IRMPD 

experiment, where the dissociation is achieved by sequential absorption of IR photons 

and can be thus considered as a slow heating process, the energetically favored 

elimination of water prevails. In other words, the energetically favored channel leads to 

the energetically favored products, whereas the kinetically favored pathway is the one, 

which is at a given available energy associated with the largest density of states. 39 
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Figure 3.6. B3LYP/6-311+G(2d,p) calculated potential-energy surface for the rearrangement and 
fragmentation of protonated para-aminophenol. Energies are given in eV at 0 K relative to the 1. 

 

Consequent fragmentations after the initial loss of ammonia or water involve 

eliminations of CO or CNH, respectively (Figure 3.7). The least energy demanding 

pathways start with hydrogen migrations in the ring so that the carbene carbons initially 

formed in the para-positions with respect to the heteroatoms (isomers 7 and 8) occur in 

the respective ortho-positions (isomers 10 and 15). The next step involves a migration 

of the hydrogen bound to the heteroatom to the carbon ring forming more stable isomers 

11 and 16, respectively. This rearrangement is for the oxygen-containing ions the most 

energy demanding step. For the nitrogen analogs, the initial hydrogen rearrangements in 

the ring are slightly more energy demanding. Subsequent ring contraction is leading to 

the isomers 12 and 17, which on the C5H5
+ moieties bear the HNC and CO leaving 

groups. The final eliminations of HNC and CO proceed as continuously endothermic 

barrier-less processes (via loose transition states). 

The highest energy barriers on the way from the primary fragments 7 and 8 to the 

formation of C5H5
+ are 1.85 eV for 7 (TS 7/9) and 2.02 eV for 8 (TS 15/16), which 

corresponds to 4.85 eV and 5.48 eV, respectively, with respect to the energy of 

protonated para-aminophenol. This amount of energy is in a good agreement with the 

appearance energy, which can be derived from the dissociation channel leading to the 

C5H5
+ fragment ion (cf. Figures 3.2b and c). 
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Figure 3.7. B3LYP/6-311+G(2d,p) potential-energy surface for the subsequent fragmentations of primary 
fragments a) C6H6N+ and b) C6H5O+. Energies are given in eV at 0 K relative to the energy of 1. 

 

 

3.3. Conclusion 

 

IRMPD spectrum of protonated para-aminophenol clearly shows that the 

protonation proceeds at the nitrogen atom. In comparison to bare aniline, the presence 

of the hydroxy group decreases proton affinity of the carbon atom at the para-position 

to the amino group and causes the nitrogen atom to be the most basic site. The IRMPD 

process leads to the dominant elimination of the water molecule, which is energetically 

favored process as revealed by the DFT calculations. On contrary, the CID experiment 

leads to the dominant elimination of ammonia, which corresponds to the kinetically 

favored process. Energy-dependent CID experiment further showed that the initial 

eliminations of either water or ammonia are followed by eliminations of CNH or CO, 

respectively. DFT calculations rationalized the fragmentation processes and were in 

good agreement with experiments. 
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Esters of malonic acid are often used as building blocks in organic and 

organometallic synthesis. The reason stems from relatively acidic hydrogen atoms 

bound to the central carbon atom, which can therefore be easily exchanged by some 

substituents (IV). Mechanism of such transformation is well known (Scheme 4.1). The 

diketo form of the ester (I) is in equilibrium with the enol-form (II),1,2 hence in the 

protic solvents an exchange of hydrogen atoms bound primarily to the C(2) carbon with 

the hydrogen atoms of the solvent can be observed.3 Adding a base to the solution of 

malonate results in deprotonation and the negative charge is mostly localized at the 

oxygen atom. Subsequent reaction with an electrophile proceeds at the C(2) (III).  

 
Scheme 4.1. Diethylmalonate (I) which is in equilibrium with it's enol form (II) can serve as precursor 
for various nucleophilic substitution reactions (III) forming diethyl 2,2’-dialkylmalonates (IV). R,R' = 
unsaturated alkyl chains. 

 
 

Due to the facile synthesis, 2,2-disubstituted (usually with various unsaturated 

alkyl chains) malonates often appear as substrates in C-C coupling reactions like 

cycloisomerizations. 4 , 5  The reactant, diethyl 2-allyl-2-propargylmalonate and its 

derivatives, undergoes a cyclization catalyzed by various transition metals such as 

gold(I),6 ruthenium(II),7 platinum(II),8 etc. Catalysis by gold(I) gains an increasing 

attention, 9  because it is especially efficient for consecutive cyclizations of 

polyunsaturated system like enynes and hence rather complicated organic frameworks 

can be built.10 A typical example is shown in Scheme 4.2.11-13 Gold(I) catalysts are 

usually produced as chlorides. The catalytically active species are proposed to be 

gold(I) cations and therefore silver salt (e.g. AgSbF6) is often added to the reaction 

mixture, which results in a precipitation of AgCl and formation of gold(I) cations with 

non-coordinating counter ions SbF6
-. 
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Scheme 4.2. Cyclization of a 1,6-enyne derived from diethylmalonate catalyzed by a gold(I) catalyst. 

 
 

In this chapter, the interaction of gold(I) cations and silver(I) cations with the 

diethylmalonate is presented. In particular, I have investigated, whether the 

coordination of gold(I) and silver(I) affects the structure and conformation of 

diethylmalonate14-17 and what are the spectral features of such complexes. While gold(I) 

prefers linear coordination,18 silver(I) is known for it's wide variety of coordination 

patterns.19 Moreover, their electrophilicity index differs.20,21 

 

 

4.1. Experimental and theoretical details 

 

Collision induced dissociation (CID) experiments were performed with a Finnigan 

LCQ ion-trap mass spectrometer fitted with an electrospray ionization source (see 

Chapter 2.1). The ions were generated by electrospray ionization of methanolic 

solutions of diethylmalonate (~ 6 mM) and [AuCl(PMe3)] or AgSbF7 (0.3 mM), 

respectively (both metal complexes and diethylmalonate were supplied from Sigma 

Aldrich). The ions of interest were mass-selected and Δm/z 5 was used for the silver 

complexes, in order to see the isotope patterns in the CID spectra. CID of the mass-

selected ions was achieved by RF-excitation of the ions within the He buffer gas present 

in the ion trap as the collision partner (see Chapter 1.2). The collision energy is 

expressed in terms of the manufacturer’s normalized collision energy (%), where the 

range from 0 to 100% corresponds to a resonance excitation a.c. signal of 0–2.5 V 

(zero-to-peak) at the secular frequency of the ion of interest. The MS/MS/MS 

experiments were done for primary fragment ions, which were mass-selected and 

subjected to CID. 

The gas-phase infrared (IR) spectra of mass-selected ions (see Chapter 1.3) were 

recorded using a Bruker Esquire 3000 ion trap mounted to a free electron laser at CLIO 

(see Chapter 2.3).22 The free electron laser (FEL) was operated at 44 MeV, which 

provided light in a 900 – 1900 cm-1 range. Each point in a raw spectrum is an average of 
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20 measurements. The ions were generated from the solutions described above, mass-

selected and stored in the ion trap. The fragmentation was induced by laser macropulses 

addmitted at a duration of 200 ms to the ion trap. The reported IRMPD spectra are 

averages of 2 raw spectra and are not corrected for the power of the free-electron laser, 

which slightly changes in dependence of the wavenumbers. 

The calculations were performed using the density functional theory (DFT) 

method as implemented in the Gaussian 09 suite. Combination of the functional 

mPW1PW9123,24 with cc-pVDZ25 basis set and LanL2DZ26,27 for gold was used for the 

gold complexes, whereas B3LYP in conjunction with cc-pVDZ basis set and SDD28,29 

was used for the silver complexes. For comparison with the IRMPD spectra, the 

calculated frequencies were scaled by a factor of 0.985 for the silver complexes30 and 

0.955 for the gold complexes.31 The energies discussed refer to energies at 0 K. The 

polarized continuum model was used for modeling the effect of solvent32 and frequency 

calculations were again performed in order to control the identity of the stationary 

points as well as to obtain thermochemical corrections for energies at 0 K. 

 

 

4.2. Results and discussions 

 

4.2.1. Silver complexes 

Firstly I have investigated complexation of diethylmalonate to silver(I) by mass 

spectrometry. The electrospray ionization of a methanolic solution of diethylmalonate 

(CH2(COOEt)2) and AgSbF6 leads dominantly to complex [Ag(CH2(COOEt)2)2]+ (m/z 

427, m/z ratios of the ions containing the 107Ag isotope are given only in the following). 

At harder ionization conditions a silver complex with only one molecule of 

diethylmalonate ([Ag(CH2(COOEt)2)]+, m/z 267) can be observed. Collision induced 

dissociation of [Ag(CH2(COOEt)2)]+ leads to the elimination of ethylene from one of 

the ethyl groups of the ester (Figure 4.1). Subsequent fragmentation leads to the 

generation of the [Ag(HCOOH)]+ ion (m/z 153). Concurrent fragmentation of the parent 

ions corresponds to the elimination of the entire diethylmalonate molecule.33,34 Next to 

the fragmentations, association of parent ions and some of the fragment ions with 

background water molecules can be observed. This process is common for reactive or 

coordinatively unsaturated ions in Paul-type ion-trap instruments.35 
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Figure 4.1. CID spectrum of [Ag(CH2(COOEt)2)]+ (mass selection with Δm/z 5, Ecoll ~ 28 %). The parent 
ions undergo an association with background water molecules (denoted by grey arrows). 

 

In the next step, I have investigated the structure of the complex using IRMPD 

spectroscopy and theoretical calculations. Excitation by IR photons leads to the same 

fragmentation channels as observed in the CID experiments. Construction of the 

IRMPD spectrum by considering the fragments with m/z 107, 153, 239 and the parent 

ions with m/z 267 and 285 (the water adduct) leads to the spectrum shown as a black 

line with positive peaks (Figure 4.2). Process of “hindering” the association of the 

parent ions with background water (by IR heating of the parent ions) has been 

considered as well. The corresponding IRMPD spectrum is constructed so that the 

daughter ions are [Ag(CH2(COOEt)2)(H2O)]+ (m/z 285), while the parent ions are 

[Ag(CH2(COOEt)2)]+ (m/z 267). This approach leads to a spectrum with negative peaks 

shown as a gray line in Figure 4.2. 

 

 
Figure 4.2. IRMPD spectra of the mass selected [Ag(CH2(COOEt)2)]+ (Δm/z 5). The black spectrum is 
constructed from the abundances of ions with m/z 107, 153, and 239 as the fragment ions and those with 
m/z 267 and 285 as the parent ions. For the gray spectrum the ions with m/z 285 were taken as the 
daughter ions and those with m/z 267 as the parent ions. 
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Possible structures of the [Ag(CH2(COOEt)2)]+ complex were investigated by 

DFT method. The silver cation binds to both carbonyl oxygen atoms of diethylmalonate 

in the most stable structure 1Ag
+ (Figure 4.3). There are several possible relative 

conformations of the ethyl groups. However, the energy differences of the 

corresponding structures are on the order of units of kJ mol-1 and therefore most 

probably all of them are sampled by the present experiment. The alternative structure, in 

which the silver cation is coordinated to the ethoxy-oxygen atom (5Ag
+), is already much 

higher in energy (by 0.40 eV) and the complex derived from the enol-form of the 

malonate (6Ag
+) lies even higher in energy (by 0.64 eV). Therefore, these structures can 

be excluded to contribute to the experiment. 

