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In this chapter a brief overview is given of basic principles of gas-phase ion chemistry, in 

which the thermodynamics and kinetics aspects are highlighted. An introduction is also given 

to organometallic chemistry with focus on manganese as the transition metal of interest. 

Furthermore, the basic principles of mass spectrometry are described together with the 

ionization techniques and the instruments used for the research described in this thesis. At the 

end of the chapter the scope of the thesis is outlined. 

 
 

CHAPTER 1 
 

General Introduction 



2 of 136 Chapter 1 

 

1.1 General aspects of gas-phase ion chemistry 

Studies concerning the reactions between ions and molecules in the gas phase are of 

importance for a number of areas of chemical research, such as physical (in)organic 

chemistry, theoretical chemistry and structure determination of various (bio)chemical 

species. In this respect, mass spectrometry has become a very important method for obtaining 

insight into the details of the mechanism of many key reactions in organic and organometallic 

chemistry. In addition, mass spectrometry allows the quantitative and accurate determination 

of the thermodynamic properties of chemical entities and can also be used to examine the 

molecular interactions between ionic species and a limited number of solvent molecules. In 

this chapter, some of the basic principles of gas-phase ion chemistry are described. In 

particular, basic principles of the chemistry of carbonyl-containing transition metal species is 

covered together with some fundamental aspects of gas-phase ion-molecule reactions. 

 

1.2 Ion generation 

The studies described in this thesis were performed with ions that were generated either by 

Electron Ionization (EI)
1,2

or Chemical Ionization (CI).
3,4

 In EI, samples are introduced into 

the ion source up to a pressure of 10
-4
 Pa. The electron energy can be varied between 0 and 

100 eV by adjusting the electric field accelerating the ionizing electrons. Ionization with 70 

eV electrons results in ions with a broad distribution of internal energy and – as a result – 

extensive fragmentation is observed commonly as illustrated by the 70 eV EI spectrum of 

Mn2(CO)10 shown in Figure 1.1. For organic molecules, EI is considered to yield ions that 

dissociate from their electronic ground state or exist as long-lived ions in this state. By 

contrast, EI of metal containing compounds can lead to stable ions in an electronic excited 

state as exemplified by the finding that about 20% of the Mn
+
 ions formed by 70 eV of the 

Mn2(CO)10 is in an electronic excited state which lies 1.17 eV above the ground state.
5
 

 

In CI, the ions are formed by reactions of reagent ions and the sample molecules. The reagent 

ions are formed by Electron Ionization of the reagent gas molecules. The pressure of the 

reagent gas is typically a factor 100 higher than that of the sample. Ionization of the CI 

reagent gasses used commonly results in Brønsted acids (Eq. 1.1a&b; BH can be, for 
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example, CH4 or CH3OH, see also Chapter 3), which after ionization react with the sample 

molecules by proton transfer and/or hydrogen atom abstraction (vide infra).
3 

 

50 100 150 200 250 300 350 400

100%

m/z

Mn2(CO)10
+

Mn2(CO)4
+

Mn2(CO)5
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Figure 1.1: Electron Ionization spectrum of Mn2(CO)10 

 

In addition to proton transfer reactions other ion-molecule reactions, such as methyl cation 

transfer and adduct formation, can occur under CI conditions. 

 

BH + e BH (1.1a)

+ BH2 (1.1b)BH +BH BH

+ 2e

 

 

In CI, the internal energy of the ions is determined in part by the enthalpy change of the ion-

molecule reaction leading to their formation and in part by the occurrence of collisions with 

the neutral reagent molecules. The number of collision events of ions with the reagent 

molecules is directly proportional to the pressure in the ion source (up to 10
-2
 Pa) and the 

residence time of the ions in the source (about 10 µs). In general, the ions formed under CI 
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conditions have less excess internal energy than the ions formed under EI conditions so that 

less extensive fragmentation is observed. The ions formed during ionization, can roughly be 

divided into three classes of ions: i) stable ions that remain intact throughout the route from 

ion source to the detector; ii) unstable ions with sufficient internal energy for decomposition 

within the ion source, and iii) metastable ions; that is, ions dissociating after leaving the 

source. The metastable ions are characterized by a relatively low and well-defined amount of 

excess internal energy close to but slightly higher than the threshold energy for 

decomposition.
6
 Therefore, the fragmentation of the metastable ions will be slow and occurs 

in the µs time scale. The dissociations of these ions can be studied conveniently by Mass-

analyzed Ion Kinetic Energy Spectrometry (MIKES).
7
 A metastable ion spectrum may differ 

dramatically from the corresponding 70 eV EI spectrum due to the differences in the excess 

internal energy of ions. 

 

The decomposition of stable ions can be achieved by Collision-induced Dissociation (CID) 

experiments. High kinetic energy collisions occur when a beam of high kinetic energy ions 

(normally 8 keV) passes through a cell containing close to stationary collision gas atoms or 

molecules as has become common practice with sector instruments. In CID, part of the 

kinetic energy of the ions is converted into internal energy, leading to dissociations of the 

ions. The average amount of energy deposited upon high-energy collision is considered to be 

similar to the energy deposition upon 70 eV Electron Ionization. Therefore, EI spectra and 

Collision-induced Dissociation spectra are often similar (see also Chapter 3). 

 

1.3 Gas-phase ion-molecule interactions 

Ion-molecule interactions are commonly classified as collisions between an ion with a kinetic 

energy in excess of the thermal energy with a neutral species. This can lead to a) dissociation 

of the ion (Eq. 1.2a), b) a bimolecular reaction (Eq. 1.2b), and c) a trimolecular reaction in 

which the initially formed complex is stabilized by collisions with a third body (Eq. 1.2c). 

Most gas-phase ion-molecule reactions proceed with reaction rates, which are close to the 

rate of collision, causing these reactions to be about 10
10
-10

20
 times faster than the similar 

reactions in solution.8-11 This can be explained by considering the decrease in potential 

energy of the reacting species during the course of the reaction. 
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AB (AB
+
)*

N
A B+ (1.2a)

C D+ (1.2b)A B+

AB

(AB
+
)*

N

A B+

(1.2c)

- hν
AB (1.2d)

 

The decrease in potential energy is caused by the attractive ion-dipole interactions between 

the reactant ion and the reacting molecule as they approach each other.
12
 The gas-phase 

structure is different from that in solution where a shell of solvent molecules attenuates the 

attractive electric forces between the reactants. In the gas-phase reaction a loosely bound ion-

molecule complex is formed, which corresponds to a minimum in the potential energy 

(Figure 1.2). 

The lifetime of the ion-molecule complex is considered to be sufficiently long to allow 

internal energy distribution to occur. If there are no processes available that lead to 

deactivation of the ion-molecule complex, such as collisions (Eq. 1.2c) or radiative decay 

(Eq. 1.2d), then products of the ion-molecule reaction are formed. In view of the high rates of 

gas-phase reactions it could be thought that all gas-phase reactions should proceed with the 

collision rate. However, several classes of exothermic proton transfer reactions, SN2 

substitutions, electron transfers and a number of other reactions are reported to proceed with 

rates that are significantly lower than the collision rate. The likely explanation for the lower 

reaction rates is provided by the so-called “double well” potential model by Brauman et 

al.
13-17

 In this model it is suggested that the internal energy of the reactant ion-molecule 

complex [A
+
B]

*
 can be used either to promote the dissociation back to the reactants or to 

promote the crossing of a “central barrier” thus leading to a second ion-molecule complex, 

[C
+
D]

*
 The overall process can be seen as a collision step, generating the ion-molecule 

complex, [A
+
B]

*
, followed by a chemical step generating the [C

+
D]

*
 complex with a 

transition state located at the maximum of the central barrier. It is assumed that the internal 

energy gained in the formation of the first ion-molecule complex is randomized over the 

translational, vibrational and rotational degrees of freedom. 
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Figure 1.2: Schematic representation of the potential energy surface for a simple gas-

phase ion-molecule reaction. 

 

Based upon the assumption that the formation of the second ion-molecule complex, [C
+
D]

* , 

is essentially irreversible, the rate of the overall reaction will be determined largely by the 

competing dissociation of the [A
+
B]

*
 complex into separated reactants and the crossing of 

the central barrier (see Figure 1.2). In terms of rate constants as a function of internal energy, 

the Rice-Ramsperger-Kassel-Marcus (RRKM) theory
18
 represents a simple and widely used 

approach for calculating the statistically unimolecular reaction rates. This theory assumes that 

all possible states are equally probable in contributing their non-fixed energy to the reaction. 

The redistribution of vibrational and rotational energy is assumed to be a rapid statistical 

process.
19
 The statistical reaction rate constant is according to the RRKM theory given by the 

following equation: 

 

TS

Eint

Eo

E
'
o

Reaction coordinate

A+  +  B [A+B]* [C+D]* C+  +  D

kc

kb

kp

k-p

k'
b

k'
c
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hN(E)

)E(EσG
k(E) 0

# −
=  (1.3) 

 

In this equation σ is a symmetry factor, representing the number of identical pathways by 

which the reaction takes place, G
#
(E-E0) is the sum of vibrational and internal rotation 

quantum states for the transition state in the energy interval E-E0, and N(E) is the density of 

states for the intermediate complex with the internal energy, E, and h is the Planck constant. 

With respect to the situation shown in Figure 1.2, the dissociation of the [A
+
B]

#
 complex 

into separated reactants will be favored by a large state sum owing to the “loose” nature of 

the transition state for this simple dissociation. By contrast, the formation of the [C
+
D]

#
 

complex can be slow owing to a low state sum caused by the “tight” nature of the transition 

state for this step. Overall, the ion-molecule reaction will be slower than the rate of collision 

as a result of the presence of a central barrier located below the energy of the separated 

reactant species. 

 

1.3.1 Reaction rates: 

Reaction rates of gas-phase ion-molecule reactions may be measured by studying reactions as 

a function of time.
20-23 

In an FT-ICR mass spectrometer (see § 1.6.1), the ratio of ions and 

molecules is in the order of 10-4 leading to pseudo first order kinetics. In order to calculate 

the reaction efficiency, eff., the reaction rate constant, krxn, must be corrected by dividing it 

by the collision rate (Eq. 1.4): 

 

keff.  =
krxn

kcoll
(1.4)

 

It was as early as 1936 when it became clear that the rate of an ion-molecule reaction in the 

gas phase might be calculated on the basis of a simple model. At that time Eyring et al.
23
 

solved the classical capture collision cross section for a point charge and a point polarizable 

molecule, both species which are present in a typical ion-molecule reaction. A number of 

methods to calculate the collision cross section have been developed throughout the years, 

e.g. the “locked dipole” theory
24
, the “average dipole orientation” theory

25,26, the “adiabatic 

invariance” theory
20,21,27 and others

22, 28. The most commonly used theory is that of the 
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“average dipole orientation” (ADO theory), which assumes that the sum of the ion-dipole 

energy of interaction and the rotational energy of the dipole are constant. This constant has a 

value between 0 and 1 and represents the effectiveness of the extent to which a dipole of a 

molecule orient itself with respect to the charge of an approaching molecule. A number of 

studies have shown that the ADO theory in the form represented below (Eq. 1.5) predicts 

adequately the maximum rate constant for ion/polar molecule reactions.
25,27,29 In this 

approach, the constant, C, is a function of the permanent dipolar constant and the molecular 

polarizability of a molecule according to (µD/α)
1/2. In order to obtain the efficiency of a 

reaction the experimental rate constant has to be divided by the collision rate constant as 

calculated with this theory, i.e. eff.  =  kexp/kADO. 

 

 
2

1

D

2

1

ADO
µkT

8π
 C q µ   

µ

α
q  π2  k 








+








=  (1.5) 

 

q : charge of the ion [erg1/2 cm1/2] 

α : molecular polarizability [cm3] 

µ : reduced mass [g] 

C : experimental constant 

µD : permanent dipole moment of the neutral species [erg1/2 cm3/2] 

kB : Boltzmann constant 

T : Temperature [K] 

 

1.4 Thermodynamics 

Studying the ionization of poly-functional organic compounds or biochemical species can be 

helpful in the determination of the thermodynamically preferred site of protonation. 

Furthermore, proton transfer reactions in vacuo provide insight into the proton affinity of 

substituted species in absence of solvent molecules.
30,31 The thermodynamic proton affinity 

(PA) of a chemical species is defined as the ability of a molecule, A, to bind a proton and is 

given by the negative value of the enthalpy change,–∆rH
o
, of the hypothetical gas-phase 

reaction at a temperature of 298 K (Eq. 1.6):
32
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A       +         H
+

A H
+ (1.6)  

 

The gas-phase proton affinity of a species can be obtained experimentally by different 

experimental strategies: i) equilibrium measurements of ion-molecule reactions, ii) 

determination of the occurrence or nonoccurrence of a proton transfer reaction (bracketing), 

and iii) the so-called kinetic method that is based upon an examination of the competing 

dissociation reactions of proton bound dimers or heterodimers in the gas phase.
33
 The 

determination of the PA value by equilibrium measurements requires the selection of a 

reference base with known gas-phase basicity (Eq. 1.7). 

 

(1.7)BH2
+ + MH BH + MH2

+
 

 

From the equilibrium constant, the Gibbs energy change of the reaction is obtained (Eq. 1.8). 