 

 
Figure 4.3. Possible structures of [Ag(CH2(COOEt)2)]+ calculated at the B3LYP/cc-pVDZ:SDD(Ag) 
level of theory. The relative energies refer to 0 K. Selected bond lengths are given in Å. 

 

Comparison of the experimental IRMPD spectrum (Figure 4.4a) with the 

theoretical IR spectrum of 1Ag
+ (Figure 4.4b) leads to a good agreement. The band at 

1700 cm-1 corresponds to the symmetrical stretching of both C=O groups. The bands in 

the range 1200 – 1450 cm-1 represent mostly stretching of the single C-O bonds in that 

these bands are coupled with CH2 bending vibrations. The conformation of the ethyl 

groups does not significantly influence the IR spectrum (Figure 4.4c) and the theoretical 

spectrum of the enol form (Figure 4.4d) clearly shows that this structure does not 

contribute to the experimental spectrum. 
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Figure 4.4. (a) IRMPD spectra of the mass selected [Ag(CH2(COOEt)2)]+ (fragments: m/z 107, 153, and 
239, parents: m/z 267 and 285). Theoretical IR spectra of (b) 1Ag

+, (c) 3Ag
+, and (d) 6Ag

+. The line spectra 
(red bars) are folded with a Gaussian function with FWHM = 16 cm-1. 

 

The IRMPD spectrum, in which the water adduct [Ag(CH2(COOEt)2)(H2O)]+ is 

considered as the daughter ion, compares well with the theoretical spectrum of 1Ag
+ for 

the lower-wavenumber part of the spectrum. However, the composite peak at about 

1700 cm-1 is not well reproduced by the theory. Another process, which can influence 

the experimental IRMPD spectrum should be considered. It is a fragmentation of the 

water adduct [Ag(CH2(COOEt)2)(H2O)]+ initiated by the absorption of the adduct. 

Clearly, both processes – (i) absorption of the IR photons by [Ag(CH2(COOEt)2)]+, 

which leads to the suppression of the addition of background water and (ii) absorption 

of the IR photons by [Ag(CH2(COOEt)2)(H2O)]+, which leads to the elimination of the 

water molecule – cannot be distinguished by the experiment, because they are 

associated with changes of abundances of the same ions. 

The theoretical spectrum of [1Ag(H2O)]+ is almost identical with that of [1Ag]+ and 

the only difference can be observed in the region 1550 – 1750 cm-1. The coordination of 

the water ligand to the silver cation leads to a slight weakening of the bonds between 
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silver and the oxygen atoms. This leads to a small blue shift of the peak at 1710 cm-1 

which is also observed in the experiment (cf. Figure 4.2). Additional band at 1630 cm-1 

can be interpreted as the bending vibration of the water molecule. Hence the results 

suggests that the fragmentation of the water adduct [Ag(CH2(COOEt)2)(H2O)]+ rather 

than heating of [Ag(CH2(COOEt)2)]+ is sampled. 

 

 
Figure 4.5. (a) IRMPD spectra of the mass selected [Ag(CH2(COOEt)2)]+ (fragment: m/z 285, parent: m/z 
267). Theoretical IR spectra of (b) 1Ag

+ and (c) [1Ag
+(H2O)]. The line spectra (red bars) are folded with a 

Gaussian function with FWHM = 40 cm-1. 

 

The peaks in the IRMPD spectrum of [Ag(CH2(COOEt)2)(H2O)]+ are not only 

more intense, but their resolution is lower. For the fitting with the theoretical spectra, 

broadening of the individual transitions by a Gaussian function (FWHM = 40 cm-1) had 

to be used. It has roughly double width compared to the fitting of the 

[Ag(CH2(COOEt)2)]+ spectrum (cf. Figures 4.4 and 4.5). Lower resolution of the 

IRMPD spectra is usually associated with sampling more conformations of the studied 

complex36 and cannot be simply related to the tagging of a central metal with a water 

molecule.35 Hence, probably also here, more conformations of the silver complex are 

sampled by the fragmentation of the water adduct in comparison with the fragmentation 

of the naked [Ag(CH2(COOEt)2)]+ complex. 
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4.2.2. Gold complexes 

Secondly, I have investigated analogous complexes with gold. As a source of 

gold, common catalyst AuCl(PMe3) was used. The complexes with diethylmalonate are 

then generated as [Au(CH2(COOEt)2)(PMe3)]+. Collision induced dissociation of mass-

selected [Au(CH2(COOEt)2)(PMe3)]+ (m/z 433) leads to the elimination of 

diethylmalonate (Figure 4.6). The fragment ions [Au(PMe3)]+ (m/z 273) undergo an 

immediate association with background water molecules (gray arrow in Figure 4.6).37 

 

 
Figure 4.6. CID spectrum of [Au(CH2(COOEt)2)(PMe3)]+ (mass selection with Δm/z 3, Ecoll ~ 20 %). The 
parent ions undergo an association with background water molecules (denoted by grey arrows). 

 

Possible structures of the gold complexes were also investigated with DFT 

calculations (Figure 4.7). The most stable arrangement of the complex with the diketo 

form of diethylmalonate has both carbonyl oxygen atoms oriented towards the gold 

cation (1Au
+), but one of them is bound with substantially shorter bond length (2.175 Å) 

that the other (2.846 Å). The trimethylphosphine ligand is coordinated in a linear 

arrangement with respect to the oxygen atom of the tighter bound carbonyl function.  
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Figure 4.7. Possible structures of [Au(CH2(COOEt)2)(PMe3)]+ calculated at the mPW1PW91/cc-
pVDZ:LanL2DZ(Au) level of theory. The relative energies refer to 0 K. Selected bond lengths are given 
in Å. 

 

The IRMPD spectrum of the mass selected [Au(CH2(COOEt)2)(PMe3)]+ complex 

substantially differs from that of [Ag(CH2(COOEt)2)]+ (Figure 4.8a). Especially, two 

distinct peaks for the C=O stretching vibrations (1630 and 1740 cm-1) can be observed. 

This suggests that the gold cation is not coordinated symmetrically between both 

oxygen atoms. The theoretical spectrum of 1Au
+ (Figure 4.8b) agrees well with the 

IRMPD spectrum of [Au(CH2(COOEt)2)(PMe3)]+. Only the C=O stretching of the 

carbonyl function coordinated to the gold cation is predicted by ~ 20 cm-1 blue shifted. 

It can mean that the theoretical model chosen does not describe the binding between the 

carbonyl function and the gold cation correctly in that the positive charge from the gold 

cation is in reality more delocalized to malonate than predicted by the theory. 
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Figure 4.8. (a) IRMPD spectra of the mass selected [Au(CH2(COOEt)2)(PMe3)]+ (fragments: m/z 273 and 
291, parent: m/z 433). Theoretical IR spectra of (b) 1Au

+ and (c) 6Au
+ (d) 2Au

+. The line spectra (red bars) 
are folded with a Gaussian function with FWHM = 16 cm-1. 

 

Similarly to the case with silver, the interaction of the gold cation with the enol 

form of diethylmalonate was considered.38 The complex derived from this form, 6Au
+, 

lies at 0 K slightly lower in energy (by 0.02 eV) than 1Au
+. However, if Gibbs energies 

at 298 K are taken in account, then 6Au
+ lies 0.07 eV higher than 1Au

+. If both complexes 

are in equilibrium, then they will contribute to the IRMPD spectrum. It should be noted 

that theoretically predicted extinction coefficients of 6Au
+ even exceed those of 1Au

+. 

Nevertheless, the IRMPD spectrum does not contain any of the characteristic features, 

which should be observed for the 6Au
+ (see Figure 4.8c) complex. The reason can 

originate from the fact that the energies of the complexes differ even more in the 

solution and that the complex from the solution is sampled preferentially.39  The 

calculations performed using polarized continuum model for the solvation effect of 

methanol predict 6Au
+ lying 0.11 eV higher in energy than 1Au

+ (Gibbs energies at 298 K 

are considered). 
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I have also checked the possible formation of the enol form of the complex 

experimentally. Diethylmalonate and [AuCl(PMe3)] were dissolved in CD3OD. The 

generated complex [Au(CH2(COOEt)2)(PMe3)]+ has m/z 433 (hence no H was 

exchanged by D) and I did not observed in the time scale of the experiment any 

significant change. It is another proof that the complex formed in the solution bears the 

diketoform of diethylmalonate. 

 

 

4.3. Conclusion 

 

With the ESI-MS, IRMPD spectroscopy and theoretical calculations I have 

investigated silver and gold complexes with diethylmalonate. Due to the higher 

eletrophilicity of the silver cation, preferential coordination to the oxygen atoms of 

diethylmalonate was observed. Theoretical calculations and the IRMPD spectrum of the 

mass-selected [Ag(CH2(COOEt)2)]+ showed that the silver cation is symmetrically 

coordinated between the carbonyl-oxygen atoms. Even if the silver cation is coordinated 

by another ligand (water),40  the coordination between the oxygen atoms remains 

symmetrical. On the other hand, gold(I) represents a softer electrophile. The 

calculations showed that the gold(I) complex with the classical diketo-form of 

diethylmalonate should be in equilibrium with the gold(I) complex of the enol-form of 

diethylmalonate, in which the gold cation is bound to a carbon atom. In the solution, 

however, the complex with the diketoform of malonate is stronger preferred and this 

structure is also transferred to the gas phase by electrospray ionization and sampled 

with the IRMPD method. In the complex [Au(CH2(COOEt)2)(PMe3)]+, the gold cation 

is coordinated stronger to one of the carbonyl-oxygen atoms.  
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The modern atom economical concept1 minimizes the number of reaction steps 

and suppresses side products. One of the possible strategies fulfilling these requirements 

involves direct C-H activation reactions mediated by transition metals.2-5 Because the 

whole topic is very broad I will focus on ruthenium catalysis here,6,7 specifically on 

direct functionalization of unsaturated heteroatom-containing compounds such as 

pyridine. Only a few examples of transition metal catalyzed C-H activations of pyridine 

can be found in literature8 but all of these examples have some limitations, like elevated 

temperatures (>100 °C) or a limited scope of use (e.g. only reactions with internal 

alkynes). In 2013, Johnson et. al.9 published a procedure for the coupling of pyridine 

with phenylacetylene mediated by ruthenium catalyst [RuCp(PPh3)(Py)2]PF6. The 

reaction cycle is proposed to proceed through cationic intermediates (Scheme 5.1).  

 
Scheme 5.1. Proposed catalytic cycle of formation of styrylpyridine from pyridine and phenylacetylene 
catalyzed by ruthenium catalyst. Cycle is based on the previous study9 and simplified to show only the 
key intermediates. 
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It should be, therefore, possible to follow the proposed reaction cycle by mass 

spectrometry. Ionic intermediates can be transferred to the gas phase by means of 

electrospray ionization and the individual intermediates can be probed in various 

dedicated experiments (see Chapter 1.1). The disadvantage of the reaction cycle 

discussed here is that all the intermediates around the catalytic cycle have the same 

mass-to-charge ratio. This feature is common for many catalytic cycles and makes their 

investigations by mass spectrometry difficult. I would like to demonstrate on this 

challenging case that with a combination of standard approaches of mass spectrometry, 

such as CID experiments (see Chapter 1.2), IRMPD spectroscopy (see Chapter 1.3) and 

theoretical calculations I was able to monitor the reaction intermediates, distinguish 

between the isobaric complexes and identify the key intermediates along the catalytic 

cycle. 

 

 

5.1. Experimental and theoretical details 

 

Commercially available ruthenium catalyst [RuCp(CH3CN)3]PF6  has been used 

for synthesis of [RuCp(PPh3)(Py)2]PF6 and subsequent synthesis of styrylpyridine 

according to the previously published synthetic procedures with small modifications. 1H 

NMR and ESI-MS spectra confirmed the structure of the products and agreed well with 

the literature.9,10 Preparation of the solutions for the CID and IRMPD experiments is 

detailed below. Ruthenium complex [RuCp(CH3CN)3]PF6 was supplied from Strem 

Chemicals. Phenylacetylene (PhCCH), pyridine (Py) and triphenylphosphine (PPh3) 

were supplied from Sigma Aldrich. 

Mixture A: Freshly prepared catalyst [RuCp(PPh3)(Py)2]PF6 (2.0 mg, 2.7 mmol) 

was dissolved in dry degassed dichloromethane (0.5 ml) under Ar atmosphere. Then dry 

pyridine (30 µl, 372 mmol) and phenylacetylene (5 mg, 49 mmol) were added. 

Mixture B: Freshly prepared catalyst [RuCp(PPh3)(Py)2]PF6 (1.0 mg, 1.4 mmol) 

was dissolved in dry degassed dichloromethane (0.5 ml) under Ar atmosphere. Then 

styrylpyridine (0.9 mg, 5.0 mmol) was added. 

Mixture C: Ruthenium catalyst [RuCp(CH3CN)3]PF6 (2.0 mg, 4.6 mmol) and 

PPh3 (1.2 mg, 4.6 mmol) were dissolved in dry degassed dichloromethane (0.5 ml) 

under Ar atmosphere and stirred for 10 minutes. Then phenylacetylene (5 mg, 49 mmol) 

was added and the mixture was stirred for another 10 minutes. 
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Mixture D: Ruthenium catalyst [RuCp(CH3CN)3]PF6 (2.0 mg, 4.6 mmol) and 

PPh3 (1.2 mg, 4.6 mmol) were dissolved in dry degassed dichloromethane (0.5 ml) 

under Ar atmosphere and stirred for 10 min. Then pyridine (30 µl, 372 mmol) was 

added and the mixture was stirred for another 10 minutes. 

The bimolecular reaction experiments were performed with the TSQ 7000 tandem 

mass spectrometer (see Chapter 2.2). The ions were generated by electrospray 

ionization (ESI) of the reaction mixtures C and D. The first quadrupole was used to 

mass-select the ions of interest. The mass-selected ions were collided with pyridine or 

phenylacetylene in the octopole collision cell and the ionic products of the reaction 

were analyzed by the second quadrupole. The collisions were performed at nominally 

zero collision energy; the corresponding potential offset was determined by means of 

retarding potential analysis (Figure 5.1). 

 

 
Figure 5.1. Retarding potential analysis of the [RuCp(PPh3)(Py)]+ ion (black line). Differentiation of the 
stopping-potential curve (red line) shows that the energy resolution of the kinetic energy was 3.4 ± 0.1 eV 
in the laboratory frame (FWHM). The rest of the investigated ions in the reported TSQ experiments had 
the same or very similar kinetic energy distribution. It was necessary to increase the broadness of kinetic 
energy distribution to achieve higher intensities of studied ions. 
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Infrared multiphoton dissociation spectra (see Chapter 1.3) were recorded using a 

Bruker Esquire 3000 ion trap mass spectrometer coupled to a CLIO free electron laser 

(see Chapter 2.3). The ions were generated by electrospray ionization of the reaction 

mixtures A and B. The free electron laser was operated at 44 MeV electron energy, 

which provided light in the 900 – 2000 cm-1 range. Spectral resolution in this range was 

15 – 20 cm−1 (FWHM) under the given experimental setup.11,12 The ions were mass-

selected and stored in the ion trap. The fragmentation was induced by laser irradiation 

admitted to the ion trap for the duration of 150 ms (results in Figure 5.9) or 920 ms 

(results in Figure 5.10). The dependence of the fragmentation intensities on the 

wavelength of the IR light gives the IRMPD spectra. Each point in a raw spectrum at a 

given wavelength was obtained by the evaluation of 4 mass spectra, where each mass 

spectrum was an average of 5 measurements. The IRMPD spectra are not corrected for 

the power of the free-electron laser (Figure 5.2). 

 

 
Figure 5.2. Dependence of the free electron laser power on the wavelength during measurement of the 
IRMPD spectra shown in a) Figures 5.9a and 5.9b; b) Figure 5.10a; c) Figure 5.10b. 

 

For all calculations the Gaussian 09 package was used. Molecular structures have 

been optimized with the density functional theory method B3LYP in combination with 

the 6-31G(d,p)13-15 basis set for C, H, N and P and LanL2DZ16,17 for Ru (denoted as 6-

31G(d,p):LanL2DZ in the following). The calculated infrared spectra are scaled with 

the scaling factor of 0.97.18 The single point calculations were performed with the 
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B3LYP, B3LYP-D3 including Grimme’s empirical dispersion correction D3,19 B97-

D3,20 and M06-2X21 density functional theory models together with a triple-ζ basis set 

combined from 6-311G(2d,p)22,23 for C, H, N and P and LanL2TZ24 for Ru (denoted as 

6-311G(2d,p):LanL2TZ in the following). 

 

 

5.2. Results 

 

5.2.1. Collision induced dissociation.  

I have started with the investigation of the properties of the catalyst only. The 

electrospray ionization mass spectrum of the solution of [RuCp(PPh3)(Py)2]PF6 in 

dichloromethane shows peaks corresponding to the [RuCp(PPh3)(Py)n]+ (n = 0 – 2) ions 

(Figure 5.3). Softer ionization conditions led to a somewhat larger abundance of the 

ions with two pyridine ligands compared to the harder ionization conditions,25-27 but the 

complexes with one pyridine ligand always largely prevailed. In the collision induced 

dissociation experiments with mass selected [RuCp(PPh3)(Py)2]+ and 

[RuCp(PPh3)(Py)]+ solely the elimination of pyridine was observed. From the collision-

energy resolved experiments I have determined the appearance energies (AEs) for the 

pyridine loss from [RuCp(PPh3)(Py)2]+ as 0.78 ± 0.03 eV (Figure 5.4a) and from 

[RuCp(PPh3)(Py)]+ as 1.51 ± 0.03 eV (Figure 5.4b). 

 

 
Figure 5.3. ESI-MS spectrum of a ruthenium catalyst [RuCp(PPh3)(Py)2]PF6. 
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Figure 5.4. CID spectra (LCQ-MS) of mass selected (a) RuCp(PPh3)(Py)2]+ (Ecoll 0.7 eV at the center-of-
mass frame, c.m.) and (b) [RuCp(PPh3)(Py)]+ (Ecoll 1.6 eV, c.m.) and their break down patterns as 
functions of collision energy; the dots are experimental data, the lines are fitted sigmoid functions. Linear 
extrapolation gives the appearance energies (AEs) of the fragments (Py). 

 

Addition of phenylacetylene and pyridine to the solution of the catalyst (mixture 

A) led to two new signals in the corresponding ESI-MS spectrum (Figure 5.5a). The 

signals represent the ions formed from the catalyst’s signals by the exchange of a 

pyridine unit by phenylacetylene, i.e. [RuCp(PPh3)(PhCCH)]+ and 

[RuCp(PPh3)(Py)(PhCCH)]+. 

 

 
Figure 5.5. ESI-MS spectra of mixtures of ruthenium catalyst and (a) phenylacetylene or (b) 
styrylpyridine. 
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In order to compare the interaction of the ruthenium catalyst with pyridine on one 

hand and phenylacetylene on the other, the energy-resolved CID experiments were 

performed. In the [RuCp(PPh3)(PhCCH)]+ complex, several possible coordination 

geometries of phenylacetylene to ruthenium can be suggested. The initial coordination 

of alkyne proceeds most probably via the π-interaction through the triple bond (isomer 

A in Scheme 5.1). The binding can be, however, also mediated by the C-H sigma bond 

or by the aromatic ring of phenylacetylene. It is well know that terminal alkynes can 

rearrange upon coordination to ruthenium to the isomeric vinylidene unit ( isomer B in 

Scheme 5.1).28-36 Interestingly, the CID pattern of [RuCp(PPh3)(PhCCH)]+ depends on 

the ionization conditions with which the parent ions are generated. At softer ionization 

conditions, the parent ions lose phenylacetylene as the dominant channel (Figure 5.6a). 

At harder ionization conditions, the elimination of phenylacetylene is much less 

abundant and it is accompanied by a more abundant channel leading to dehydrogenation 

(Figure 5.6b). Note that both CID spectra were collected at the same collision energy 

2.6 eV. The straightforward explanation of the differing CID patterns is that a mixture 

of isomers is generated. Phenylacetylene ligand is probably bound as a π-complex or as 

vinylidene. Collision-energy resolved experiments showed appearance energy of the 

loosely bound phenylacetylene (presumably the π-coordinated isomer) as 1.9± 0.04 eV 

(Figure 5.6a). These ions were generated at the softer ionization conditions and the 

breakdown diagram suggests that about 40 % of the parent ions correspond to the 

isomers with the loosely coordinated phenylacetylene.  

The threshold for the elimination of phenylacetylene from the second isomer, i.e. 

probably the isomer with phenylacetylene bound as vinylidene, could not have been 

determined, because this isomer preferentially eliminates H2. Presumably, the 

elimination of phenylacetylene would have to be associated with a hydrogen migration 

and such process is then in competition with other possible fragmentation pathways of 

the complex. 
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Figure 5.6. CID spectra (LCQ-MS) of mass selected [RuCp(PPh3)(PhCCH)]+ acquired at Ecoll = 2.6 eV 
(c.m.). The parent ions were generated at (a) softer ionization conditions; (b) harder ionization conditions. 
At softer ionization conditions, break down diagram of [RuCp(PPh3)(PhCCH)]+ as a function of collision 
energy is shown; the dots are the experimental data, the lines are fitted sigmoid functions. Linear 
extrapolation gives the appearance energy (AE) of the fragment (PhCCH). 