 

 ∆rG
o
 =–RT ln (K) = ∆GB = GB(BH)–GB(MH) (1.8) 

 

The change in Gibbs energy for the equilibrium reaction (Eq. 1.8) is according to the 

definition of the gas-phase basicity, GB (-∆rG
o
(298 K) for the reaction in eq. 1.7, equal to the 

difference between the GB values of the given the reference base and that of the species of 

interest. From the gas-phase basicity the PA value of the neutral molecules can be derived 

provided that the entropy can be estimated. The entropy of protonation of a gaseous molecule 

(∆rS
o
(M) of the reaction in eq. 1.7, is often estimated with the use of eq. 1.9 in which σ(M) is 

the rotational symmetry number of the molecule, σ(MH
+
) the symmetry number for the 

protonated species and S
o
(H

+
) the entropy of the free proton (108.95 J mol

-1
 K

-1
; see also 

Chapter 2).
34
 

 

∆rS
o
(M) = S

o
(MH

+
) - S

o
(M) - S

o
(H

+
) ≈ R ln [ σ(M) / σ(MH

+
)] - S

o
(H

+
) (1.9) 

 

If the symmetry number does not change upon protonation, then the value of the T∆rS
o
 term 

in eq. 9 becomes–32 kJ mol
-1
 if the temperature is set equal to 298 K. The proton affinity of 
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a molecule is thus obtained by adding 32 kJ mol
-1
 to the experimentally obtained gas-phase 

basicity (Eq. 1.10). 

 

 PA(M) = GB(M) - T∆rS
o
 (1.10) 

 

If determination of the equilibrium constant in the proton transfer reactions is hampered by 

the occurrence of a competing reaction, or if no suitable reference base is available, (the 

difference in gas-phase basicity between the reference base and the species of interest should 

not exceed 10 kJ mol
-1
; see Chapter 2), then the proton affinity can be obtained 

experimentally by observing the occurrence or nonoccurrence of the proton transfer reaction. 

Based upon this so-called bracketing method approximate values for the gas-phase basicity 

and the PA of the compound of interest can be obtained. 

 

1.5 Organometallic chemistry 

The study of organometallic ions in the gas phase offers the opportunity to probe the intrinsic 

chemical and physical properties of these species in absence of complicating factors such as 

solvation and ion-pairing effects. The chemistry of highly electronically and coordinatively 

unsaturated organometallic species is not only inherently interesting, but can also provide 

important knowledge of the mechanisms of the reactions occurring in the condensed phase. 

This will lead to a better understanding of the possible key steps and a characterization of 

potential intermediates.
35
 Organometallic compounds are furthermore important in 

enzymatic reactions and as catalysts in organic synthesis.
36
 In most of the systems, the 

transition metal ion is the center at which a positive charge is formally located, e.g. 

manganese complexes form key elements in models of catalytic biochemical systems, such as 

the photosystem II.
37,38

 

 

1.5.1 Transition metal bonding and structure 

The group of transition metals is defined as those elements that have partly filled d-shells. 

The most important transition metals are the first row transition metals. Among these metals, 

manganese has to a large extent been neglected in the past decades by coordination chemists. 



General Introduction 11 of 136 

 

The interest in this particular transition metal has been aroused, however, after the 

recognition of its role in biological processes. 

 

Manganese (Mn) is one of the earth’s most abundant first-row transition metals, constituting 

0.085% of the earth’s crust,
39
 where it is found in both oxide and carbonate deposits. Its 

abundance and the fact that manganese can exist in a large number of coordination and 

oxidation states makes this metal a versatile species for many (bio)chemical processes. The 

redox behavior of Mn
2+
 is essential in the role of this ion in many enzymes (e.g., superoxide 

dismutase and catalase).
40,41 Metalloproteins discriminate in their binding of transition 

metals based on the metal size, charge, and chemical nature.
42
 Factors contributing to an 

enzyme’s binding of metal ions such as Mn
2+
 include the ionic radii, the ion coordination 

sphere geometries, and the ion’s ability to interact with different protein ligands or water 

molecules. The approximate ionic radius of Mn
2+
 is 0.80 Å and thus in between the radii of 

the alkaline earth metal ions Mg
2+
 and Ca

2+
 (0.65 and 0.90 Å, respectively). Mn has a half-

filled 3d shell and its oxidation state can range from -3 to +7 with the +1 and +2 states as the 

most common ones in active sites of metalloenzymes. The coordination sphere of Mn
2+
 in 

metalloenzymes is usually square pyramidal, trigonal bipyramidal, or octahedral. The Mn
2+
 

coordination sphere in enzymes is usually occupied with only a few different ligands: the 

carboxylate groups of aspartic acid or glutamic acid ((HOOCCH2CH(NH2)COOH) and 

HOOCCH2CH2CH(NH2)COOH, resp.), the carboxy-amide of asparagine 

(H2NOCCH(NH2)COOH) or glutamine (H2NOCCH2CH(NH2)COOH), or a nitrogen atom 

of the side chain in histidine. Water molecules also often coordinates to the metal in 

enzymes.
43 

Metal-bound -OH groups are very reactive and often part of reactions catalyzed 

by metalloenzymes. Coordination with a metal can position a reactive OH group favorably 

for nucleophilic attack on a substrate and thus modulate the reactivity. The majority of the 

manganese compounds are sensitive towards reaction with oxygen and often labile. This 

makes this system interesting to study, e.g., the bonding and non-bonding properties of 

transition metal ions to a ligand have been a subject of intensive studies.
44,45

  

 

Non-covalent bonds to transition metal monocations are controlled by the balance between 

ion-dipole attraction and repulsion between the metal and the ligand. The electrostatic 
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bonding of a transition metal increases with decreasing ionic radius of the metal. The later 

transition metal ions generally have stronger bonds than the early transition metal ions, all 

other factors being equal. The strength of the ligand bond differs with the number of ligands 

attached to the metal center. The more substituted the metal center becomes, the lower the 

ligand bonding. For manganese, however, the ligand bonding energy increases on 

substitution.
42
 For example, the first H2O ligand is weakly bonded, whereas the second or 

third H2O molecule is bonded more strongly. 

 

The reactivity of the metal is strongly influenced by the nature and number of ligands; that is, 

the extent of the occupation and energies of the orbitals on the metal influence the bonding 

capability of a ligand to a metal center and the competition with other ligands for orbitals on 

the metal. By varying the number of ligands in gas-phase complexes, it is possible to study 

periodic trends, the influence of ligand substitution, and the effect of the oxidation state of 

the metal in the absence of solvent molecules and counter ions. 

 

1.5.2 Manganese carbonyls 

Transition metal carbonyl complexes (for example the Mn(CO)x and Mn2(CO)x species) are 

cornerstones of modern coordination chemistry. Coordinately unsaturated transition metal 

carbonyls are building blocks of stable organometallic complexes and are engaged in a wide 

variety of chemical processes.
36
 The primary bonding for transition metal systems can be 

descrived by the σ-donor, π-acceptor model.
46
 The relative contribution of these two 

components to the bonding of small molecules with a metal can vary over a wide range; e.g. 

CO as a ligand is known for its effective π-back-donating capabilities. 

 

The electronic configuration of the metal ion may also play an important role in the reactions 

of metal carbonyl complexes. Upon addition of ligands to the metal center, the electronic 

configuration can change drastically, as in case of manganese. This evidently influences the 

electronic state of the species and thus its reactivity. Irrespective of these aspects of the 

electronic configuration of metal carbonyl ions only a few studies have addressed the 

reactivity of such species in the gas phase. Such studies are particularly pertinent because of 
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the high reactivity of these species towards solvent molecules hampers experimental studies 

of various manganese carbonyl ions in the condensed phase (see Chapters 4 – 6). 

 

1.6 Experimental methods 

The experiments described in this thesis have been performed with the use of three different 

instruments that can be put into two classes e.g. Penning ion traps and sector instruments. 

The first class of instruments consists of two different Fourier Transform Ion Cyclotron 

Resonance (FT-ICR) mass spectrometers; the second of a reverse geometry double focussing 

mass spectrometer equipped with a quadrupole section (a BEqQ instrument). In the following 

paragraphs the basic principles of these methods will be described briefly in combination 

with some of the experimental procedures. 

 

1.6.1 Fourier Transform Ion Cyclotron Mass Spectrometry 

FT-ICR has become an established method for studying ion-molecule chemistry and 

thermodynamic equilibrium reactions in the gas phase. The principle of Fourier Transform 

Ion Cyclotron Resonance (FT-ICR)
48, 49

 mass spectrometry is based on trapping of ions in 

the gas phase. This is achieved with the use of several types of cells (e.g. cubic and 

cylindrical) by a combination of static electrical and magnetic fields. The principle of FT-

ICR can be explained by placing a charged species in a homogenous magnetic field with no 

electrical field present. An ion with charge q, moving in a magnetic field B with velocity v, is 

subjected to a Lorentz Force F = v x B perpendicular to the magnetic field.
50
 Due to this 

force, the ion is forced to move in a circular pathway perpendicular to the magnetic field 

(Figure 1.3). 

v

B

F
y

z

x

+

 

Figure 1.3: Schematic representation of the Lorentz Force F, acting on a positively 

charged ion with velocity v, in a magnetic field B. 
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Combination of the Lorentz Force equation with the equation of the angular acceleration and 

the equation of the angular velocity leads to the cyclotron frequency of an ion in a 

homogeneous magnetic field (Eq. 1.11a-c). 

 

lar)perpendicu and (
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The ions are still free to move into the z-direction (parallel to the magnetic field). In order to 

prevent the ions to move in this direction, a small electrostatic potential is applied to the two 

so-called “trapping plates” which are orthogonal to the z-axis (see also § 1.6.1). The form of 

this field is complicated and the field originates not only from the electrostatic potential on 

the trapping plates but also from the electrostatic space charge of the ions trapped in the cell. 

The precise geometric configuration of the electrostatic field is determined, however, 

predominantly by the cell geometry.
51-53

 The contribution of the space charge to the 

combined electrical field is even more complicated. Nevertheless, it is possible to describe 

the motions of ions perpendicular and parallel to the magnetic field independently.
54
 

 

FT-ICR mass spectrometry is a non-destructive method in which ions are generated, trapped 

for extended times, excited translationally, and detected subsequently as shown in a standard 

experimental time sequence given in Figure 1.4. 

 

Quench Ionization Collision Gas
Eject.
Sweep

Eject.
Sweep Reaction Time Detection

Time (ms)

0 10 60 3060 3460 3470 8470 8500

Figure 1.4: Schematic representation of a typical pulse scheme. 

 

Very often different ions are formed during the ionization pulse, which makes the selection 

of the ions of interest necessary. This can be achieved by a series of single radio frequency 
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pulses, which excites the cyclotron motion of the unwanted ions such that they collide with 

the walls of the cell and are discharged. It has been shown that mass specific selection of ions 

in a FT-ICR cell can be hampered by off-resonance cyclotron resonance excitation to an 

energy Etrans (Eq. 1.12) of the ions to be selected.
56 
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q : charge of the ion 

ωeff : effective cyclotron frequency of the trapped ions 

ω0 : single-frequency excitation field frequency 

E0 : field strength of the single-frequency excitation field 

Texc : duration of the single-frequency excitation field 

 

This translational excitation forces the ions into a higher cyclotron orbit with radius r (Eq. 

1.13) and can result in Collision-induced Dissociation and/or ion-molecule reactions of the 

selected ions. 
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The translational energy can be minimized below 1 eV if the duration of the single-frequency 

excitation fields is set to k2π/(ωo-ωeff) with k a positive integer representing the number of 

full off-resonance excitation/de-excitation periods; ωo is the single-frequency excitation 

pulse frequency and ωeff is the frequency of the effective cyclotron orbital motion of the 

trapped ions.
56 

A swept-frequency field, which allows the ejection of a series of ions in one 

frequency-pulse is applicable if ions are to be ejected for which the cyclotron frequency 

differs with ∆ωeff from the cyclotron frequency of the ions of interest. If necessary, well-

defined single-frequency excitation fields may be applied in order to individually eject the 

remaining ions. After selection according to the above-mentioned parameters, the ions are 

allowed to react with neutral species present for a period of time or subjected to 

photochemical experiments. Subsequently, the resulting ions are excited and detected. The 

ensemble of ions is forced to move into a higher cyclotron orbit and induce an image current 

in the detection plates of the cell. The corresponding voltage signal is a function of time and 
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can be converted into a mass spectrum. After detection a quench pulse is applied to eliminate 

all ions from the cell. Next, the experiment can be repeated and the resulting time-domain 

signal is added to the previous one in order to obtain a better signal to noise ratio. 

 

1.6.1.1 FT-ICR Mass Spectrometer: Single cell 

The single cell FT-ICR used in the study described in Chapter 2 was designed and 

constructed at the University of Amsterdam and the cubic cell of this instrument is shown 

schematically in Figure 1.5.
56,57 The cell is positioned within a vacuum vessel placed 

between the poles of a 1.24 Tesla electromagnet. 

 

Control
  Grid

Filament

Radio Frequency Pulse

•

•

•

•

•

•

Electron Beam

Trapping  Plates

Receiver plates

Magnetic field

Excitation  Plates  

 

Figure 1.5: Schematic drawing of the cubic FT-ICR cell. 

 

The general operating procedure of this instrument has been described in detail elsewhere.
58-

61
 The instrument is also equipped with three inlet lines at room temperature. The total 

pressures in the instrument was in most experiments not higher than 3 x 10
-8
 mbar as 

measured with an uncalibrated ionization gauge placed in a side arm of the main vacuum 

system. The ions of interest were produced with Electron Ionization, with the kinetic energy 

of the ionizing electrons set to a value in between 10 and 70 eV. The isolation of the ions of 

interest was achieved by applying appropriate radio-frequency pulses to the cell. 
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1.6.1.2 FT-ICR Mass Spectrometer with an external ion source 

The schematics of this FT-ICR mass spectrometer, used in studies described in Chapters 2-4, 

are shown in Figure 1.6. The instrument has a cylindrical cell (Figure 1.7) situated in a 

vacuum tube which is placed in a 4.7 Tesla super conducting magnet, such that it is located 

within the homogeneous part of the magnetic field. The instrument consists of an external ion 

source and an ion transfer region. 

 
 

P u m p 

P u m p P u m p 

I o n   s o u r c e 

F T - I C R   c e l l 
I o n   b e a m 

I o n   t r a n s f e r   r e g i o n 

S u p e r c o n d u c t i n g   
m a g n e t 

F i l a m e n t 

 

Figure 1.6: Schematic representation of the FT-ICR Mass Spectrometer with an external 

source 

 

The generation of ions in the external source can be achieved by Electron Ionization. The 

total pressure of the substances used in the EI ion source was lower than 10
-3
 Pa. During the 

extraction of the ions from the external source, the ions are accelerated and transferred to the 

cell with several ion lenses and deflection plates, maintaining a minimum voltage on the 

trapping and deflection plates, to minimize the initial kinetic energy of the trapped ions. 

Additional inert gas (e.g. Ar or N2) can be introduced to the cell to allow a temporary high 

pressure in the cell. The high pressure is essential for the thermalization of the ions by 

collisions with the inert gas atoms or molecules and also for the study of Collision-induced 

Dissociations of the ions of interest. Further details of the general operating procedures of 

this instrument have been given elsewhere.
62,63
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Trapping Plates

Detection Plates

~Excitation Plates
 

Figure 1.7: Schematic drawing of a cylindrical FT-ICR cell. 

 

1.6.2 Sector instruments 

In sector instruments, the ion generation, the unimolecular dissociations and the detection of 

ions are separated in space instead of in time as in case of FT-ICR mass spectrometers. For 

the experiments performed in Chapter 3, a Micromass ZAB-2HF BEq double focussing 

reverse geometry hybrid mass spectrometer was used (Figure 1.8).
64,65 The ions are 

generated in a combined electron ionization/chemical ionization source and accelerated 

before entering the first field free region. The kinetic energy of the ions in this first field free 

region is given by eq. 1.14. 

 

 V e z  2mv 1/2  E kin ==  (1.14) 

 

The ions enter the magnetic sector, and as a result of the Lorenz force, are separated 

according to their momentum (Eq. 1.15). As a result, only ions with one specific m/z ratio are 

allowed into the second field free region. Subsequently, the selected ions enter the electric 

sector in which the ions are dispersed as function of their kinetic energy (Eq. 1.16).
66
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The variation of the electrical field strength of the electrostatic sector gives a spectrum of the 

ions formed during fragmentation of the metastable ions in the second field free region (see 

Chapter 3 for examples). 

 

 
 

 

Figure 1.8: Schematic drawing of the ZAB-2HF BEq mass spectrometer 

 

=> 
 
 
 
=> 
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1.7 Scope of this thesis 

In this thesis several aspects of gas-phase ion chemistry as studied with mass spectrometry 

are discussed. In particular, studies concerned with the thermodynamics of protonation and 

the mechanistic aspects of dissociation of aromatic species as well as the gas-phase reactions 

of a series of organometallic ions with small organic molecules are the subjects of interest.  

 

Protonation of aromatic species is of interest because it can give insight into the site-specific 

proton affinities of molecules which can help to understand common organic reactions in the 

condensed phase, such as aromatic substitution processes. That is one of the reasons that the 

studies of protonation of aromatic species in this thesis are focussed on the determination of 

the site specific proton affinities, both from experimental as well as theoretical point of view. 

In addition, site specific proton affinities are crucial for gaining insight into the dissociation 

reactions of ionic aromatic species. This knowledge might be used in structure elucidation of 

(in)organic and biological molecules with the use of mass spectrometry. This is emphasized 

in the studies of the dissociation reactions of protonated propoxypyridines in the gas phase. 

Here, the role of the formation of ion-molecule complexes in the dissociation pathway in 

relation to the protonation site and substituent position is extensively studied.  

 

The studies in relation to the organometallic reactions with organic molecules are focussed 

on manganese carbonyls ionic species. Manganese species are commonly employed in 

catalytic processes of industrial importance and play a crucial role in several biological 

systems such as in the Photosystem II. The studies concerned with the reactions of the 

(di)manganese carbonyl ions are focussed on the unravelling of the interplay between ligand 

exchange processes and bond activation of organic molecules in the gas phase such as 

aliphatic alcohols and other interesting ligands (e.g. 1,4,7-trimethyl-1,4,7-triaza-

cyclononane). Also, the occurrence of methyl migration in manganese acetyl carbonyl ions in 

the gas phase is examined in this thesis, in order to substantiate the understanding of the 

process of the (de)carbonylation reaction in organometallic catalytic reactions. 
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This chapter
#
 describes the determination of the proton affinities of furan, 2-, 3-, and 4-

methylphenol and the related anisoles with the use of Fourier Transform Ion Cyclotron 

Resonance (FT-ICR) mass spectrometry. The proton affinity of furan is redetermined and 

compared to the value in the literature and the results of ab initio G3(MP2) calculations 

performed in order to determine the most basic site in the different methyl substituted 

species. 
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CHAPTER 2: 

 
Experimental and Theoretical Evaluation of 
the Proton Affinities of Furan, Methylphenols 

and Related Anisoles 
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2.1 Introduction 

The occurrence of proton transfer to organic and biological molecules in the gas phase is of 

fundamental importance from both an experimental and a theoretical point of view.
1,2

 The 

interest in gas-phase proton transfer reactions is to a large extent motivated by the importance 

of understanding the kinetic and thermodynamic properties that determine the preferred site 

of protonation of polyfunctional molecules.
3,4

 In particular, a number of studies concerned 

with proton transfer to substituted aromatic species
5
 has revealed that protonation of a 

heteroatom containing substituent is often preferred kinetically, whereas proton transfer to 

the aromatic ring is thermodynamically favorable.
6,7

 For example, protonation at the oxygen 

atom in phenol is known to occur in the strongly exothermic gas-phase reaction with CH5
+
 as 

the Brønsted acid irrespective of the fact that proton transfer to the 4-position of the ring is 

thermodynamically favoured by 60 kJ mol
-1
 over protonation at the hydroxy group.

8
 Similar 

results are reported for other substituted aromatic compounds, such as anisole,
9
 

fluorobenzenes,
10,11

 fluorophenols,
12

 and phenyl propyl ethers.
13,14

  

 

Knowledge of the preferred site of protonation is also of significance for structure elucidation 

of polyfunctional molecules with the use of mass spectrometry.
15
 Notably, the site of 

protonation under Chemical Ionization (CI) conditions is often reflected directly in the 

mechanism of the ensuing dissociation reactions as discussed in a number of studies 

concerned with propene loss from the metastable [M+D]
+
 ions of a series of aryl propyl 

ethers 
14,16,17

 and – more recently – for isomeric propoxypyridines (see Chapter 3).
18
 The 

mechansim proposed involves competing deuteron transfer to the oxygen atom and the 

aromatic ring and the low extent of deuterium incorporation in the propene eliminated from 

the [M+D]
+
 ions of 3-methylphenyl n-propyl ether was considered to reflect a preference for 

deuteron transfer to the ring for this isomer. By contrast, deuteron transfer to the oxygen 

atom is quite pronounced when the methyl group is situated at the 4-position in the parent 

ether. A more complete interpretation of these findings requires well-determined proton 

affinities of the aromatic ethers and the methyl-substituted phenols related to the product ions 

of propene loss from the [M+D]
+
 ions of the parent ethers. In order to address this limitation, 

we decided to study the thermodynamics of proton transfer to 2-, 3- and 4-methylphenol and 

the related methylanisoles with the FT-ICR method.
19
 The proton affinity of furan was 
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included in this study in order to examine the reliability of our experimental strategy for 

obtaining proton affinities. In addition, ab initio calculations
20,21

 were performed with the 

G3 and G3(MP2) procedures
22,23

 to obtain the proton affinity of each ring-position of the 

aromatic compounds as well as of the oxygen atom of the methylphenols. The computational 

results allowed us also to examine the influence of a methyl group on the proton affinity of 

the various sites and compare the results with our previous study of protonation of the 

fluorophenols and fluoroanisoles.
12

 

 

2.2 Experimental 

2.2.1 Instrumental 

Experiments were performed with two FT-ICR mass spectrometers. The proton affinities of 

the methyl-substituted phenols and anisoles were measured with an instrument that was 

constructed at the University of Amsterdam.
24
 The general operating procedure of this 

instrument has been described in detail elsewhere.
25
 The total pressure in the instrument was 

in most experiments less than 4 x 10
-7
 mbar as measured with an uncalibrated ionization 

gauge placed in a side arm of the main vacuum system. In the present series of experiments, 

the ratio between the partial pressures of a methyl-substituted phenol or anisole and the 

reference base was varied between 1:1 and 3:1 or 1:3 in order to determine the equilibrium 

constant for the proton transfer reactions as precisely as possible. The proton affinity of furan 

was also measured with this instrument and the experiments were repeated with a Bruker 

Daltonics Apex II FT-ICR mass spectrometer. A description of the general operating 

procedures for ion manipulation with this instrument has been given previously.
26
 The total 

pressure in the Apex II instrument was in most experiments 1-3 x 10
-8
 mbar as measured 

with an uncalibrated ionization gauge placed in a side arm of the main vacuum system. The 

ratio between the partial pressures of furan and the reference base acetone was varied from 

1:1 to 1:2 or 2:1. 
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2.2.2 Pressure correction 

The equilibrium constant (K) is obtained from the gas-phase reaction between a protonated 

reference base (B in eq 2.1) and a molecule M as indicated in eq 2.2: 

 

MH+BM+BH (2.1)

 

 

K =
I(BH+) P(M)

I(MH+) P(B)
(2.2)

 

 

In eq 2.2, I(MH
+
) and I(BH

+
) represent intensities of the peaks (in arbitrary units) 

corresponding to the MH+ and BH+ ions, respectively; P(B) and P(M) are the partial pressures 

of the neutral species. The measured partial pressures were corrected for the sensitivity of the 

ionization gauge for the neutral species according to a reported procedure.
27
 In brief, the 

measured partial pressure of a given compound involved in the proton transfer reactions was 

corrected with the use of eq 2.3 in which R is the sensitivity relative to N2 (R(N2) is 

arbitrarily set to 1) and α the molecular polarizability. 

 

 R = 0.36α + 0.30 (2.3) 

 

2.2.3 Calculations 

The G3 and G3(MP2) calculations
22,23

 were performed with the Gaussian 98 suite of 

programs.
28
 In brief, the G3(MP2) procedure involves calculation of the equilibrium 

structure at the Hartree-Fock (HF) level with the 6-31G(d) basis set. The HF-6-31G(d) 

method is used to calculate harmonic frequencies that are scaled by a factor of 0.8929 and 

used to evaluate zero-point vibrational energies and to estimate thermodynamic properties, 

such as the third law entropy of the species. Refinement of the equilibrium geometry is 

achieved at the MP2(full)/6-31G(d) level prior to the calculation of single point energies with 

MP2 and QCISD(T) methods.
23
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2.2.4 Materials 

All chemicals were obtained commercially and used without purification.  

 

2.3 Results 

2.3.1 Experimental determination of proton affinities 

The thermodynamic proton affinity (PA) of a molecule M is defined as the negative of the 

enthalpy change,–∆rH
o
, of the hypothetical gas-phase reaction at a temperature of 298 K (Eq. 

2.4):
29
 

 

M + H MH (2.4)  

 

The proton affinity of a gaseous molecule is commonly obtained by studying ion-molecule 

equilibria either under the low-pressure conditions characteristic of FT-ICR 

instruments
1,30,12

 or with the use of high-pressure mass spectrometry (HPMS).
4,31

 The 

experimental determination of proton affinities is also achieved frequently by the so-called 

kinetic method that is based upon an examination of the dissociation reactions of proton 

bound dimers or heterodimers in the gas phase.
32  In the present study, the FT-ICR method is 

used to study the proton transfer reactions from protonated reference bases to furan and the 2-

, 3- and 4-methylphenols and the related anisoles (Table 2.1). In a typical experiment, the 

aromatic compound of interest (M) and the reference base (B) are admitted to the FT-ICR 

cell and ionized by electron ionization (Eq. 2.5). The ionization of B is followed by ion-

molecule reactions leading to the formation of protonated species (Eq. 2.6). 