 

The separate investigation of [RuCp(PPh3)(Py)]+ and [RuCp(PPh3)(PhCCH)]+ 

revealed that pyridine is bound to the ruthenium center with a smaller binding energy 

than π-coordinated phenylacetylene. I have investigated this issue also with the mixed 

complex [RuCp(PPh3)(Py)(PhCCH)]+ (Figure 5.7). In the analysis of the fragmentation 

patterns of these ions it is important to consider that not only phenylacetylene can be 

coordinated as the π-complex or as the vinylidene unit, but the pyridine unit can interact 

with phenylacetylene and the parent complex can thus represent any intermediate in the 

catalytic cycle including the products of the C-C coupling (G) or the C-N coupling (H) 

between pyridine and phenylacetylene (Scheme 5.1).  

In order to detect the reactant complexes, where pyridine and phenylacetylene are 

not coupled, I have reduced the reaction time by using a so called "T-piece" technique. 

The reactants were introduced from two syringes (one containing phenylacetelyne 

solution and second containing solution of catalyst with pyridine) and mixed in a T-

piece directly before the infusion to the electrospray ionization source. This approach 

led to a similar ESI-MS spectrum as shown in Figure 5.5a. The CID experiment with 

the mass-selected [RuCp(PPh3)(Py)(PhCCH)]+ complex (Figure 5.7a) shows the 

eliminations of pyridine and phenylacetylene. The appearance energies were determined 



Chapter 5. Ru-catalyzed C-C coupling 

 60 

from the energy-resolved CID experiments as 1.16 ± 0.04 eV for the pyridine loss and 

1.30 ± 0.03 eV for the phenylacetylene loss, respectively. Hence, even in the mixed 

complex, the phenylacetylene unit has a larger binding energy than pyridine. 

For comparison, I have also investigated the CID pattern of the 

[RuCp(PPh3)(Py)(PhCCH)]+ ions isolated from a reaction mixture containing all 

reactants (mixture A, Figure 5.7b). Next to the expected eliminations of pyridine and 

phenylacetylene, elimination of triphenylphosphine and a combined loss of pyridine and 

phenylacetylene appeared. Measurement of the CID pattern in dependence of the 

collision energy revealed two fragmentation processes with clearly distinct appearance 

energies and thus probably corresponding to two isomeric complexes. The isomer with 

a lower fragmentation threshold eliminates pyridine and phenylacetylene with the 

appearance energies 1.16 eV and 1.30 eV, respectively. Hence, this isomer corresponds 

to the complex generated from the reaction solution mixed in the T-piece in front of the 

ESI source (see above). The second type of fragmentation appears at about 2.2 eV and 

involves elimination of pyridine, triphenylphosphine and a combined loss of pyridine 

and phenylacetylene (Figure 5.7b). 

In order to separate the second isomer, I took advantage of distinct fragmentation 

thresholds. In the MS3 experiment, the mixture of isomers (generated by ESI from the 

mixture A) was in the first CID experiment subjected to the collision energy of 1.8 eV. 

This collision energy is sufficient for fragmenting all of the ions corresponding to the 

first isomer (cf. Figure 5.7a and 5.7b). The remaining [RuCp(PPh3)(Py)(PhCCH)]+ ions 

were again mass-selected and subjected to the second CID experiment (Figure 5.7c). 

The dominant loss corresponds to the elimination of triphenylphosphine (AE = 2.34 ± 

0.03 eV) followed by the eliminations of pyridine (AE = 2.33 ± 0.03 eV) and the 

concomitant elimination of pyridine and phenylacetylene (AE = 2.39 ± 0.03 eV), which 

probably corresponds to the elimination of the product of the reaction, i.e. 

styrylpyridine. 
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Figure 5.7. CID spectra (LCQ-MS) of the mass selected ions of interest (left) and their break down 
diagrams (right) as a function of collision energy. The CID spectra were acquired at a) 1.2 eV; b) 2.2 eV; 
c) 2.6 eV; d) 2.2 eV. The dots represent the experimental data, the lines are fitted sigmoid functions. 
Linear extrapolation gives us the appearance energies (AEs) of all fragments. 

 

Finally, I have compared the fragmentation patterns of both isomers generated 

from the reaction mixture with the fragmentation pattern of the complexes formed with 

the prepared styrylpyridine product (Figure 5.7d). In the mass spectrum obtained by ESI 

of the mixture of the catalyst and styrylpyridine (Mixture B, Figure 5.5b), peaks 

showing the presence of the catalyst and peaks isobaric with the 

[RuCp(PPh3)(Py)(PhCCH)]+ complex can be found. The energy-resolved CID of the 

[RuCp(PPh3)(Py)(PhCCH)]+ complex led to the eliminations of triphenylphosphine with 
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AE = 2.02 ± 0.06 eV and styrylpyridine with AE = 2.07 ± 0.04 eV. The appearance 

energies are lower than those found in the previous experiment (Figure 5.7c) and no 

elimination of pyridine was observed. Hence, these results imply that I have detected 

three different isomers from the catalytic cycle by various CID experiments. 

 

5.2.2. Bimolecular reactions in the gas phase 

Further experiment was to probe properties of reactant ions in thermal collisions 

with neutral reactant partners using tandem mass spectrometer. First, I have tested a 

possibility that complexes of the catalyst bearing phenylacetylene react with pyridine. 

The mass-selected ions [RuCp(PPh3)(PhCCH)]+, [RuCp(PPh3)(PhCCH)(CH3CN)]+, and 

[RuCp(PPh3)(PhCCH)2]+ (generated by ESI from the mixture C) were successively 

reacted with pyridine at nominally zero collision energy (Figure 5.8a-c). The 

[RuCp(PPh3)(PhCCH)]+ complex effectively associated with pyridine, while the 

[RuCp(PPh3)(PhCCH)(CH3CN)]+ ions underwent an exchange reaction of acetonitrile 

by pyridine. The last complex, [RuCp(PPh3)(PhCCH)2]+, was unreactive. The reason 

might be a possible formation of the η3-coordinated allyl carbene ligand shown to be 

formed in a small yield in this reaction9 and characterized previously.37 Formation of a 

stable ruthenacyclopentadiene also cannot be excluded.38-40 It has to be also noted, that 

during the investigation of the whole reaction mixture (mixture A), complexes 

corresponding to [RuCp(PPh3)(Py)(PhCCH)2]+ were detected. They probably 

correspond to the complex reported by Johnson et al. ([13]+ in ref. 9) and represent other 

minor pathway in this reaction. However, these assumptions were not investigated 

further. 

In the next series of the experiments, the complexes of the catalyst and pyridine, 

[RuCp(PPh3)(Py)]+, [RuCp(PPh3)(Py)(CH3CN)]+, and [RuCp(PPh3)(Py)2]+ (generated 

by ESI from the mixture D), were reacted with phenylacetylene at nominally zero 

collision energy (Figure 5.8d-f). The reaction of presumably coordinatively unsaturated 

[RuCp(PPh3)(Py)]+ does not lead to an association with phenylacetylene, but instead the 

pyridine unit is replaced by phenylacetylene. Similar reactivity pattern was observed 

also for the larger ions. For both, [RuCp(PPh3)(Py)(CH3CN)]+ and [RuCp(PPh3)(Py)2]+, 

first elimination of the additional ligand occurs (acetonitrile or pyridine, respectively) 

and then the remaining pyridine ligand is replaced by phenylacetylene. 
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Figure 5.8. Reactivity studies with mass selected ions in the TSQ instrument. The reactant gas was 
pyridine (a,b,c, pressure: 0.9 ± 0.1 mtorr) or phenylacetylene (d,e,f, pressure: 0.5 ± 0.1 mtorr). 

 

5.2.3. IRMPD studies 

The molecular structures of the individual complexes were studied by infrared 

multiphoton dissociation spectroscopy. The interpretation of IRMPD spectra is usually 

based on the comparison with predicted theoretical IR spectra of possible isomeric 

structures (for details see the part discussing DFT results below).41 I have therefore 

optimized all possible complexes depicted in Scheme 5.1 and calculated their IR spectra 

(energies at 0 K and relative energies can be found in the Table 5.2). 

 The IRMPD experiment was first done for the complexes generated by mixing 

the catalyst with pyridine and phenylacetylene right before introducing into the ESI 

source (i.e. the isomer corresponding to Figure 5.7a). Comparison of the IRMPD 

spectrum (Figure 5.9a) with theoretical IR spectra obtained for isomers A – H suggested 

that probably a mixture of isomers A and B is sampled. Isomer A contains π-

coordinated alkyne, which subsequently rearranges to the vinylidene isomer B. Isomer 

A can be uniquely identified by the CC triple bond vibration predicted at about 1900 
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cm-1 (Figure 5.9c). This band is also clearly observed in the experimental spectrum. The 

experimental spectrum also contains an intense band at about 1640 cm-1, which 

probably does not originate from the isomer A, but can be best explained as the 

vinylidene stretch vibration of isomer B (Figure 5.9d).  

I have tried to influence the populations of the A and B isomers by changing the 

ionization conditions. Figure 5.9b shows the IRMPD spectrum of ions obtained at softer 

ionization conditions (smaller potential offset and lower temperature of the transfer 

capillary). This spectrum is in perfect agreement with the theoretical spectrum of 

complex B. This result is slightly counterintuitive, because it would be expected that 

more energetic conditions during the transfer of the ions would lead to depletion of the 

isomers with the π-coordinated phenylacetylene due to a facile loss of the PhCCH as 

observed for the [RuCp(PPh3)(PhCCH)]+ ion. This can have two possible explanations.  

Either the population of the isomer with the vinylidene ligand in the solution prevails, 

which would be only upon an energy supply (from ESI) rearranged back to the less 

stable isomer with the π-coordinated alkyne, or ruthenium acetylides are formed and 

protonated during the transfer to the gas phase at the terminal or internal carbon atom. 
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Figure 5.9. IRMPD spectra of the mass selected complexes [RuCp(PPh3)(Py)(PhCCH)]+ generated from 
a reaction mixture prepared in a T-piece in front of the ESI source at (a) harder and (b) softer ionization 
conditions (see the text, fragments were pyridine and phenylacetylene). Theoretical (B3LYP/6-
31G(d,p):LanL2DZ) IR spectra of (c) A and (d) B isomers of [RuCp(PPh3)(Py)(PhCCH)]+. The line 
spectra are folded with a Gaussian function with FWHM = 10 cm-1. Ar = aromatic rings. 

 

The IRMPD spectrum of the second type of the ions obtained from the reaction 

mixture (i.e. ions corresponding to Figure 5.7c) were obtained in the MS3 experiment. 