 

B + e B

+ BH (2.6)B B + [B - H]

(2.5)

 

 

The protonated reference bases are subsequently isolated by ejection of all other ions from 

the cell by suitable radio frequency pulses.
26

 The ions are then allowed to react by proton 
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transfer with the neutral molecules present in the cell. For furan, proton transfer from the 

C4H9
+
 ion generated from 2-methylpropene is irreversible (Table 2.1), whereas proton 

transfer is not observed in the reaction with the protonated methyl acetate. Reversible proton 

transfer is observed, however, in the reaction with protonated acetone in agreement with a 

previous ICR study.
33
 

 

Table 2.1: Occurrence/nonoccurrence of proton transfer in the reactions of the protonated 

reference bases with furan, 2-, 3- and 4-methylphenol and the related anisoles. 

 

Molecule Reference base 
Gas-phase 

basicity
a
 

Proton transfer 

    
furan 2-methylpropene 776 Yes 

 acetone 782 Reversible 

 methylacetate 791 No 

2-CH3C6H4OH dimethylether 801 Reversible 

3-CH3C6H4OH dimethylether 801 Yes 

 3-pentanone 807 Reversible 

4-CH3C6H4OH cyclopropylcyanide 778 Yes 

 acetone 782 Reversible 

2-CH3C6H4OCH3 n-butylether 818 Reversible 

3-CH3C6H4OCH3 isopropylether 828 Reversible 

4-CH3C6H4OCH3 dimethylether 801 Reversible 
    
a
 The values are in kJ mol

-1
 and are taken from ref. 29. The average uncertainty on the 

values is ± 8 kJ mol
-1
. 

 

The system was allowed to reach equilibrium starting either with protonated acetone or 

protonated furan as the primary reactant species (see Figure 2.1). With the FT-ICR 

instrument constructed at the University of Amsterdam, the average equilibrium constant for 

the proton transfer reaction between protonated acetone and furan is determined to be 0.54 ± 

0.03. Essentially the same value (0.78 ± 0.10) is obtained with the Apex II FT-ICR 

instrument (Table 2.2, see also § 1.6.1). 
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Figure 2.1: Relative abundance of protonated acetone and protonated furan as a function 

of reaction time. The corrected partial pressures are: P(acetone) = 17 x 10
-6
 Pa and P(furan) 

= 6.3 x 10
-6
 Pa (see also § 2.2 Experimental). 

 

The determination of the equilibrium constants for the proton transfer to the methylphenols 

and anisoles is achieved by the same procedure as followed in the experiments with furan 

(see Table 2.1 and Table 2.2). The average value of the equilibrium constant leads to the 

change in Gibbs energy, ∆rG
o
, for the proton transfer reaction in eq 2.1. According to the 

definition of the gas-phase basicity GB (−∆rG
o
(298 K) for the reaction in eq 2.4),

29
 the ∆rG

o
 

value is equal to the difference between the GB value of a given reference base and the 

molecule, M (Eq. 2.7). 

 

 - RT ln (K) = ∆rG
o
 = ∆GB = GB(B)–GB(M) (2.7) 

 

The values of ∆GB are given in Table 2.2 and are based upon the assumption that the 

temperature of the reactant chemical system in the FT-ICR instrument is 298 K (see also ref. 

25). The ∆GB values in Table 2.3 are used to obtain the proton affinities on the basis of an 

estimated entropy change for the protonation reaction (Eq. 2.4). 
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Table 2.2:  Equilibrium constants for the proton transfer reactions between a methylphenol or methylanisole  

with a reference base together with the difference in gas-phase basicity, ∆(∆GB), between the species of interest. 

 

Molecule Reference base GB(reference base)
a
        K

b
 ∆∆∆∆GB 

     

furan
d
 acetone            782 0.54 ± 0.03     1.1 

furan
e
 acetone            782 0.78 ± 0.10     0.2 

2-CH3C6H4OH
d
 dimethylether            801 0.74 ± 0.04     0.8 

3-CH3C6H4OH
d
 3-pentanone            807 2.23 ± 0.30   −2.0 

4-CH3C6H4OH
d
 acetone            782 1.14 ± 0.02   −0.3 

2-CH3C6H4OCH3
d
 n-butylether            818 0.80 ± 0.2     0.6 

3-CH3C6H4OCH3
d
 isopropylether            828 1.0 ± 0.1   −0.1 

4-CH3C6H4OCH3
d
 dimethylether            801 23.4 ± 2.3   −7.8 

     
a
 The values are in kJ mol

-1
 and taken from ref. 29. 

b
 Average values of 3-4 measurements (see text) 

c
 ∆(∆GB) = ∆(GB) (reference)-∆(GB) (compound) 
d
 Values obtained from experiments with the FT-ICR instrument constructed at the University of Amsterdam. 

e
 Values obtained from experiments with the Apex II FT-ICR mass spectrometer. 
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Table 2.3: Gas-phase basicities (GB) and proton affinities (PA) of the methylphenols and 

methylanisoles.
a
 

 

Molecule GB PA
b
 

   
furan

c
 781 812 

furan
d
 782 813 

2-CH3C6H4OH
c
 800 832 

3-CH3C6H4OH
c
 809 841 

4-CH3C6H4OH
c
 782 814 

2-CH3C6H4OCH3
c
 818 850 

3-CH3C6H4OCH3
c
 828 860 

4-CH3C6H4OCH3
c
 809 841 

   a
 The values are in kJ mol

-1
. The average uncertainty is ± 8 kJ mol

-1
; 
b
 Estimated with a 

T∆rS
o
 term of −30.7 J mol

-1
 for furan and T∆rS

o term of −32 J mol
-1
 for the methylphenols 

and methylanisoles; 
c 
Values obtained from experiments with the FT-ICR instrument 

constructed at the University of Amsterdam; 
d
 Values obtained from experiments with the 

Apex II FT-ICR mass spectrometer. 

 

The estimation of the entropy of protonation of a gaseous molecule (∆rS
o
(M)) is realized 

commonly with the use of eq. 2.8 in which σ(M) is the rotational symmetry number of the 

molecule, σ(MH
+
) is the symmetry number of the protonated species and S

o
(H

+
) is the 

entropy of the free proton (108.95 J mol
-1
 K

-1
).
29
 

 

 ∆rS
o
(M) = S

o
(MH

+
) − S

o
(M) − S

o
(H

+
) ≈ R ln [ σ(M) / σ(MH

+
)]  − S

o
(H

+
) (2.8) 

 

For furan the rotational symmetry number changes from 2 to 1 if the protonation occurs on 

the 2-or 3-position, which yields an ∆rS
o
 term of −103  J mol

-1
 K

-1
 and a T∆rS

o
 value of 

−30.7 kJ mol
-1
 with T set to 298 K. With the use of this T∆rS

o
 term the experimental GB 

value of 781 kJ mol
-1
 for furan leads to a proton affinity of 812 kJ mol

-1
 (Eq. 2.9 and Table 

2.2). For the M
 
and MH

+ 
species of the substituted phenols or anisoles, the symmetry 

numbers are the same and–as a result–the entropy for the protonation reaction can be 
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considered to be close to the entropy of the free proton in the gas phase. Provided this 

presumption is correct, the value of the T∆rS
o
 term in eq 2.9 becomes −32 kJ mol

-1
 if the 

temperature is assumed to be 298 K. This T∆rS
o
 term leads subsequently to the proton 

affinities collected in Table 2.2. 

 

 PA(M) = GB(M) − T∆rS
o
 (2.9) 

 

2.3.2 Theoretically obtained proton affinities 

The calculated proton affinities at 0 K are obtained from the electronic energies and the zero 

point vibrational energies (Eq. 2.10). Subsequently, the 298 K values are determined with the 

use of the integrated constant pressure heat capacities for the molecule (Cp(M)) and the 

protonated species (Cp(MH
+
) see Eq. 2.11). For the proton, the value of the constant pressure 

heat capacity is assumed to be the same as that of an ideal gas (5/2 RT). 

 

  PA(M, 0 K) = E(M) + ZPE(M) − [E(MH
+
) + ZPE(MH

+
)] (2.10) 

 

 ∫∫ +−++=
298 

0 

298 

0 
)MH()M()K0,M(PA)K298,M(PA

2

5
dTCRTdTC PP  (2.11) 

The calculated proton affinities of the various positions within furan, phenol, and the 

methylphenols are collected in Table 2.4 together with the values for toluene. For furan, the 

calculations with the G3 procedure
23,34

 yielded the following proton affinities at 298 K: 699 

kJ mol-1 for the oxygen atom, 815 kJ mol
-1
 for the 2-position  and 771 kJ mol

-1
 for the 3-

position. Essentially the same proton affinities are obtained with the G3(MP2) procedure 

(Table 2.4) and -accordingly–the calculations for the other aromatic species were performed 

only at this level. 
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Table 2.4: Overview of the calculated proton affinities of furan, phenol, toluene and the 2-, 3-, and 4-methylphenols.
a
 

 

Molecule Method     Protonation Site 

  O C1 C2 C3 C4 C5 C6 

furan G3 699 — 815 771 — — — 

 G3(MP2) 699 — 814 771 — — — 

C6H5OH
b
 G3(MP2) 745 688 797 747 811 — — 

C6H5CH3 G3(MP2) — 743 773 760 780 — — 

2-CH3C6H4OH G3(MP2) 753 723 795 775 824 782 810 

3-CH3C6H4OH G3(MP2) 754 705 819 744 835 761 827 

4-CH3C6H4OH G3(MP2) 756 723 811 775 810 — — 

 
a
 Values in kJ mol

-1
. 
b 
Values taken from ref. 12.  
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2.4 Discussion 

2.4.1 Proton affinity of furan 

The recommended literature value of the gas-phase basicity of furan is 771 kJ mol
-1
 (PA = 

812 kJ mol
-1
).
29 

This value leads to the anticipation that proton transfer from the C4H9
+
 ion 

(GB(2-methylpropene) = 776 kJ mol
-1
) to furan should be reversible in keeping with the 

common observation that equilibrium in proton transfer reactions will be established in an 

FT-ICR instrument
25
 if the GB values differ less than about 8 kJ mol

-1
 (except if substantial 

energy barriers prevent proton transfer). Reversibility in the proton transfer from the C4H9
+
 

ion to furan is not observed, however, in the present experiments (Table 2.1), indicating that 

the gas-phase basicity is considerably higher than 771 kJ mol
-1
. Furthermore, proton transfer 

does not take place in the reactions of the [M + H]
+
 ion of methylacetate with furan, 

indicating that the GB of furan is lower than that of this reference base (GB(methylacetate) = 

791 kJ mol
-1
; see also Table 2.1). By contrast, proton transfer occurs in both directions in the 

reaction with acetone (GB = 782 kJ mol
-1
) and equilibrium is attained readily (Figure 1.2). 

 

Clearly, the present results disagree with the average value of the gas-phase basicity value as 

obtained on the basis of a number of experiments with high pressure mass spectrometry and 

the ICR method. The high-pressure experiments
35
 are reported to yield GB values of 775 kJ 

mol
-1
 and 767 kJ mol

-1
, whereas the first series of ICR experiments

36
 based on the 

occurrence/nonoccurrence of proton transfer to furan indicated that the GB value should be in 

between 756 kJ mol
-1
 and 765 kJ mol

-1
. In a later ICR study,

33
 the proton transfer between 

furan and protonated acetone was reported to be reversible and lead to a GB value of 780 kJ 

mol
-1
. The latter value is supported by our FT-ICR experiments, which result in a GB value 

of 781 kJ mol
-1
 and a proton affinity of 812 kJ mol

-1
 with the use of a T∆rS

o
 value of −30.7 

kJ mol
-1
. It should be emphasized that the present T∆rS

o
 value is based upon a change in 

symmetry number upon protonation of furan, whereas the recommended value of T∆rS
o
 (−32 

kJ mol
-1
)
29
 rests upon the assumption that the entropy of furan and the protonated species is 

the same. A slight modification of the T∆rS
o
 value would not change the recommended 

proton affinity to any significant extent and – as a conclusion – the present results strongly 

indicate that the value of 803 kJ mol
-1
 for the proton affinity of furan is too low. This is 
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further substantiated by the results of G3(MP2) calculations; that is, G3(MP2) predicts a 

proton affinity of the 2-position of 814 kJ mol
-1
 and lower values of the 3-position (771 kJ 

mol
-1
) as well as of the oxygen atom (699 kJ mol

-1
). It can be noted here that the present 

G3(MP2) values for furan agree with recent G2(MP2) calculations that are reported to yield a 

proton affinity of 816 kJ mol
-1
 for C-2, 774 kJ mol

-1
 for C-3 and 700 kJ mol

-1
 for the oxygen 

atom.
37
 

 

In conclusion, the reason for the discrepancy between the high pressure mass spectrometry 

measurements and the (FT)-ICR experiments is unclear to us but the consistency between the 

present value and the theoretical results indicate that the proton affinity of furan should be 

adjusted to 812 kJ mol
-1
. The agreement between our experiments and the previous ICR 

study in combination with the outcome of the calculations also validate the present 

experimental strategy to determine the proton affinities of the methylphenols and related 

anisoles. 

 

2.4.2 Proton affinities of 2-, 3- and 4-methylphenols and related anisoles 

The trend in the experimental proton affinities is shown in Scheme 2.1. The same order of 

proton affinities is obtained for the phenols and anisoles: that is PA(3-CH3C6H4OH(CH3)) > 

PA(2-CH3C6H4OH(CH3)) > PA(4-CH3C6H4OH(CH3)). A similar relative order was 

obtained in the previous study of fluorophenols and fluoroanisoles even though the presence 

of a fluorine atom on the aromatic ring leads to a decrease in the proton affinity compared to 

the parent phenol or anisole.
12
 Also, in a recent study of dihydroxybenzenes the order of 

proton affinities was reported to be: PA(3-isomer) > PA(2-isomer) > PA (4-isomer).
38
 With 

respect to the influence of a methyl group, the increase in the experimental proton affinity 

going from benzene to toluene is 34 kJ mol
-1
 and a somewhat smaller increase in proton 

affinity (24 kJ mol
-1
) is obtained if a methyl group is introduced at the 3-position in phenol 

(Scheme 2.1). The presence of a methyl group at the 2-position results in a small increase in 

proton affinity (15 kJ mol
-1
) with respect to phenol and an insignificant effect (3 kJ mol

-1
) is 

observed when a methyl is placed at the 4-position. A similar trend is obtained for the 

methylanisoles; that is, a methyl group at the 3-position causes an increase in proton affinity 

of 20 kJ mol
-1
 with respect to anisole. A methyl group at the 2-position changes the proton 
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affinity with 10 kJ mol
-1
, whereas a negligible effect is observed if the methyl is introduced 

at the 4-position (PA (anisole) = 840 kJ mol
-1
 and PA(4-methylanisole) = 841 kJ mol

-1
). In 

other words, the effect on the proton affinity of changing the –OH group into –OCH3 is 

almost independent of the position of the methyl group on the aromatic ring. In terms of 

values, the increase in proton affinity going from a methylphenol to the methylanisole is 

between 18 kJ mol
-1
 and 27 kJ mol

-1
 and thus comparable to the difference in proton affinity 

between the parent phenol and anisole (23 kJ mol
-1
, see Scheme 2.1). 

 

C6H5OH

C6H5OCH3

C6H6 C6H5CH3

2-CH3C6H4OH3-CH3C6H4OH
4-CH3C6H4OH

2-CH3C6H4OCH33-CH3C6H4OCH3 4-CH3C6H4OCH3

817 841 832 814

840 860 850 841

23 19 18 27

67

750 784

57

34

24 - 9 -18

20 - 10 - 9

 

Scheme 2.1: Trends in the experimentally obtained proton affinities of the methylphenols 

and methylanisoles. 

 

The G3(MP2) calculations substantiate the expectation that the 4-position in 2- and 3-

methylphenol is the thermodynamically preferred protonation site. The calculated value for 

the 4-position in the 2-methyl isomer is 824 kJ mol
-1
, slightly lower than the experimental 

value of 832 kJ mol
-1
 (Table 2.4). For the 3-methylphenol, the theoretical value for the 4-

position is only 6 kJ mol
-1
 lower than the experimental value of 841 kJ mol

-1
 and for the 4-

methyl isomer, the calculated value of the 2-position is 3 kJ mol
-1
 lower than the 

experimental result (PA = 814 kJ mol
-1
). Overall, the G3(MP2) proton affinities agree very 

well with the present FT-ICR results for the methylphenols, in line with the conclusion 

reached for furan (vide supra) and for 2-, 3- and 4-fluorophenol.
12 

In terms of the proton 

affinities of the different sites within a methylphenol, the G3(MP2) results reveal that the 

same order is obtained for the 2- and 3-isomers; that is, the PA deceases in the order 4-, 6-, 2-
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, 5-, 3- and 1-position (see Table 2.4). For the 4-isomer, the proton affinity of the 2- and 4-

position is essentially the same, whereas the 3-position is associated with a higher PA values 

than the 1-position. The preference for protonation at the 4-position in the methylphenols is 

in line with the expected strong stabilization of the positive charge by the oxygen atom and a 

weaker influence of the methyl group.  This effect is also manifested in the fact that the PA 

of the 4-position in phenol is calculated to be 61 kJ mol
-1
 higher than of benzene  

(PA = 750 kJ mol
-1
), whereas the introduction of a methyl group increases the proton affinity 

with 30 kJ mol
-1
 (as based on the G3(MP2) value for the 4-position in toluene, see Table 

2.4). A methyl group exerts only a minor change of the PA value of the adjacent C atom 

according to the G3(MP2) calculations. For toluene, the PA value of the 1-position is 743 kJ 

mol
-1
, only 7 kJ mol

-1
 lower than the PA of benzene. The small effect of the methyl group on 

the PA of the adjacent C atom is also manifested in the values for this particular site in the 

methylphenols. For example, the PA of the 2-position in 2-methylphenol is 795 kJ mol
-1
 and 

the PA of the same position in unsubstituted phenol is 797 kJ mol
-1
. Likewise, the methyl 

bearing C atom in 3-methylphenol is calculated to have a PA (744 kJ mol
-1
) that is 

essentially the same as the 3-position in phenol (747 kJ mol
-1
). With respect to the C atom 

connected to the –OH group, the calculations show that the PA of this position is higher than 

in phenol (688 kJmol
-1
). For the 2- and 4-methyl substituted phenols the value is the same 

(723 kJ mol
-1
) and – as expected – larger than in the 3-isomer (705 kJ mol

-1
).  This trend is 

in keeping with the fact that a methyl group stabilizes the positive charge in the ions formed 

by protonation at the C atom connected to the –OH group and that this stabilization is greater 

when the methyl is situated at the 2- or 4-position.  

 

The calculated PA of the oxygen atom is lower than the value of the ring positions with the 

exception of the C atom connected directly to the –OH group. The calculations reveal that the 

PA of the oxygen atom in the methyl-substituted species is 8–11 kJ mol
-1
 higher than the 

value obtained for this site in phenol (745 kJ mol
-1
). In addition, the PA value of the oxygen 

atom in the methylphenols is almost independent of the position of the methyl group (Table 

2.4). 
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2.4.3 Entropies of protonation 

The entropies of protonation (∆rS
o
 of eq 2.1) obtained from the vibrational frequencies 

calculated at the HF 6-31G(d) level are summarized in Table 2.5 (see also ref. 39 for ab initio 

calculations of third law entropies). For furan, the calculated entropy change upon 

protonation at the 2-position (−104.0 J mol
-1
 K

-1
) is in agreement with the value of −103 J 

mol
-1
 K

-1
 obtained by a consideration of the change in symmetry number (see Eq. 2.8). A 

similar situation applies to phenol as noted in a previous report;
12
 that is, the calculated value 

for protonated at the 4-position (−103.0 J mol
-1
K
-1
) agrees with the experimental value of 

−104 J mol
-1
 K

-1
 as determined by high pressure mass spectrometry.

40
 For toluene, the 

recommended average value for the entropy change is −93 J mol
-1
 K

-1
, based upon the 

temperature dependence of the equilibrium constant for a number of proton transfer 

reactions.
31,41

 Protonation at the 4-position of toluene is predicted by the calculations to be 

associated with an entropy change of −108.1 J mol
-1
 K

-1
. This value is in line with symmetry 

considerations (−103 J mol
-1
 K

-1
) but significantly different from the reported experimental 

value. For the isomeric methylphenols, the assumed value is −109 J mol
-1
 K

-1
 (see § 2.3 

Results). This value is in reasonbable agreement with the calculated value of  

−104.1 J mol
-1
 K

-1
 for protonation at the most basic site in 2-methylphenol (the 4-position) 

and a similar situation applies to the calculated value of −112.0 J mol
-1
 K

-1
 for protonation at 

the 2-position in 4-methylphenol. With respect to protonation at the 4-position in the 3-

methylphenol, the calculations suggest a value of −120.1 J mol
-1
 K

-1
. This value deviates 

significantly from the value obtained from considerations of symmetry changes and also from 

the values for protonation at the most basic sites in the 2- and 4- methylphenols. In terms of 

structural changes, a −∆rS
o
 value that is close to the absolute value of the entropy of the free 

proton in the gas phase indicates that the entropy of the molecule is not significantly changed 

upon protonation. Such a situation applies to furan and phenol as indicated by the results in 

Table 2.5. In addition, the G3(MP2) calculations for protonation at the most basic sites in 

furan and phenol indicate that the entropy of the protonated species (MH
+
) is somewhat 

larger than that of the molecule (M), in line with a number of observations for protonation of 

aromatic molecules.
29 
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Table 2.5: Overview of the calculated HF-6-31(d) and B3LYP/6-31G(d) entropies of protonation  (∆rS
o
 in J mol

-1
 K

-1
) of furan, phenol, 

toluene and the 2-, 3- and 4-methylphenols (T = 298 K). 

 

                                                                Protonation site 
 Species Reported or Method O C 1 C 2 C 3 C 4 C 5 C 6 
  Assumed Value 

 
 Furan 109

a
/103

b
 G3(MP2) 102.3 — 104.0 102.8 

  
 C6H5OH 104

a
 G3(MP2) 100.2  95.2 101.9 97.7 103.0 —   

 
   B3LYP     102.9 
 
 C6H5CH3 93

a
/103

b
 G3(MP2) — 118.8 103.5 113.5 108.1 — —  

 
2-CH3C6H4OH 109

b
 G3(MP2) 97.5 96.9 104.6 91.0 104.1 98.2 102.2 

 
   B3LYP     104.4 
 
3- CH3C6H4OH 109

b
 G3(MP2) 112.3 113.4 119.8 121.4 120.1 114.7 120.3 

 
   B3LYP     106.9 
 
4- CH3C6H4OH     109

b
 G3(MP2)   93.8   96.0 112.0 102.4 116.9 

 
   B3LYP   120.2 
 
a
 Values taken from ref. 29; see also text . 

b 
Values obtained as outlined in the text.  
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For the methylphenols, a less clear-cut picture emerges with respect to the calculated changes 

in the entropy upon protonation. For 2-methylphenol, the calculations predict an increase in 

entropy of the species upon protonation at the 4-position, whereas they suggest that 

protonation at the most basic site in 3- and 4-methylphenol results in a decrease in entropy. In 

order to examine whether similar result are obtained by other types of theoretical methods, a 

few DFT calculations were performed with the B3LYP hybrid method and the 6-31G(d) 

basis set.
21 

For phenol, the DFT and G3(MP2) calculation give essentially the same entropy 

change for protonation at the most basic site. For toluene the DFT calculations lead to a ∆rS
o
 

value ( −103.6 J mol
-1 
K
-1
)
 
for protonation at the 4-position that is somewhat higher than the 

G3(MP2) value. The DFT value for the entropy change upon protonation at the 4-position in 

2-methylphenol (−104.4 J mol
-1
 K

-1
) is also very close to the G3(M2) result (−104.1 J mol

-1
 

K
-1
). A distinct situation applies to protonation at the 4-position in 3-methylphenol. For this 

isomer, the DFT calculation give a T∆rS
o
 value of −106.9 J mol

-1 
K
-1 

for protonation at the 

4-position, whereas the G3(MP2) procedure yielded a value of −120.1 J mol
-1 

K
-1
. The 

opposite holds for the entropy change upon protonation at the 2-position in 4-methylphenol 

in the sense that the DFT calculations predict a T∆rS
o
 value of –120.2 J mol

-1 
K
-1
 that is 

significantly lower than the G3(MP2) result (−112.0 J mol
-1
 K

-1
). 

 

The inconsistencies in the different calculations of the protonation entropies of toluene and 

the methylphenols are likely to be associated with difficulties in the determination of the 

frequency for the hindered rotation involving the methyl group. The hindered rotation of the 

methyl group in toluene is known to be associated with a low frequency
42
 as manifested also 

in the present G3(MP2) and DFT calculations. For 3-methylphenol, the former calculations 

give a particularly low vibrational frequency for the hindered rotation involving the methyl 

group, whereas the DFT calculation of the neutral 3-methylphenol predicts a higher 

frequency for this mode. A more detailed analysis, however, of the calculation of the 

frequencies of the hindered rotation in the methylphenols is not within the scope of the 

present study. In addition, it should be noted that the absence of reported values for the 2-, 3- 

and 4-methylphenols hampers a comparison between theory and experiment. In conclusion, 

the difficulties associated with obtaining a consistent picture for the calculations of the 

entropy of protonation warrant further studies. 
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2.5 Conclusions 

The present study shows that the average literature value for the proton affinity of furan of 

803 kJ mol
-1
 is too low. Accordingly, it is recommended to alter the value to 812 kJ mol

-1
 in 

keeping with the experimental results obtained in this study and the outcome of the G3(MP2) 

calculations. The experimental proton affinities of the methylphenols and methylanisoles 

reveal that for both series of compounds the 3-isomer is more basic than the 2-isomer, which 

in turn is more basic than the 4-isomer. The results of the G3(MP3) calculations of the proton 

affinity of the most basic site within a methylphenol are in good agreement with the 

experimental values. The calculations reveal that the 4-position is the most basic site of the 2- 

and 3- methylphenols, whereas the 2- and 4-positions 4-methylphenol are equally basic. The 

replacement of the phenolic hydrogen with a methyl group in the methylphenols lead to an 

increase in the proton affinity of about 20 kJ mol
-1
 irrespective of the position of the methyl 

group on the aromatic ring. 
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The mechanism
#
 of propene loss from the metastable [M+D]

+
 ions of isomeric 2-, 3- and 4-

n- and isopropoxypyridines has been examined by Chemical Ionization (CI) and tandem mass 

spectrometry in combination with deuterium labelling. The [M+D]
+
 ions were generated 

using CD3OD, CD3CN, (CD3)2CO or Pyrrole-D5 (listed in order of increasing proton 

affinity) as the CI reagent. The results show that the deuteron added in the CI process is not 

interchanged with the hydrogen atoms of the propyl group prior to propene loss from the 

metastable [M+D]
+
 ions of the propoxypyridines. Site selective labelling reveals that the 

different isomers expel propene involving ion-neutral complexes, 1,2-elimination type 

reactions and/or 1,5 hydride shifts. The iso-propoxyridines isomers expel propene by ion-

neutral complexes and/or the loss of propene via a 1,2-elimination type reaction. The 

occurrence of a substantial isotope effect is observed in the reactions of the site-specific 

labelled isopropoxy isomers. 