The mass selected complexes [RuCp(PPh3)(Py)(PhCCH)]+ were first collisionally 

activated so that the first types of complexes (A and B) were fragmented, the remaining 

complexes were again mass-selected and irradiated by the IR laser (about six-times 

longer irradiation time was necessary to induce the fragmentation of these more stable 

ions; see the experimental details). Comparison of the resulting spectrum (Figure 5.10a) 

with all possibilities obtained from theory (Figure 5.10c-h and Figure 5.9c,d) suggests 

that probably the F isomer is detected. There is a good agreement in the range of double 

bond vibrations. Two experimental peaks detected at 1396 cm-1 and 1435 cm-1 probably 

correspond to the theoretical band located at 1426 cm-1 and 1476 cm-1 that are predicted 

too high in wavenumbers.  
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The IRMPD spectrum of the complex with the styrylpyridine product (i.e. ESI of 

the mixture B) is shown in Figure 5.10b. A good agreement is found in the range of the 

C=C stretch vibration of the pyridine and phenylacetylene aromatic rings at around 

1600 cm-1. The theoretically predicted bands at 1426 cm-1 and 1480 cm-1 are again red-

shifted in the experiment to 1390 cm-1 and 1430 cm-1 exactly as found above. Again, a 

long irradiation time was necessary to induce the fragmentation, which was about 20 % 

at maximum. In the experiment shown in Figure 5.10a, less than 3% fragmentation was 

observed using the same irradiation time. It is in accordance with the highest 

appearance energies determined for this type of isomer in the CID experiments. 

 

 
Figure 5.10. IRMPD spectra of the mass selected complexes [RuCp(PPh3)(Py)(PhCCH)]+ (a) prepared in 
a MS3 experiment with ions generated from the reaction mixture (see the text, fragments were: pyridine, 
PPh3) and (b) generated from a solution of the catalyst and styrylpyridine (fragments were: styrylpyridine 
and PPh3). Theoretical (B3LYP/6-31G(d,p):LanL2DZ) IR spectra of the C (c), DH (d), E (e), F (f), G (g) 
and H (h) isomers. The line spectra are folded with a Gaussian function with FWHM = 10 cm-1. 
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5.2.4. DFT calculations 

Details of the potential energy surface associated with this reaction were 

published previously.9 I did not intend to recalculate all stationary points once more; 

only relevant minima on the PES in the gas phase were optimized, in order to obtain 

their theoretical IR spectra for comparison with the IRMPD experiments. I have also 

determined theoretical binding energies for comparison with the CID experiments and 

several DFT methods were compared as well (Table 5.1). 

 
Table 5.1. Relative energies (in bold)a and bond dissociation energiesb obtained with various DFT 
functionals using the 6-311G(2d,p):LanL2TZ basis set. Values are in eV and correspond to the sum of 
electronic and zero point energy. Energies are also compared to the experimental values (AEs) and DFT 
calculation performed by Johnson et al. (PBE0/def2-TZVVP).9 

 B3LYP B3LYP-D3 B97-D3 M06-2X AEs PBE0 

A ([RuCp(PPh3)(Py)(PhCCH)]+) 

BDEA(Py) 

BDEA(PhCCH) 

0.00 

0.42 

0.71 

0.00 

 1.17 

 1.36 

0.00 

1.13 

1.55 

0.00 

1.16 

1.19 

 

1.16 

1.30 

0.00 

F 

BDEF(Py) 

BDEF(PPh3) 

BDEF(Prod**) 

-0.26 

1.12 

0.99 

2.03 

-0.22 

1.90 

2.11 

3.10 

-0.34 

1.92 

2.35 

3.36 

-0.13 

2.06 

1.84 

2.73 

 

2.33f 

2.34 

2.39f 

-0.81 

G ([RuCp(PPh3)(Styrylpyridine)]+) 

BDEG(PPh3) 

BDEG(Styrylpyridine) 

-1.37 

1.27 

1.51 

-1.32 

2.37 

2.55 

-1.26 

2.57 

2.70 

-1.26 

1.96 

2.21 

 

2.02 

2.07 

-1.86 

[RuCp(PPh3)(Py)2]+ (I) 

BDEI(Py) 

-0.24c 

0.95 

-0.05c 

1.41 

0.04c 

1.51 

0.00c 

1.19 

 

0.78 

-0.35 

[RuCp(PPh3)(Py)]+ (II) 

BDEII(Py) 

0.71d 

1.07 

1.36d 

1.66 

1.55d 

1.69 

1.16d 

1.56 

 

1.51 

 

[RuCp(PPh3)(PhCCH)]+ (III) 

BDEIII(PhCCH) 

0.42e 

1.36 

1.17e 

1.85 

1.13e 

2.12 

1.16e 

1.59 

 

1.90 

 

 
a Energies are given relative to E0K(A). b BDEX(L) denotes binding energy of the ligand L in the complex 
X. c To relate the energy to A, [E0K([RuCp(PPh3)(Py)2]+) + E0K(PhCCH) - E0K(Py)] was considered. d To 
relate the energy to A, [E0K([RuCp(PPh3)(Py)]+) + E0K(PhCCH)] was considered. e To relate the energy to 
A, [E0K([RuCp(PPh3)(PhCCH)]+) + E0K(Py)] was considered. f Note that this elimination is associated 
with a rearrangement, so the appearance energy can reflect the energy barrier for this process. 

 

While the B3LYP functional is known to provide reliable IR spectra,42 it is 

obvious from Table 5.1 that it provides binding energies outlying from those predicted 

by the rest of functionals. In comparison with the experiment, the binding energies 

predicted by B3LYP are severely underestimated. Correction of the B3LYP functional 

with the empirical Grimme’s term D3 accounting for the dispersion interactions leads to 
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a dramatic increase of all binding energies. The B97-D3 functional performs very 

similar to B3LYP-D3, but the large bond dissociation energy of π-coordinated 

phenylacetylene BDEA(PhCCH) in the [RuCp(PPh3)(Py)(PhCCH)]+ complex indicates 

that this interaction might be overestimated using B97-D3. Similarly, larger interaction 

energies between the ruthenium center and the phosphine ligand (BDEF(PPh3) and 

BDEG(PPh3) are found in comparison to the results obtained with other DFT models. 

The M06-2X functional provides smaller binding energies than the functionals 

containing the empirical dispersion term. From the relative sizes of the binding energies 

is can be concluded that opposite to the B97-D3 functional, the M06-2X functional 

underestimates energy of the ruthenium – triple CC bond interaction as well as the 

ruthenium-phosphine interactions. The best consistency with the experimentally 

determined energetics was obtained with the B3LYP-D3 functional, it is therefore used 

in the following discussion. 

 

 

5.3. Discussion 

 

5.3.1. CID experiments vs. bimolecular reations 

The experimentally determined appearance energies allow us to build a picture of 

binding relations in the ruthenium complexes (Figure 5.11). The π-coordination of 

phenylacetylene to the catalyst complex [RuCp(PPh3)(Py)]+ brings about 0.38 eV larger 

stabilization than the coordination of the second pyridine ligand. Similarly, π-

coordinated phenylacetylene in the [RuCp(PPh3)(Py)(PhCCH)]+ complex is bound with 

a larger energy than the pyridine ligand. Energies required for the eliminations of 

pyridine from [RuCp(PPh3)(Py)]+ and phenylacetylene from [RuCp(PPh3)(PhCCH)]+ 

were determined as 1.51 eV and 1.91 eV, respectively. If these values are added to the 

picture of the experimental binding energies, it will cause discrepancy of 0.26 eV in the 

energetic ladder (cf. Figure 5.11). It can be associated with some relaxation of the 

fragment ions obtained by the elimination of one of the ligands from 

[RuCp(PPh3)(Py)(PhCCH)]+ or it could be simply due to unfavorable adding up of the 

experimental errors. 

The reactivity studies revealed that while the [RuCp(PPh3)(PhCCH)]+ complex 

associated with pyridine in thermal collisions, the [RuCp(PPh3)(Py)]+ complex 

underwent an exchange reaction with phenylacetylene. It means that the binding energy 



Chapter 5. Ru-catalyzed C-C coupling 

 69 

of phenylacetylene to the [RuCp(PPh3)(Py)]+ complex provides a sufficient internal 

energy for the subsequent elimination of pyridine (note that these results are in the gas 

phase; the energy is thus not dissipated to the environment, but stored as the internal 

energy). Hence, the binding energy of pyridine in the [RuCp(PPh3)(Py)(PhCCH)]+ 

complex is smaller than that of phenylacetylene. This finding is in perfect agreement 

with the results derived from the CID experiments (cf. Figure 5.11). 

 

 
Figure 5.11. Scheme of the binding relations in the ruthenium complexes constructed from the 
experimental appearance energies. 

 

The [RuCp(PPh3)(Py)2]+ complex in reaction with phenylacetylene does not yield 

the ligand exchange products [RuCp(PPh3)(Py)(PhCCH)]+ and pyridine. According to 

the results derived from the CID experiments, such exchange reaction would be again 

exothermic. The association-dissociation mechanism, however, requires a formation of 

intermediate complex [RuCp(PPh3)(Py)2(PhCCH)]+ that is probably disfavored due to 

20 electron count at the ruthenium center. The reaction of [RuCp(PPh3)(Py)2]+ with 

phenylacetylene thus must proceed by dissociation-association pathway.43 Only the 

[RuCp(PPh3)(Py)2]+ complexes with internal energy sufficient for the initial loss of one 

pyridine molecule can react with phenylacetylene. The reaction of the so-formed 

[RuCp(PPh3)(Py)]+ results in the exchange of pyridine by phenylacetylene as described 

above. The same rationale is valid also for the observed reactivity of 

[RuCp(PPh3)(Py)(CH3CN)]+. 
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5.3.2. CID results vs. PES 

The experiments showed that I was able to generate and distinguish four 

ruthenium complexes along the catalytic cycle. They were characterized based on the 

fragmentation behavior and IRMPD spectra. Here, the determined binding energies will 

be compared with the theoretical bond dissociation energies determined for the given 

fragments in all possible intermediate complexes. 

 

 
Figure 5.12. Relative energies of possible intermediates along the reaction cycle shown in Scheme 5.1 
and relative energies for their dissociation channels. Energies shown here were calculated with B3LYP-
D3 method and 6-311G(2d,p):LanL2TZ basis set. 

 

The IRMPD spectra show that reaction complex A and B can be selectively 

isolated, if the reaction time is shortened. I have shown that under softer ionization 

conditions, isomer B containing the phenylvinylidene unit can be selectively detected . 

The harder ionization conditions lead to an increased population of the A isomer. 

Hence, it may be possible that the B isomers are the dominant reactant complexes 

present in solution and the less stable A isomers are formed during the ionization 

process. Both isomers provide the same fragmentation pattern. The determined 

appearance energies AE(Py) = 1.16 eV and AE(PhCCH) = 1.30 eV agree well with the 

calculated bond dissociation energies (BDEs) of the isomer A: BDEA(Py) = 1.17 eV and 

BDEA(PhCCH) = 1.36 eV (Table 5.1, Figure 5.12). The energy barrier for the mutual 

rearrangement of A and B is below the energy of the dissociation limits of A. The direct 

dissociation of the B isomer is not energetically preferred. Therefore, most probably a 



Chapter 5. Ru-catalyzed C-C coupling 

 71 

mixture of A and B is sampled and the appearance energies are determined by the 

isomer A with lower energy demands for the dissociation. 