 

 

# The work described in this chapter has been published in: van Beelen, E. S. E.; 

Molenaar-Langeveld, T. A.; Ingemann, S. J. Am. Soc. Mass Spectrom. 2003, 14, 

1166. 

 
CHAPTER 3: 

 
A Chemical Ionization Study of Deuteron- 

Transfer Initiated Propene Loss in 

Propoxypyridines 
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3.1 Introduction 

Site-specific proton affinities (PA) and the occurrence of proton transfer reactions in the 

absence of solvent molecules are of fundamental importance in mass spectrometry.
1-6

 The 

site of protonation depends not only on the proton affinity of the distinct sites in a molecule, 

but also on the existence of possible energy barriers for the proton transfer reaction.
7-10

 In 

particular, proton transfer to the aromatic ring can be hindered by a kinetic barrier even 

though this entity of a substituted benzene is often associated with a higher proton affinity 

than a substituent such as an OH or OR group.
11-18

 Insight into the molecular properties that 

determine the regioselectivity of proton transfer reactions is also of importance for studies 

concerned with structure elucidation with the use of Chemical Ionization.
1
. This is 

particularly pertinent as it is often observed that the initial step in protonation of an organic 

compound is related directly to the dissociation reactions of the [M + H]
+
 ions. Furthermore, 

polyfunctional organic species can show a complex behavior as protonation can occur at 

distinct sites and nonetheless lead to dissociation by a single process. For example, the 

metastable [M + H]
+
 ions of phenyl n-propyl ether are known to dissociate exclusively by 

propene loss irrespective of the fact that protonation can occur at the phenyl ring as well as at 

the oxygen atom of the substituent.
16,17,19-23

 As emphasized in several CI studies of aryl n-

propyl ethers with deuterium labelled reagents, the metastable [M+D]
+
 ions expel propene 

molecules that contain the deuteron transferred from the conjugate acid of the CI reagent to 

the ether in the ion source.
16,17,19,22

. In a previous report, the incorporation of the deuterium 

atom from the CI reagent was suggested to involve initial deuteron transfer to the oxygen 

atom of phenyl n-propyl ether and fluorine or methyl substituted analogues.
16,17

 By contrast, 

deuteron transfer to the aromatic ring was proposed to result in the loss of a propene 

molecule that contained only the hydrogen atoms of the original propyl group. 

 

In order to obtain more insight into the influence of the initial protonation site on the 

mechanism of alkene elimination from protonated aromatic ethers, we decided to examine 

propene loss from a series of isomeric propoxypyridines. The propoxypyridines were chosen 

as model compounds because it can be anticipated that protonation at the nitrogen atom of 

the ring is preferred considerably over protonation at the oxygen atom of the substituent. This 

expectation is corroborated by the calculated proton affinity of the nitrogen atom in 2-
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hydroxypyridine (PA = 931 kJ mol
-1
), which is 183 kJ mol

-1
 higher than the calculated value 

of the oxygen atom (748 kJ mol
-1
).
24
 In other words, the propoxypyridines offer the 

possibility to study the loss of propene from aromatic ethers that may be protonated only at 

the heteroatom of the ring. In addition, the selection of 2-, 3- and 4-propoxypyridines allows 

an examination of influence of the distance between the protonation site and the substituent 

on the mechanism of propene loss. 

In the studies concerned with propene loss from [M+D]
+
 ions of phenyl n-propyl ethers and 

related substituted compounds, a number of CI reagent gasses were used in order to generate 

the ionic species.
16,17

 In these studies it was shown that the incorporation of the deuterium 

atom from the CI reagent in the propene molecule is enhanced if the CI reagent gas has a 

relatively high proton affinity. For example, the metastable [M+D]
+
 ions of phenyl n-propyl 

ether expel C3H5D and C3H6 in ratio of 18:82 if CD3OD (PA = 754 kJ mol
-1
)
25
 is the CI 

reagent, whereas the ratio between C3H5D and C3H6 loss is 27:73 with CD3CN (PA = 779 

kJ mol
-1
)
25
 as the CI gas.

16
 With the purpose of examining the possible influence of the 

dynamics of the initial deuteron transfer to the propoxypyridines on the ensuing loss of 

propene, we decided to form the metastable [M+D]
+
 ions of the propoxypyridines with 

CD3OD, CD3CN, (CD3)2CO or Pyrrole-D5 (listed in order of increasing proton affinity) as 

the reagent gas. 

 

3.2 Experimental 

3.2.1 Instrumental 

The CI spectra and the Mass–analyzed Ion Kinetic Energy (MIKE)
26,27

 spectra of the 

(un)labelled propoxypyridines were recorded with the use of a Micromass (Manchester, UK) 

VG ZAB-HFqQ reverse geometry double focusing hybrid mass spectrometer.
28,29

 The CI 

reagent (CD3OD, CD3CN, (CD3)2CO or Pyrrole-D5) were mixed with a propoxypyridine in 

a volume ratio of 9:1. The binary chemical sample was introduced into a combined Electron 

Ionization/Chemical Ionization (EI/CI) source through a heated septum inlet system 

(temperature ~ 175 
o
C) until the pressure was in the range of 10

-5 
-10

-4
 mbar as measured by 

an ionization gauge placed in a side arm to the entrance of the diffusion pump situated 

beneath the ion source housing. A few experiments were also performed at a different total 
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pressure (between 10
-6
 mbar and 10

-4
 mbar) of the CI reagent and the propoxypyridine in the 

combined EI/CI source. The ion source parameters were: electron energy 70 eV, temperature 

175-200 
o
C, ion repeller potential 0-2 V, and acceleration voltage 8 kV. Collision-induced 

Dissociation (CID) experiments were performed with helium as the collision gas and with the 

reduction of the main beam intensity to 50%. 

 

3.2.2 Materials and Synthesis 

The unlabelled 2-, 3- and 4-hydroxypyridines, CH3CH2CD2OH, CD3CD2CD2OD, 

CH3CD(OH)CH3 and CD3CD(OD)CD3 were commercially available and used without 

further purification. The labelled propanols were reacted with 48% HBr in water in order to 

obtain the related bromopropanes. The unlabelled 2- 3- and 4-propoxypyridines and their 

deuterated analogues were prepared by reacting the 2-, 3- and 4-hydroxypyridines with 

sodium ethanolate followed by reaction with an appropriately labelled 1- or 2-

bromopropane.
30,31

 

 

CH3CD2CH2OH:
32
 1-propanol labelled at the 2-position was prepared by repeated 

hydrogen-deuterium exchange of methyl malonic acid with D2O to afford 

DOOCCD(CH3)COOD. Decarboxylation of one of the carboxylic groups leading to 

CH3CD2COOH was followed by reduction of the other carboxylic group by LiAlH4 to give 

CH3CD2CH2OH. 

 

CD3CH2CH2OH: 1-propanol labelled at the 3-position was prepared by treating 

HOOCCH2COOH with NaH followed by reaction with CD3I. Decarboxylation and reduction 

as described above gave CD3CH2CH2OH. 

 

CD3-CH(OH)-CH3: Grignard reaction of CD3MgI with freshly distilled acetaldehyde gave 

the appropriately labelled 2-propanol. 

 

All ethers were purified by preparative gas chromatography (column: Reoplex 400, 

temperature 125 oC). The identity of the ethers as well as the labelling content (> 99%) was 

determined by 
1
H NMR and EI mass spectrometry. 
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3.3 Results 

Chemical Ionization of the n-propoxypyridines and the related isopropoxypyridines with one 

of the selected reagents (CD3OD, CD3CN, (CD3)2CO and Pyrrole-D5) leads in the ion 

source to relatively abundant [M+D]
+
 ions. The [M+D]

+
 ions of the unlabelled 

propoxypyridines react on the µs time-scale only by the loss of C3H6 with the formation of 

C5H5DNO
+
 ions (Eq. 3.1) irrespective of the CI gas. The exclusive loss of C3H6 from the 

metastable [M+D]
+
 ions of the unlabelled ethers reveals that the deuterium atom from the 

reagent is not involved directly in the dissociation reaction. This is further corroborated by 

the sole occurrence of the loss of C3D6 from the metastable [M+D]
+
 ions of 

propoxypyridines with a perdeuterated propyl group (vide infra). 

 

C5H5DNO
+

[M+D]+(C5H4N)OCH2CH2CH3 C3H6 (3.1)
[D+]

+

 

3.3.1 n-Propoxypyridines 

Site-specific deuterium labelled n-propoxypyridines were examined subsequently in order to 

obtain more insight into the origin of the H atom transferred from the propyl group to the 

remaining part of the ionized species prior to the expulsion of propene. The presence of two 

D atoms at the α-position of the 2-n-propoxypyridines is observed to lead to the losses of 

C3H5D and C3H4D2 from the metastable [M+D]
+
 ions (Eq. 3.2). 

 

2- (C5H4N)O(CD2CH2CH3)

[M+D]+

[D+]

C5H5DNO
+

C5H4D2NO
+ +

+ C3H4D2

24%

76%

C3H5D (3.2a)

(3.2b)  

 

The average ratio between the losses of C3H5D and C3H4D2 is determined to be 24:76 by 

measuring the area of the Gaussian shaped metastable peaks (see Figure 3.1). 
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Figure 3.1: Reactions of the metastable [M+D]
+
 ions of 2-n-propoxypyridine labelled with 

two deuterium atoms at the β-position of the propyl group. 

The same ratio between the losses of C3H5D and C3H4D2 is observed for the [M+D]
+
 ions 

of the [β,β-D2]-2-n-propoxypyridines as for the [α,α-D2]-labelled species (see Table 3.1). 

For the [γ,γ,γ-D3]-labelled species, the loss of a propene molecule with one D atom less than 

in the propyl group in the parent species is relatively pronounced; that is, C3H4D2 and 

C3H3D3 are expelled in a ratio of 33:67 from the metastable [M+D]
+
 ions. 

 

The introduction of two deuterium atoms at the α-position of the 3-n-propoxypyridines 

results in the losses of C3H5D and C3H4D2 in an average ratio of 21:79 (Table 3.2). For the 

related [β,β-D2]-labelled ions (Eq 3.3), loss of C3H5D is more pronounced than observed for 

the [α,α-D2]-labelled species. 
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Table 3.1: Relative importance (in %) of the losses of C3H6, C3H5D, C3H4D2 and 

C3H3D3 from the metastable [M+D]
+ 
ions of 2-n-propoxy pyridine and deuterium labelled 

analogues. 

 

Relative extent of the loss of
a
 Compound 

M 
Reactan
t ion 

CI 
reagent C3H6 C3H5D C3H4D2 C3H3D3 C3D6 

2-(C5H4N)-OCH2CH2CH3
b [M+D]

+
 CD3OD 100     

  CD3CN 100     

  (CD3)2C=O 100     

  Pyrrole-D5 100     

2-(C5H4N)-OCD2CH2CH3
c [M+D]

+
 CD3OD  24 76   

  CD3CN  23 77   

  (CD3)2C=O  25 75   

  Pyrrole-D5  26 74   

2-(C5H4N)-OCH2CD2CH3
c [M+D]

+
 CD3OD  24 76   

  CD3CN  25 75   

  (CD3)2C=O  24 76   

  Pyrrole-D5  23 77   

2-(C5H4N)-OCH2CH2CD3
c [M+D]

+
 CD3OD   32 68  

  CD3CN   33 67  

  (CD3)2C=O   33 67  

  Pyrrole-D5   33 67  

2-(C5H4N)-OCD2CD2CD3
d [M+D]

+
 CD3OD     100 

  CD3CN     100 

  (CD3)2C=O     100 

  Pyrrole-D5     100 

a 
The ratios are considered to be accurate to within a few percent; 

b
 Propene loss from the 

[M+D]
+
 ions yields only C5H5DNO

+
 (m/z 97) ions; 

c
 Propene loss from the [M+D]

+
 ions 

yields C5H5DNO
+
 (m/z 97) and C5H4D2NO

+
 (m/z 98) ions; 

d
 Propene loss from the [M+D]

+
 

ions yields only C5H4D2NO
+
 (m/z 98) ions. 
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3- (C5H4N)O(CH2CD2CH3)

[M+D]+

[D+]

C5H5DNO
+

C5H4D2NO
+ +

+ C3H4D2

46%

54%

(3.3a)

(3.3b)

C3H5D

  

 

The results for the loss of propene from metastable [M+D]
+
 ions of the 4-n-propoxypyridines 

is dependent on the site of deuterium labelling (Table 3.3). Deuterium incorporation at the α-

position results in a ratio of 22:78 between the losses of C3H3D and C3H4D2 from the 

metastable ions, whereas the ratio between these losses becomes 38:62 if two the D atoms are 

present at the β-position (Eq 3.4). 