Another isolated isomer of the ruthenium complexes corresponded to the isomer 

F. Its CID characteristics suggests that this isomer should eliminate pyridine (AE = 2.33 

eV), triphenylphosphine (AE = 2.34 eV), and styrylpyridine (AE = 2.39 eV). All the 

fragmentation channels have very similar appearance energies, but the elimination of 

triphenylphosphine is the most abundant (cf. Figure 5.7c). The theoretical binding 

energy of pyridine (BDEF(Py) = 1.90 eV) assumes that the fragmentation is associated 

with a migration of the hydrogen atom bonded to the nitrogen atom of pyridine in F to 

its carbon atom bonded originally to the vinyl moiety. The appearance energy thus 

reflects the energy barrier for the hydrogen migration. 

The elimination of PPh3 from F requires only 2.11 eV, which is 0.23 eV smaller 

than the energy determined experimentally. The source of the disagreement can 

originate from the experiment, because the appearance energies were determined in the 

MS3 arrangement and can have larger error margins or the binding between ruthenium 

and phosphine can be underestimated theoretically. Considering other intermediate than 

F, will lead to larger errors and to inconsistencies in the interpretation of the CID 

pattern (cf. Figures 5.7 and 5.12), it is therefore not pursued further. The larger 

abundance of the phosphine elimination with respect to the pyridine elimination is in 

accordance with a kinetic hindrance of the pyridine elimination by the necessity of the 

hydrogen migration. The elimination of styrylpyridine from F occurs with the largest 

appearance energy. The direct elimination of the product in the isomeric form present in 

the complex F requires 3.81 eV and can be thus excluded. Instead, the isomer F first 

rearranges to the product complex G and then styrylpyridine is eliminated. The 

appearance energy thus reflects the energy barrier for the rearrangement. 

The last isolated reaction complex was the isomer G. This isomer loses in CID 

either PPh3 or styrylpyridine. The dominant fragmentation is the elimination of PPh3 

with AE = 2.02 eV which is again underestimated with respect to the theoretical binding 

energy (BDEG(PPh3) = 2.37 eV). Elimination of styrylpyridine occurs with AE = 2.07 

eV, whereas the theory predicts BDEG(styrylpyridine) = 2.55 eV. The substantially 

lower experimental value can be explained by the presence of conformers with a higher 

internal energy. The isomer with interrupted π-interaction between ruthenium and the 

CC double bond (G') lies 0.65 eV higher in energy than G and the isomer with 

interrupted coordination between the nitrogen atom of the pyridyl unit and ruthenium 
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(G') lies 0.62 eV higher in energy than G (relative energies of G' and G'' can be found 

in the Table 5.2.). Therefore, presence of either of the higher-energy containing 

conformers would lead to a decrease of the experimental AE. 

 
Table 5.2. Calculated energies at 0 K (ESCF+ZPE) and derived relative energies (EREL) of neutral molecules 
and the most stable intermediates reported in the Chapter 5 using various DFT methods and the LanL2TZ 
basis set for ruthenium and the 6-311G(2d,p) basis set for the remaining atoms. 

 B3LYP B3LYP GD3 B97D3 M062X 
 ESCF+ZPE (a.u.) 
Pyridine -248.2633996 -248.2679660 -248.0960173 -248.1518783 
PyridineH+ -248.6215668 -248.6267958 -248.4582356 -248.5046075 
Phenylacetylene -308.3709985 -308.3780912 -308.1561043 -308.2341937 
PPh3 -1036.237883 -1036.269565 -1035.763961 -1035.908503 

Styrylpyridine -556.6944336 -556.7114668 -556.3183166 -556.4518077 
Prod* -556.6105607 -556.6277120 -556.2355126 -556.3692390 
Prod** -556.6348333 -556.6513175 -556.2602150 -556.3917237 

 ESCF+ZPE  
(a.u) 

EREL 
(eV) 

ESCF+ZPE 
(a.u.) 

EREL 
(eV) 

ESCF+ZPE 
(a.u.) 

EREL 
(eV) 

ESCF+ZPE 
(a.u.) 

EREL 
(eV) 

[RuCp(PPh3)(Py)(PhCCH)]+  
(A) 

-1880.13821 
 

0.00 -1880.247657 
 

0.00 -1879.412375 
 

0.00 -1879.391923 
 

0.00 

[RuCp(PPh3)(Py)2]+  -1820.039338 -0.24 -1820.139367 -0.05 -1819.350758 0.04 -1819.309576 0.00 

[RuCp(PPh3)(Py)]+  -1571.741190 0.71 -1571.819846 1.36 -1571.199451 1.55 -1571.114383 1.16 
[RuCp(PPh3)(PhCCH)]+ -1631.859318 0.42 -1631.936918 1.17 -1631.275136 1.13 -1631.197686 1.16 
[RuCp(PPh3)]+ -1323.438647 1.78 -1323.491182 3.02 -1323.041668 3.24 -1322.905326 2.75 

TS_AB -1880.111196 0.74 -1880.215376 0.88 -1879.381012 0.86 -1879.357855 0.93 
[RuCp(PPh3)(Py)(=C=C(H)Ph)]+ 

(B) 
-1880.148905 -0.29 -1880.252134 -0.12 -1879.419841 -0.20 -1879.387257 0.13 

[RuCp(PPh3)(=C=C(H)Ph)]+  -1631.843112 0.87 -1631.918223 1.68 -1631.258398 1.59 -1631.169645 1.93 
C -1880.125454 0.35 -1880.236529 0.30 -1879.404307 0.22 -1879.379781 0.33 

C - PPh3 -843.8575766 1.17 -843.8935044 2.31 -843.5585149 2.46 -843.4088757 2.04 
D -1879.730610 1.35 -1879.839232 1.36 -1879.005664 1.22 -1878.987161 1.42 
E -1880.135637 0.07 -1880.243723 0.11 -1879.417331 -0.14 -1879.376587 0.42 
E - PPh3 -843.8377439 1.71 -843.8737074 2.85 -843.5448585 2.83 -843.3732570 3.01 

F -1880.147600 -0.26 -1880.25575 -0.22 -1879.424729 -0.34 -1879.396777 -0.13 
F - Py -1631.843112 2.77 -1631.918223 3.59 -1631.258398 3.48 -1631.169645 3.82 
F - PPh3 -843.8735544 0.73 -843.9089636 1.89 -843.5748671 2.01 -843.4210773 1.70 

F - Prod** -1323.438647 1.77 -1323.491182 2.88 -1323.041668 3.02 -1322.905326 2.59 
[RuCp(PPh3)(Styrylpyridine)]+ 

 (G) 
-1880.188204 -1.37 -1880.29605 -1.32 -1879.45853 -1.26 -1879.438098 -1.26 

[RuCp(Styrylpyridine)]+ -843.9038247 -0.10 -843.9398616 1.05 -843.6004797 1.31 -843.4578375 0.70 
[RuCp(PPh3)]+ -1323.438647 0.14 -1323.491182 1.23 -1323.041668 1.43 -1322.905326 0.95 

G' -1880.166658 -0.78 -1880.272106 -0.67 -1879.434043 -0.59 -1879.421573 -0.81 
G'' -1880.158915 -0.57 -1880.273356 -0.70 -1879.439467 -0.74 -1879.421847 -0.82 
H -1880.157714 -0.53 -1880.266725 -0.52 -1879.434572 -0.61 -1879.407635 -0.43 
H - PPh3 -843.8638285 1.00 -843.8998777 2.14 -843.5651415 2.28 -843.4125774 1.94 

H - Prod* -1323.438647 2.43 -1323.491182 3.52 -1323.041668 3.70 -1322.905326 3.21 

 

 

5.4. Conclusion 

 

I have demonstrated that by combination of the MSn experiments and IRPMD 

spectroscopy it is possible to characterize several intermediates along a catalytic cycle 

although they have the same m/z ratio and therefore are not distinguishable in simple 
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mass spectra. It should be also taken as a precaution for other studies, where the 

structures are assigned tentatively just based on the source spectra and wishful thinking. 

It is clear from our results that already a combination of energy dependent CID 

experiments with variation of ionization conditions, which is an option available with 

almost all mass spectrometers used in this kind of studies, can substantially increase 

insight into the possible presence of isomeric complexes.  

For the system under the study, I have shown that the [RuCp(PPh3)(Py)2]+  

catalyst reacts with phenylacetylene with the dissociation-association mechanism and 

that the binding energy of PhCCH to the ruthenium center is larger than that of pyridine. 

I have shown that it is possible to isolate ruthenium complex [RuCp(PPh3)(PhCCH)]+  

with π-coordinated phenylacetylene, but already at soft ionization conditions, a 

substantial part (more than 50 %) of the alkyne ligand is rearranged to the more stable 

vinylidene unit. The complex containing pyridine [RuCp(PPh3)(Py)(PhCCH)]+ is 

transferred from the solution to the gas phase preferentially as the phenylvinylidene 

isomer. The real strength of MS studies of reactive intermediates compared to other 

methods (such as NMR or X-ray), is its ability to detect very low-abundant species such 

as high-energy reactive species that undergo fast rearrangements or are in low steady-

state concentrations.44,45 Here, I was able to detected ruthenium complexes with π-

coordinated phenylacetylene which is expected intermediate in many chemical 

transformations but so far elusive. 

In summary, the results are in agreement with the predicted mechanism by 

Johnson et al.9 in that I have spectroscopically characterized four intermediates along 

the reaction cycle and determined experimental ligand binding energies in the 

complexes for benchmarking the theoretical models. 
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Density functional theory (DFT) methods are the dominant theoretical approach 

for the investigation of transition metal catalyzed reactions. Many reaction mechanisms 

have been suggested based on the calculation of relevant potential energy surfaces.1-8 

Therefore, it is an imperative to know the reliability of this approach.9 Here, I will 

concentrate on the interaction of a cationic ruthenium(II) catalyst with the terminal 

alkyne phenylacetylene. Ruthenium catalysts are some of the most exploited in organic 

synthesis and activation of a triple carbon-carbon bond (Scheme 6.1) is the initial step 

in many important reactions such as cycloisomerizations,10,11 cyclotrimerizations,12 

addition reactions,13,14 and coupling reactions.1,2 

 
Scheme 6.1. Representation of initial step of many transition metal catalyzed reactions with terminal 
alkynes.  

 
 

Relevant experimental data to benchmark the theoretical models are very scarce.15 

Some of the best data originate from spectroscopic and thermodynamic experiments on 

isolated species in the gas phase that can be directly compared with theoretical 

calculations. Sensitive parameters that reflect the activation of a terminal carbon-carbon 

triple bond are the respective C≡C and C-H stretching vibration frequencies. The 

required data for isolated ionic complexes in the gas phase can be obtained using mass 

spectrometry and infrared photodissociation spectroscopy (see Chapter 1.1 and 1.4).  

Experiments presented here are based on storing mass-selected ions in an ion trap 

that is cooled to 3 K.16 Ions are trapped using a helium buffer gas that results in both 

relaxation of their internal energy and the formation of helium-tagged complexes. The 

ion cloud is then irradiated by IR photons. Absorption of a photon by a helium tagged 

complex leads to an increase of its internal energy and subsequent elimination of the 

helium atom. The depletion of helium-tagged complexes as a function of the IR photon 

energy thus gives the helium tagging infrared photodissociation (IRPD) spectrum. 

Helium is the least reactive element and it can be assumed that its attachment to a 

complex such as the one investigated here does not influence the infrared spectrum of 

the given complex.17-20 It was shown that its effect was negligible for more reactive 
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systems where a stronger interaction with helium is expected.21 This method is therefore 

ideal for obtaining experimental data for the benchmarking of theoretical models.  

I present here also, to the best of my knowledge, one of the first helium tagging 

IRPD spectra of organometallic complex.22 

 

 

6.1. Experimental and theoretical details 

 

The He tagging IRPD spectra were measured with the ISORI instrument 

described in detail in Chapter 2.4. The ions were generated from from a CH2Cl2 solution 

of phenylacetylene (Sigma Aldrich) or deuterio-1-phenyl acetylene (PhCCD; prepared 

according to a previously published procedure)23 with [CpRu(PPh3)(CH3CN)2(PF6)] 

complex (synthetized according to previously published procedure). 24  The 

[RuCp(PPh3)(PhCCH)]+ complex was then mass selected (m/z 531) by the first 

quadrupole and transferred by an octopole towards a cryo-cooled wire quadrupole ion 

trap operated at 3 K and 10 Hz trapping cycle. The ions were trapped with a helium 

buffer gas pulse (30 ms wide). During their interaction with helium, about 10% of the 

trapped ions were transformed to helium tagged [(RuCp(PPh3)(PhCCH)(He)]+ 

complexes (m/z 535). After a 85 ms time delay, the ion cloud was irradiated by a photon 

pulse (8 ns) generated in an optical parametric oscillator (OPO) operating at 10 Hz 

frequency. At 90 ms, the exit electrode of the trap was opened, the ions were mass-

analyzed by the second quadrupole, and their number (Ni) was determined by a Daly 

type detector operated in ion-counting mode. In the following cycle the light from the 

OPO was blocked by a mechanical shutter, giving the number of unirradiated ions (N0). 

The IRPD spectra are constructed as the wavenumber dependence of (1 – Ni/ N0). OPO 

wavenumbers in region 1300-1800 cm-1 were calibrated using water absorption lines 

observed due to humidity in air. Positions of the lines were pinned down using 

HITRAN database. 25  For region 2900-3300 cm-1, a polystyrene film (Analytical 

Instruments Inc.) was used for calibration. Line positions from its absorbance spectrum 

were compared to frequencies set by NIST SRM 1921 polystyrene film. Wavenumber 

accuracy of the reported spectra is better than ±2 cm-1. ISORI laser power dependence 

can be found in Figure 6.1. 

Calculations have been performed using different density functional theory 

methods (listed in Figures 6.10 and 6.15) as implemented in the Gaussian 09 suite (see 
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Chapter 2.5). For comparison of the theoretical and experimental spectra, frequency 

scaling was used as explained in the text. 

 

 
Figure 6.1. Dependence of the ISORI laser power on the wavenumbers during measurement of the IRPD 
spectra. The laser power was measured behind the ion trap. 

 

 

6.2. Results and discussion 

 

The complexes of interest were generated from a CH2Cl2 solution of 

phenylacetylene and a prototypical cationic ruthenium catalyst [CpRu(PPh3)(PF6)] 

(Figure 6.2). I have shown previously (see Chapter 5) that the [RuCp(PPh3)(PhCCH)]+ 

complex transferred to the gas phase by electrospray ionization (ESI) can either bear a 

π-bonded alkyne or an alkyne that has rearranged to its vinylidene isomer (Scheme 6.1).  

 

 
Figure 6.2. ESI-MS spectrum of in situ generated ions from solution containing [RuCp(CH3CN)3](PF6) 
(150 µM concentration), triphenylphosphine (150 µM concentration) and phenylacetylene (15 mM 
concentration) in dichloromethane. The solution was prepared by mixing two solutions in a T-piece just 
before the ESI inlet: Ru and triphenylphosphine in the first and phenylacetylene in the second syringe. 
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Figure 6.3a shows the helium tagging IRPD spectrum of the generated 

[RuCp(PPh3)(PhCCH)]+ complex. Most of the bands are associated with the phenyl and 

cyclopentadienyl groups (1444 cm-1, 1486 cm-1, 1583 cm-1, 3076 cm-1, 3091 cm-1, 3121 

cm-1; the assignment is based on comparison with the theoretical IR spectra). The 

expected characteristic vibrations of the π-coordinated alkyne can be found at 1746 cm-1 

and 3140 cm-1. I have confirmed that the band at 3140 cm-1 represents C-H stretching of 

the terminal alkyne by exchanging this hydrogen with deuterium which caused the 

respective C-H stretching mode to disappear (blue trace in Figure 6.3a). 

In order to estimate the ratio between the π-coordinated alkyne and its vinylidene 

isomer in the mixture of the ions transferred to the gas phase, I have performed 

attenuation experiments (Figure 6.4).26 If an ideal overlap of the ion cloud and the 

photon beam occurs at an absorption band with a sufficient photon flux, all of the 

helium complexes will be depleted.26 If only a part of the ions absorbs the photons, the 

photon power dependence of the helium complex depletion will converge to the number 

of the ions that are not interacting with the given photons (cf. Figure 6.4). When the 

complexes were irradiated at the C-H absorption bands corresponding to the 

triphenylphosphine ligand (3091 cm-1, Figure 6.3a), i.e. all of the trapped ions should 

theoretically interact with the photons, only 77 % of the stored helium complexes was 

depleted. This is taken as the maximum number of ions that can be depleted. I note in 

passing that the experimental data were fitted with a single exponential function, so the 

same photofragmentation cross section for all isomers is contributing to this band. It is 

justified given the quality of the experimental data and the fact that the main interest is 

in the determination of the number of non-interacting ions (i.e. 23 % of the persisting 

helium complexes in Figure 6.4a).  

The same experiment performed at 3140 cm-1 (Figure 6.4b), gave 64 % of the 

interacting ions. This band only characterizes the complexes with π-coordinated 

phenylacetylene and it means that these isomers represent about 83 % among the 

generated complexes. The remaining 17 % probably corresponds to the complexes 

bearing the vinylidene ligand (green trace in Figure 6.3a). I have also measured the 

attenuation curve of the peak at 3272 cm-1 (Figure 6.4c), which showed almost linear 

depletion dependence with less than 10 % attenuation at 12 mJ. This is characteristic for 

non-fundamental features such as overtones or combinational bands. In addition, 

"blank" (without observed photon absorption band) attenuation experiment at 2906 cm-1  
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was measured (Figure 6.4d). Obviously, almost no depletion of He clusters was 

observed. 

 

 
Figure 6.3. (a) He tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (red trace; the grey spectrum was 
acquired with 7 times lower beam power) and [RuCp(PPh3)(PhCCD)]+ (blue trace; offset: 0.2). Green 
trace (offset: 0.4) corresponds to the He tagging IRPD spectrum of the ions surviving hard ionization 
conditions, presumably the vinylidene isomers. (b-f) Theoretical IR spectra. SF denotes the applied 
scaling factor. 
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Figure 6.4. Depletion of the helium tagged [RuCp(PPh3)(PhCCH)]+ complexes by irradiation at a) 3091 
cm-1, b) 3140 cm-1, c) 3272 cm-1, d) 2906 cm-1 as a function of the photon beam power. 

 

The theoretical calculations were firstly done with the B3LYP functional, which 

usually provides a nice agreement with experimental IR spectra.27-32 Spectrum of the 

isomer with π-coordinated phenylacetylene shows a nice agreement with the experiment 

in the finger-print region and in the range of the C-H vibrations of the phenyl rings 

(Figure 6.3b). The C≡C stretching mode is theoretically predicted blue-shifted by about 

30 cm-1. The alkyne C-H vibration is predicted blue-shifted by 60 cm-1. I have tested, 

whether the blue-shifting of the alkyne bands is associated with the harmonic 

approximation of the theoretical IR spectra. The anharmonic frequencies calculated at 

the level B3LYP/6-31G(d,p):LanL2DZ, however, agree well with the scaled harmonic 

frequencies (Figure 6.5) and the C-H and C≡C stretching modes remain significantly 

blue-shifted. 

 

 
Figure 6.5. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (black line) compared to the 
calculated anharmonic IR shifts calculated at B3LYP/6-31G(d,p):LanL2DZ level of theory (red lines). 
Intensities of the bands are taken from the harmonic calculation at the same level of theory. 
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Figures 6.3b-f show the theoretically calculated spectra of the π-complex and the 

vinylidene isomer of the [RuCp(PPh3)(PhCCH)]+ complex. Based on the finger-print 

region, the isomer with the hydrogen atom bound to the ruthenium center can be 

excluded (Figure 6.6). The vinylidene isomer should be revealed by the C-H vibration 

below 3000 cm-1, which was not detected. It can be due to the low abundance of this 

isomer and a low IR cross section of this band (see also Figure 6.6). 

 
Figure 6.6. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (black lines) compared to the 
theoretical IR spectra of various considered isomers calculated at M06/6-31G(d,p):LanL2DZ level (red 
lines). Energies are given as E0K relative to A1. S.F.(<2000 cm-1) = 0.987, S.F(>2000 cm-1) = 0.962. 
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I have tested various functionals in order to exclude that the effect is an error 

associated with the B3LYP method (Figure 6.7). In order to compare the results on the 

same grounds, I have scaled the harmonic frequencies in the region of the C-H 

stretching vibrations so that the C-H stretches of the phenyl rings fit the bands at 3076 

cm-1 and 3091 cm-1. The theoretical spectra in the finger-print region were scaled so that 

the two composite bands at 1444 cm-1 and 1486 cm-1 are in agreement. The obtained 

results can be divided to three subgroups.  

 

 
Figure 6.7. a) Theoretical wavenumber ( ) of the C-H and C≡C stretching modes predicted at different 
levels of DFT (indicated at the bottom of the graph, the notations of the functionals are used as in the 
Gaussian program). b,c) Phenylacetylene bond length changes upon coordination to [RuCp(PPh3)]+. d) 
Phenylacetylene C≡C-H bonding angle in the [RuCp(PPh3)(PhCCH)]+ complex. 

 

The first group is composed of different variants of the B3LYP method and other 

hybrid GGA methods (first two groups in Figure 6.7, methods are listed in the left 

ν~
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column below the graph; for more methods see Figures 6.8 and 6.9). All of these 

methods predict the C-H vibration blue-shifted by about 30 – 50 cm-1. The C≡C 

vibration is usually also blue shifted, but the shift can be dramatically reduced if a triple 

ζ basis set is used. The effect of applying dispersion correction term is not very 

significant and is largely outweighed by the basis set effect. 