 

4- (C5H4N)O(CH2CD2CH3)

[M+D]+

[D+]

C5H5DNO
+

C5H4D2NO
+ +

+ C3H4D2

38%

62%

(3.4a)

(3.4b)

C3H5D
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Table 3.2: Relative extent (in %) of the losses of C3H6, C3H5D, C3H4D2 and C3H3D3 

from the metastable [M+D]
+
 ions of 3-n-propoxypyridine and deuterium labelled analogues. 

 

Relative extent of the loss ofa Compound 

M 

Reactant 

ion 

CI 

reagent C3H6 C3H5D C3H4D2 C3H3D3 C3D6 

3-(C5H4N)-OCH2CH2CH3
b [M+D]

+
 CD3OD 100 0    

  CD3CN 100 0    

  (CD3)2C=O 100 0    

  Pyrrole-D5 100 0    

3-(C5H4N)-OCD2CH2CH3
c [M+D]

+
 CD3OD  21 79   

  CD3CN  20 80   

  (CD3)2C=O  21 79   

  Pyrrole-D5  21 79   

3-(C5H4N)-OCH2CD2CH3
c [M+D]

+
 CD3OD  46 54   

  CD3CN  46 54   

  (CD3)2C=O  48 52   

  Pyrrole-D5  46 54   

3-(C5H4N)-OCH2CH2CD3
c,d [M+D]

+
 CD3OD   22 78  

  CD3CN   18 82  

  (CD3)2C=O   14 86  

  Pyrrole-D5   22 78  

3-(C5H4N)-OCD2CD2CD3
e [M+D]

+
 CD3OD     100 

  CD3CN     100 

  (CD3)2C=O     100 

  Pyrrole-D5     100 
a
 The ratios are considered to be accurate to within a few percent. 

b
 Propene loss from the 

[M+D]
+
 ions yields only C5H5DNO

+
 (m/z 97) ions. 

c
 Propene loss from the [M+D]

+
 ions 

yields C5H5DNO
+
 (m/z 97) and C5H4D2NO

+ (m/z 98) ions. 
d
 The results for the γ-d3 

labelled ions as based upon peak areas are considered to be less accurate than the other values 

in the table due to enhanced overlap of the metastable peaks. 
e
 Propene loss from the [M+D]

+
 

ions yields only C5H4D2NO
+
 (m/z 98) ions. 
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Table 3.3: Relative extent (in %) of the losses of C3H6, C3H5D, C3H4D2 and C3H3D3 

from the metastable [M+D]
+
 ions of 4-n-propoxypyridine and deuterium labelled analogues. 

 

Relative extent of the loss of
 a
 Compound 

M 

Reactant 

ion 

CI 

reagent C3H6 C3H5D C3H4D2 C3H3D3 C3D6 

4-(C5H4N)-OCH2CH2CH3
b [M+D]

+
 CD3OD 100 0    

  CD3CN 100 0    

  (CD3)2C=O 100 0    

  Pyrrole-D5 100 0    

4-(C5H4N)-OCD2CH2CH3
c [M+D]

+
 CD3OD  21 79   

  CD3CN  21 79   

  (CD3)2C=O  23 77   

  Pyrrole-D5  22 78   

4-(C5H4N)-OCH2CD2CH3
c [M+D]

+
 CD3OD  38 62   

  CD3CN  39 61   

  (CD3)2C=O  37 63   

  Pyrrole-D5  34 66   

4-(C5H4N)-OCH2CH2CD3
c [M+D]

+
 CD3OD   26 74  

  CD3CN   27 73  

  (CD3)2C=O   29 71  

  Pyrrole-D5   28 72  

4-(C5H4N)-OCD2CD2CD3
d [M+D]

+
 CD3OD     100 

  CD3CN     100 

  (CD3)2C=O     100 

  Pyrrole-D5     100 
a
 The ratios are considered accurate to within a few percent. 

b
 Propene loss from the [M+D]

+
 

ions yields only C5H5DNO
+
 (m/z 97) ions. 

c
 Propene loss from the [M+D]

+
 ions yields 

C5H5DNO
+
 (m/z 97) and C5H4D2NO

+
 (m/z 98) ions. 

d
 Propene loss from the [M+D]

+
 ions 

yields only C5H4D2NO
+
 (m/z 98) ions. 
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3.3.2 iso-Propoxypyridines 

In order to investigate the influence of the structure of the propyl group on the process of 

propene loss, a series of [β,β,β-D3]-labelled isopropoxypyridines were studied. In contrast to 

the results for the n-propoxypyridines, the ratio between the losses of C3H4D2 and C3H3D3 

from the metastable [M+D]
+
 ions of the isopropoxypyridines appeared to be independent of 

the position of the substituent with respect to the nitrogen atom (see Table 3.4 and Eq. 3.5). 

In addition, deuterium incorporation at the α-position of the isopropoxy group revealed that 

the α-hydrogen atom is not involved in the loss of propene. 

 

4- (C5H4N)OCH(CH3)CD3

[M+D]+

[D+]

C5H5DNO
+

C5H4D2NO
+ +

+

C3H4D2

C3H3D3
66%

34%
(3.5a)

(3.5b)
 

 

For the isopropoxypyridines, the results for propene loss from the metastable ions are 

independent of the nature of the CI gas. In other words, the initial transfer of a deuteron from 

the Brønsted acid of the CI gas has no influence on the origin of the H or D atoms 

incorporated in the ionic product of propene loss from the [M+D]
+
 ions. Similar results were 

obtained for the n-propoxypyridines (see Tables 3.1–3.3). In addition, the same ratio between 

the losses of C3H5D and C3H4D2 from the metastable [M+D]
+
 ions of [β,β-D2]-3-n-

propoxypyridines is obtained for a total pressure of 5x10
-6
 mbar and at a pressure of  

1x10
-4
 mbar in the ion source (see also § 3.2 Experimental). 
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Table 3.4: Relative extent (in %) of the losses of C3H6, C3H5D, C3H4D2 and C3H3D3 

from the metastable [M+D]
+
 ions of iso-propoxypyridine and deuterium labelled analogues. 

 

Relative extent of the loss of
a 

Compound 
M 

Reactant 
ion C3H6 C3H5D C3H4D2 C3H3D3 C3D6 

2-(C5H4N)-OCH(CH3)2
b [M+D]

+
 100     

2-(C5H4N)-OCD(CD3)2
b [M+D]

+
     100 

2-(C5H4N)-OCD(CH3)2
b [M+D]

+
  100    

2-(C5H4N)-OCH(CD3)(CH3)
c [M+D]

+
   31 69  

3-(C5H4N)-OCH(CH3)2
b [M+D]

+
 100     

3-(C5H4N)-OCD(CD3)2
b [M+D]

+
     100 

3-(C5H4N)-OCD(CH3)2
b [M+D]

+
  100    

3-(C5H4N)-OCH(CD3)(CH3)
c [M+D]

+
   34 66  

4-(C5H4N)-OCH(CH3)2
b [M+D]

+
 100     

4-(C5H4N)-OCD(CD3)2
b [M+D]

+
     100 

4-(C5H4N)-OCD(CH3)2
b [M+D]

+
  100    

4-(C5H4N)-OCH(CD3)(CH3)
c [M+D]

+
   34 66  

a
 The relative abundances are independent of the CI gas used (see § 3.3 Results) and accurate 

to within a few percent. 
b
 Propene loss from the [M+D]

+
 ions yields only C5H5DNO

+
 (m/z 

97) ions. 
c
 Propene loss from the [M+D]

+
 ions yields C5H5DNO

+
 (m/z 97) and C5H4D2NO

+
 

(m/z 98) ions. 

 

3.3.3 Collision-induced Dissociation 

A series of CID experiments
33
 were performed with the [M+D]

+
 ions of the n-

propoxypyridines (see § 3.2 Experimental). The collisionally induced loss of propene from 

the [M+D]
+
 ions of the unlabelled 2-, 3- and 4-n-propoxypyridines involves only the 

expulsion of C3H6. For the [M+D]
+
 ions of the [α,α-D2]- or [β,β-D2]-labelled 2-, 3- and 4-n-

propoxypyridines, the ratio between the losses of C3H5D and C3H4D2 is essentially the same 

in the CID experiments as observed for the metastable ions and a similar result is obtained for 

the [M+D]
+
 ions of the [γ,γ,γ-D3]-labelled n-propoxypyridines. Notably, the ratio between 
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the losses of C3H5D and C3H4D2 in the CID experiments is 75:25 for the [M+D]
+
 ions of the 

β,β-D2 2-n-propoxypyridine and about 40:60 for the [β,β-D2]-3-n-propoxypyridine (see also 

Tables 3.1 and 3.2). It should be mentioned, however, that propene loss from the metastable 

[M+D]
+
 ions contribute to the intensities of the peaks in the CID spectra and – as a result – it 

is not possible to separate the collisionally induced processes from the spontaneous reactions 

of the ions. The relative peak intensities in the CID spectra, therefore, may not necessarily 

provide a true measure of the relative extent of the collisionally induced losses of C3H5D and 

C3H4D2 from the [M+D]
+
 ions of, for example, the [β,β-D2]-3-n-propoxypyridine. The 

structures of the product ions of propene loss were also examined by high kinetic energy CID 

experiments. These experiments were performed with the product ions of propene loss as 

formed to a minor extent in the ion-source reactions of the [M+D]
+
 ions of the unlabelled 

propoxypyridines. The spectrum obtained for the C5H5DNO
+
 ions generated by C3H6 loss 

from the [M+D]
+
 ion of 3-n-propoxypyridine is shown in Figure 3.2a and appears to very 

similar to the CID spectrum of the [M+D]
+
 ion of 3-hydroxypyridine (see Figure 3.2b). 

Comparable results were obtained for the other product ions of propene loss from the ionized 

propoxypyridines and the related protonated hydroxypyridines. 

 

3.4 Discussion 

The dissociation reactions of ions in the gas phase often involve the intermediate formation 

of ion-neutral complexes held together by electrostatic interactions and/or hydrogen 

bonds.
21,34-40

 The involvement of ion-neutral complexes is generally manifested in the 

energetics of the processes and the loss of the positional identity of, for example, hydrogen 

atoms prior to dissociation. For example, the metastable ions formed by proton transfer to n-

propyl benzene under Chemical Ionization conditions are reported to isomerize irreversibly 

to protonated isopropylbenzene prior to propene loss.
36,41,42

 The suggested pathway 

involves cleavage of the bond to the n-propyl group concomitant with a 1,2-hydride shift in 

the incipient carbenium ion. The ion-neutral complex of a benzene molecule and a secondary 

propyl carbenium ion reacts reversibly by proton transfer thus leading to partial incorporation 

of the hydrogen atom from the CI reagent into the propene molecule expelled from the 

metastable ions. 
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Figure 3.2: a) The Collision-induced Dissociation (CID) mass spectrum of the 

C5H5DNO
+ 

product ion of C3H6 loss from the metastable [M+D]
+
 ions of 3-n-

propoxypyridine. b) The CID mass spectrum of the [M+D]
+
 ion of 3-hydroxypyridine as 

generated with CD3COCD3 as the CI reagent gas. 
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Comparable studies have been reported for the loss of propene from the metastable 

protonated aryl n-propyl ethers.
16,20

 For these compounds, protonation under CI conditions 

may occur either on the aromatic ring or on the oxygen atom of the ether function, thus 

leading to isomeric ions that can expel propene by different pathways. In previous studies it 

was concluded that only the transfer of a deuteron to the oxygen atom results in interchange 

between the propyl hydrogen atoms and the deuterium atom of the labelled CI reagent.
16,17

 

The extent of incorporation of the deuterium atom from the CI reagent into the propene 

molecule was observed to depend on the presence and position of a methyl group or a 

fluorine atom on the ring. In particular, the ratio between the losses of C3H5D and C3H6 

from the metastable [M+D]
+
 ions of n-propyl-3-methylphenyl ether was reported to be 13:87, 

whereas this ratio becomes 27:73 if the methyl group is situated at the 4-position of the 

ring.
16
 In terms of the initial protonation site, the presence of a methyl at the 4-position may 

disfavor proton transfer to the ring
43
 and – as a result – protonation at the oxygen atom 

becomes relatively important under CI conditions. 

 

For the present series of aromatic ethers, the results reveal that the loss of propene from 

[M+D]
+
 ions occurs without interchange between the deuterium atom from the CI reagents 

and the hydrogen atoms of the propyl group. Even though the site-specific proton affinities of 

the pyridine ring of the ethers are unknown, deuteron transfer to the nitrogen atom is 

expected to be associated with a strong thermodynamic driving force. The existence of a 

strong thermodynamic preference is substantiated by the calculated proton affinity of 946 kJ 

mol
-1
 for the nitrogen atom in 3-hydroxypyridine, whereas the value for the oxygen atom is 

suggested to be much lower (726 kJ mol
-1
).
44,45

 For the propoxypyridines, it may be 

anticipated that the proton affinity of the oxygen atom may be somewhat higher as compared 

to the same position in the hydroxypyridines due to the stabilization of the positive charge by 

the alkyl group in the protonated species. This could imply that some endothermic deuteron 

transfer to the oxygen atom of the propoxypyridines may occur in the experiments with 

CD3OD (PA = 754 kJ mol
-1
) and CD3CN (PA = 779 kJ mol

-1
), whereas the CI reagents, 

(CD3)2CO and Pyrrole-D5, may be too strong bases (PA = 812 and 875 kJ mol
-1
, 

respectively)
25
 to allow the occurrence of deuteron transfer to this site in the ethers. 