 

 
Figure 6.8. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+  (black lines) compared to 
theoretical IR spectra of A1 calculated at B3LYP level of theory (red lines). The calculated C≡C 
stretching vibration peak has been cut and its maximum intensity is given as a number (in red). 

 



Chapter 6. Benchmarking DFT methods with spectroscopic data 

 86 

 
Figure 6.9. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (black lines) compared to 
theoretical IR spectra of A1 calculated using other hybrid GGA functionals (red lines). The calculated 
C≡C stretching vibration peak has been cut and its maximum intensity is given as a number (in red). 

 

The tested GGA functionals (third group in Figure 6.7; upper right column lists 

the methods) again show systematic blue shifting of the C-H stretching mode in a 

similar fashion to the hybrid functionals. Notably, however, they predict the C≡C 

stretch in a very good agreement with the experiment. By looking at the geometry 

parameters obtained from the calculations, it is clear that the GGA methods 

systematically predict longer C≡C as well as C-H bond lengths and the binding (C≡C-

H) angle is somewhat smaller than predicted by the hybrid methods (Figures 6.10c-e). 

The best analysis is to compare the bond-length changes upon the complexation of 

phenyl acetylene with the [RuCp(PPh3)]+ complex obtained at the given level of theory 

(Figure 6.7b,c). GGA methods predict slightly larger prolongation of the C≡C bond and 

a larger change of the binding angle (Figure 6.7d) than the hybrid methods. It results in 

a correct prediction of the C≡C stretching mode. Comparison of the spectra can be 

found in the Figure 6.11. 
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Figure 6.10. Prolongation of the a) C≡C, and b) C–H bond in phenylacetylene upon coordination to 
[RuCp(PPh3)]⁷. c) C≡C–H bond angle in [RuCp(PPh3)(PhCCH)]+. Bond lengths of d) C≡C, e) C–H, f) 
CHRu, and g) CPhRu bond in [RuCp(PPh3)(PhCCH)]+. Wiberg bond indices33,34 in the natural atomic 
orbitals basis of h) C≡C, i) CHRu, and j) CPhRu bond, calculated with NBO 3.1 program35 included in 
Gaussian 09. 
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Figure 6.11. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (black line) compared to 
theoretical IR spectra of A1 calculated using various GGA functionals. The calculated C≡C stretching 
vibration peak has been cut and its maximum intensity is given as a number (in red). 

 

Finally, I have also investigated meta GGA and hybrid meta GGA methods 

(Figure 6.12). As far as the prediction of the C-H stretching mode is concerned, these 

perform best from all of the tested methods. The C≡C stretching vibration is blue-

shifted by about 30 – 50 cm-1 as was found for the hybrid DFT methods. The correct 

prediction of the C-H stretch is complimented by the corresponding change of C-H 

bond length upon π-coordination, which is larger than with all other groups of DFT 

functionals (Figure 6.7c). In comparison to the GGA functionals the change of the C≡C 

bond length is similar, but the absolute C≡C bond length is somewhat shorter (see 

Figure 6.10). This might be the origin of the blue-shift of νCC. The local M06-L 

functional combines the results for the C-H stretch obtained by the hybrid meta GGA 

functionals and the C≡C stretch description by the GGA methods. As a result, both 

followed stretches are even slightly red-shifted. Contrary to other (hybrid) meta GGA 

methods the M06-2X variant completely fails (the last point in Figure 6.7). This 

functional was not parametrized for organometallic compounds and its failure is thus 

anticipated.36 Here I want to point out that despite its unsuitability it is quite often 

applied in theoretical treatment of organometallic reactions.  
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Figure 6.12. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (black line) compared to 
theoretical IR spectra of A1 calculated using meta-GGA functionals. The calculated C≡C stretching 
vibration peak has been cut and its maximum intensity is given as a number (in red). 

 

I have also tested the MP2 and B2PLYP methods (Figure 6.13). The MP2 method 

predicts a much larger C≡C bond prolongation and the binding C≡C-H angle of 141°. 

The C≡C stretch is therefore considerably red-shifted compared to experiment (Figure 

6.3d). 

 

 
Figure 6.13. Helium tagging IRPD spectrum of [RuCp(PPh3)(PhCCH)]+ (black line) compared to the 
calculated IR spectra of A1 at B2PLYP and MP2 level of theory. The calculated C≡C stretching vibration 
peak has been cut and its maximum intensity is given as a number (in red). 
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Last question was to find out to what extent the deviations in prediction of the 

C≡C and C-H stretch are already present in theoretical IR spectra of free 

phenylacetylene. The C≡C stretch is predicted to be blue-shifted with respect to the 

experimental value (2120 cm-1)37 in a similar manner as in the ruthenium complex 

(Figures 6.14 and 6.15). The deviations in the C≡C stretching vibration imposed by the 

coordination of the alkyne to ruthenium are thus rather small (except of the M06-2X 

method). The evaluation of the prediction of the C-H stretch of free phenylacetylene is 

complicated by the fact that it is involved in a Fermi resonance and therefore cannot be 

relevantly compared to the results obtained at the harmonic approximation.37,38 

 
Figure 6.14. a) Theoretical wavenumbers ( ) of the C-H and C≡C stretching modes in 
[RuCp(PPh3)(PhCCH)]+. b) Theoretical wavenumbers of the C-H and C≡C stretching modes of free 
phenylacetylene. c,d) Comparison of experimental (black lines) and theoretical changes in  of the C≡C 
and C-H stretching modes upon coordiation of PhCCH to [RuCp(PPh3)]+. In the case of PhCCH, the 
scaling factors used were calculated using a wavenumber-linear frequency scaling method,39 which can 
better describe large frequency ranges. Results were calculated at different levels of DFT (indicated at the 
bottom of the graph, the notations of the functionals are used as in the Gaussian program). 

ν~

ν~
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Figure 6.15. Wavenumbers of a) C≡C stretch and  b) C–H stretch of the alkyne in 
[RuCp(PPh3)(PhCCH)]+. Wavenumbers of c) C≡C stretch and d) C–H stretch in PhCCH.40 Comparison 
of experimental (red lines) and theoretical changes in  of e) C≡C stretch, f) C–H stretch upon 
coordiation of PhCCH to [RuCp(PPh3)]+. In the case of PhCCH, the scaling factors used were calculated 
using a wavenumber-linear frequency scaling method,39 which can better describe large frequency ranges. 

 

ν~
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6.3. Conclusion 

 

In conclusion, I have presented a helium tagging infrared spectrum of the 

[RuCp(PPh3)(PhCCH)]+ complex. The spectrum clearly shows the C≡C and C-H 

stretching vibrations of π-coordinated phenylacetylene. It is not only used for the 

structural characterization of the complex, but also for benchmarking the DFT methods 

used in theoretical calculations of reactions catalyzed by ruthenium complexes. I have 

shown that hybrid meta GGA methods such as M06 and GGA methods (PB86, 

PBEPBE, etc.) provide a better description of the system than the hybrid DFT methods 

(e.g. B3LYP). The differences between the methods are however rather subtle and the 

basis set selection often matters more than the functional itself. Notable exception is the 

M06-2X functional, which is not suitable for this type of complex. 
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Summary  
In the last 15 years we were witnessing a rapid development of ion spectroscopy. 

It came with an implementation of free-electron lasers for multiphoton dissociation. Ion 

spectroscopy became available to a broad group of mass-spectroscopists that could use 

free-electron lasers as user facilities and did not need to build laser-systems in their own 

laboratories. The broad use of ion spectroscopy led to an expansion of topics and 

applications and it became obvious, that using of FELs will not be sufficient in future. 

Currently, there is a wave of laboratories developing new approaches to ion 

spectroscopy using lasers and OPO/OPA systems. 

This thesis illustrates the applications of IR(M)PD in our laboratory. I am 

showing four applications starting with a simple question about the protonation of an 

organic molecule and a coordination mode of metals to ligands. Then, I address the 

isobaric organometallic intermediates in a catalytic cycle, a challenging problem 

showing a field of application of ion spectroscopy for future years. Finally, I present our 

new developed system for ion spectroscopy allowing us to measure well-resolved 

single-photon spectra. Specifically: 

(i) In the first study I was investigating the structure and unimolecular reactivity 

of protonated para-aminophenol generated by the electrospray ionization by means of 

mass spectrometry, IRMPD spectroscopy and DFT calculations. It revealed that 

protonation of para-aminophenol takes place at the nitrogen atom. Under the conditions 

of the IRMPD experiment, energetically favored elimination of the water molecule was 

observed, whereas under the CID experiment kinetically favored elimination of 

ammonia prevailed. The IRMPD spectrum as well as all fragmentation pathways were 

rationalized based on DFT calculations. 

(ii) In the second study I was interested in the coordination of gold(I) and silver(I) 

complexes with diethylmalonate. Both metal cations coordinate between the two 

carbonyl-oxygen atoms of diethylmalonate. The gold(I) complex should also bear 

diethylmalonate in the enol-form in the gas phase, while the diketo form is preferred in 

the condensed phase. The IRMPD spectrum showed that the diketo-form is retained 

upon electrospray ionization also in the gaseous diethylmalonate complex with 

Au(PMe3)+ and that the coordination to only one of the carbonyl-oxygen atoms is 

preferred. The diethylmalonate complex with a bare silver(I) cation undergoes an 
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association with a water molecule in the gas phase. Spectra of the bare complex and the 

water-tagged complex were compared and showed that coordination between the 

oxygen atoms remains symmetrical. 

(iii) The third study involved ruthenium catalyzed C−C coupling between 

phenylacetylene and pyridine. I have shown that using a combination of collision-

induced dissociation experiments, infrared multiphoton dissociation spectroscopy, 

bimolecular reactions, and DFT calculations it is possible to study isobaric complexes 

and characterize the key intermediates in the reaction cycle. In addition, so far elusive 

ruthenium complex with π-coordinated alkyne molecule has been spectroscopically 

characterized. 

(iv) In the last part I have presented one of the first studies using Helium tagging 

infrared photodissociation (IRPD) spectroscopy for the characterization of 

organometallic complexes. The IRPD spectrum of the [RuCp(PPh3)(PhCCH)]+ complex 

revealed that more than 80 % of the detected ions correspond to a structure with π-

coordinated phenylacetylene and the rest are complexes with the alkyne probably 

isomerized to its vinylidene form. The detected C≡C and C-H stretches of the terminal 

alkyne reflect the degree of activation of the triple bond. They were used to benchmark 

the popular DFT functionals used in theoretical studies of ruthenium catalysis. I have 

shown that there are only small differences between the methods. GGA methods (e.g. 

BP86 or PBEPBE) and (hybrid) meta GGA functionals (e.g. M06) provide slightly 

better descriptions of this system than hybrid DFT methods such as B3LYP. A notable 

exception is M06-2X which significantly underestimates the activation of the CC triple 

bond by the coordination to the ruthenium complex.  

 

In the end I would like to note in passing, that during my postgraduate stay in the 

group of Prof. Roithová, I have been involved in several projects, which led to five 

publications in peer-reviewed journals: 
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