Notwithstanding that it cannot be excluded that some deuteronation occurs to other sites than 
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the nitrogen atom under the present CI conditions, the combined results indicate that loss of 

propene involves predominantly [M+D]
+
 ions formed by deuteron transfer to the nitrogen 

atom. 

 

In spite of the conclusion that the results are in line with formation of nitrogen deuteronated 

species, the results suggest the occurrence of propene loss by a number of pathways; that is, 

propene loss from the metastable [M+D]
+
 ions of the propoxypyridines can involve: i) ion-

neutral complex formation and loss of the positional identity of all hydrogen atoms of the 

propyl carbenium ion part of the complex, ii) ion-neutral complex formation by cleavage of 

the ether bond associated with an irreversible 1,2-hydride shift in the carbenium ion if a n-

propyl group is present in the parent compound or with no loss of positional identity of the 

hydrogen atoms of the carbenium ion if the ether contains an isopropyl group, iii) a 1,5-

hydride shift from the β-position of the propyl group to the pyridine ring concomitant with 

dissociation, and iv) a 1,2-elimination type process. 

 

The formation of ion-neutral complexes is suggested to be the predominant or even the 

exclusive pathway involved in the loss of propene from the [M+D]
+
 ions of the 2-n-

propoxypyridine. For this particular species, the experimental ratio between the losses of 

C3H5D and C3H4D2 (24:76) from the [d2]-labelled propoxypyridines is slightly different 

from the ratio (29:71) calculated on the basis of formation of an ion-neutral complex with a 

propyl carbenium that may react by reversible 1,2-hydride and deuteride shifts prior to proton 

or deuteron transfer (Scheme 3.1). This is further confirmed by the ratios of the loss of 

propene from the [γ,γ,γ-D3]-2-n-propoxypyridines, which expel C3H4D2 and C3H3D3 in a 

ratio (33:67) that is also different from the statistical value (43:57). This statistical analysis is 

based, however, upon a neglect of isotope effects on the ensuing acid-base reaction between 

the partners of the complex. Possibly, the initial cleavage of the bond between the oxygen 

atom and the α-carbon atom of the propyl group is followed by a proton/deuteron transfer 

step with a small but discernible isotope effect (vide infra). 
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Scheme 3.1:  Proposed mechanism of propene loss from the metastable [M+D]
+
 ions of 2-

n-propoxypyridine with intermediate formation of ion-neutral complexes and complete loss 

of the positional identity of the hydrogen/deuterium atoms of the propyl carbenium ion. 

 

Even though the precise structure of the C5H4NDO molecule in the complexes is uncertain, it 

may be anticipated that cleavage of the ether bond leads to 2-pyridone. Upon the assumption 

that 2-pyridone is generated, proton transfer from the propyl carbenium ion to the oxygen 

atom is estimated to be exothermic with ~180 kJ mol
-1
 as based on the experimental proton 

affinity of propene (PA = 751 kJ mol
-1
)
25
 and the calculated value of the oxygen atom in 2-

pyridone (933 kJ mol
-1
).
24
 A large difference in proton affinity between propene and the 2-

pyridone molecule within the ion-neutral complex shown in Scheme 3.1 will cause proton 

transfer to be essentially irreversible in line with the absence of incorporation of the 

deuterium atom from the CI reagent into the propene molecules. This is also revealed by the 

lack of exchange between the hydrogen atoms of the pyridine moiety and the hydrogen atoms 

of the original propyl group as manifested in the exclusive loss of C3D6 from the metastable 

ions of the 2-n-propoxypyridines with a fully labelled propyl group (Table 3.1). 

 

The loss of propene from the metastable [M+D]
+
 ions of the 3-n-propoxypyridine is likely to 

involve one of the other pathways in addition to the formation of ion-neutral complexes as 

indicated by the different experimental ratios between the losses of C3H5D and C3H4D2 from 
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the [α,α-D2]- and to the [β,β-D2]-labelled species (Table 3.2). For the [α,α-D2]-labelled 

ions, the average ratio of 21:79 suggests that transfer of a deuterium atom from this position 

is less important than predicted for formation of an ion-neutral complex and complete loss of 

the positional identity of the hydrogen and deuterium atoms of the propyl group (29% 

C3H5D loss and 71% C3H4D2 loss). In addition, the loss of C3H4D2 from the [β,β-D2]-

labelled ions is significantly less pronounced than expected for the ion-neutral complex 

pathway shown in Scheme 3.1 for the 2-isomer (on average 54% instead of the predicted 

71%). Evidently, part of the observed 46% C3H5D loss (Table 3.2) arises by a pathway that 

involves the specific transfer of a deuterium atom from the β-position of the propyl group. A 

possible reaction would be a 1,5-hydride shift to the 2-position of the ring concomitant with 

propene loss and formation of the keto-species shown in Scheme 3.2. 
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Scheme 3.2: Proposed mechanisms of propene loss from the metastable [M+D]
+
 ions of 3-

n-propoxypyridine. The first pathway (I) involves intermediate formation of ion-neutral 

complexes, the second pathway (II) is a 1,2-elimination type process and the third reaction 

(III) involves a 1,5-H shift. 
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It should be emphasized, that the CID spectrum of the product ions of propene loss is similar 

to the spectrum obtained of the deuteronated 3-hydroxypyridine (see also § 3.3 Results and 

Figure 3.2). A competing reaction such as the 1,2-elimination with direct formation of the 3-

hydroxypyridine (deuteronated at the nitrogen atom), therefore, cannot be excluded. 

 

The occurrence of propene loss by another pathway than ion-neutral complex formation can 

reflect that the initial cleavage of the ether bond will lead to the zwitterion form of 3-

hydroxypyridine (See Scheme 3.2). The relative stability of this form of 3-hydroxypyridine is 

uncertain but it is expected to be significantly less stable than the hydroxy form.
46,47

 As a 

result, the pathway involving ion-neutral complexes may be associated with a relatively high 

critical energy and allows other processes to compete with this reaction pathway. Estimation 

of the relative extent of ion-neutral complex formation and, for example, the 1,5-hydride shift 

initiated propene loss is hampered, however, by the likely occurrence of kinetic isotope 

effects. For example, the statistical analysis in § 3.7 Appendix of propene loss from the 

metastable [M+D]
+
 ions of the [β,β-d2]-labelled 3-n-propoxypyridine suggest that about 24% 

of the ions dissociate by the pathway involving a 1,5-hydride shift (see also ref 48). A similar 

analysis for the [α,α-d2]-labelled ions, indicates that slightly more ions (about 30%) 

dissociate by such a mechanism, whereas a significantly larger part of the [γ,γ,γ-D3]-labelled 

ions (45–50%) appears to react by the 1,5-hydride initiated propene loss as based upon the 

simplified statistical analysis. For the [α,α-D2]- and [β,β-D2]-labelled ions, the occurrence of 

an isotope effect in the 1,5-hydride shift could be held responsible for the suggestion that a 

lower fraction of the ions reacts by this pathway if the label is at the β-position. On the other 

hand, the apparent pronounced loss of propene by the 1,5-hydride shift from the [γ,γ,γ-D3]-

labelled species would tend to suggest the occurrence of a significant isotope effect in the 

ion-neutral complex pathway thus favouring the other reaction channel(s). Despite the 

limitations of the statistical analysis (as based on the absence of isotope effects), these 

considerations lead to the conclusion that more than one pathway is involved in propene loss 

from the 3-n-propoxypyridine and that the relative importance of these processes is 

influenced by the site as well as the extent of the deuterium labelling. 
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The results for the metastable [M+D]
+
 ions of the 4-n-propoxypyridine appear to some extent 

to be intermediate to the findings for the 2-n- and 3-n-isomers. In mechanistic terms, the 

results reveal a slight preference for the involvement of the β-position of the propyl group as 

exemplified by the observation that the average ratio between the losses of C3H5D and 

C3H4D2 (38:62) differs from the ratio (29:71) predicted for the sole occurrence of ion-neutral 

complex formation and randomization of the hydrogen and deuterium atoms within the 

propyl carbenium ion. For the 4-isomer, it is proposed that the competing process may be a 

1,2-elimination in line with the expectation that the charge distribution within the [M+D]
+
 

ions will disfavour a 1,5-hydride shift to the aromatic ring. Even though the precise nature of 

the competing process is unknown, it is clear that it should involve a specific transfer of a 

hydrogen or deuterium atom from the β-position prior to propene loss. 

 

For the isopropoxypyridines, the absence of the loss of C3H5D from the [M+D]
+
 ions of 2-, 

3- and 4-(C5H4N)-OCD(CH3)2 reveals that the positional identity of the hydrogen atom at 

the α-position of the isopropyl group is retained during propene loss (Scheme 3.3). 
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Scheme 3.3: Proposed mechanism of propene loss from the metastable [M+D]
+
 ions of the 

2-, 3- and 4-iso-propoxypyridines with intermediate formation of ion-neutral complexes and 

no loss of the positional identity of the hydrogen/deuterium atoms of the propyl carbenium 

ion. 
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In the context of ion-neutral complex formation this suggests that the initial cleavage of the 

bond to the isopropyl group leads to an isopropyl carbenium ion with insufficient internal 

energy to undergo reversible 1,2-hydride shifts (see also ref. 49). For the metastable [M+D]
+
 

ions of the [β,β,β-D3]-isopropoxypyridines the competing losses of C3H4D2 and C3H3D3 

should occur to an equal extent in the absence of an isotope effect. By contrast, the observed 

average ratio is 33:67 from all the isomeric ions (Table 3.4). The experimental results 

indicate clearly the occurrence of a significant kinetic isotope effect of ~ 2 in propene loss 

from the ionized and labelled isopropoxypyridines. A similar kinetic isotope effect has been 

reported for the loss of propene from the metastable [M + H]
+ 
ions of C6H5CH(CH3)CD3 

and ascribed to the existence of a significant energy barrier between the [C6H6  iso-C3H7
+
] 

and [C6H7
+
  C3H6] complexes involved in the process.

42
 For the present systems, it should 

be mentioned that the results can be interpreted also in terms of the occurrence of propene 

loss by a 1,2-elimination (see Scheme 3.2) for the [M+D]
+
 ions of 3-n-propoxypyridine. Such 

a process may well be associated with a significant isotope effect. In other words, a 

distinction between the different possible pathways in propene loss from the [M+D]
+ 
ions of 

the isopropoxypyridines cannot be reached on the basis of the present results. 

 

3.5 Conclusions 

Chemical Ionization of isomeric propoxypyridines with deuterium labelled reagents 

(CD3OD, CD3CN, (CD3)2CO and Pyrrole-D5) yields abundant [M+D]
+ ions that expel only 

propene on the µs time-scale. The main mechanism of propene loss is proposed to be the 

formation of ion-neutral complexes composed of a propyl carbenium ion and a 

hydroxypyridine in the keto form if the propoxy group is situated at the 2- or 4-position, 

whereas a zwitterion is formed if the propoxy group is at the 3-position in the parent 

compound. The subsequent proton/deuteron transfer is associated with an isotope effect that 

is particularly pronounced for the loss of propene from the [M+D]
+
 of the 

isopropoxypyridines. In addition to the pathway involving ion-neutral complex formation, 

propene loss can involve: i) a 1,5-hydride shift as indicated by the results of the 3-n-

propoxypyridine and/or ii) a 1,2-elimination type process as suggested for the 4-n-

propoxypyridine. 
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3.7 Appendix 

The relative extent of the losses of the partially labelled propene molecules from the 

metastable [M+D]
+
 ions of 3-n-propoxypyridines is analyzed by considering the complete 

loss of the positional identity of the hydrogen and deuterium atoms in combination with the 

occurrence of a specific transfer of a H/D atom from the β-position. For the [α,α-D2]-

labelled 3-n-propoxypyridine, the statistical ratio is 2/7 (29%) C3H5D loss and 5/7 (71%) 

C3H4D2 loss, whereas the average experimental ratio between the losses of C3H5D and 

C3H4D2 is about 20:80. Upon the assumption that the 20% loss of C3H5D only involves the 

formation of a [C5H4DNO  C3H5D2]
+
 ion-neutral complex,  the statistical ratio is matched if 

50% of the total loss of propene (in the form of C3H4D2) arises from this channel. In 

conclusion, the remaining part of the C3H4D2 molecules (30% of the total loss of propene) is 

formed by the specific transfer of a hydrogen atom from the β-position. 

 

For the [M+D]
+
 ions of the [β,β-D2]-labelled 3-n-propoxypyridine the experimental ratio 

between the losses of C3H5D and C3H4D2 is approximately 46:54. For these [M+D]
+
 ions, 

the 54% loss of C3H4D2 is assumed to arise only by formation of ion-neutral complexes. As 

a result, the statistical ratio of 2/7 C3H5D loss and 5/7 C3H4D2 loss is obtained if 22% of the 

total propene loss in the form of C3H5D is by this pathway. The remaining 24% of the total 

loss of propene (as C3H5D) originates from a specific transfer of a D from the β-position. 

Similarly, the loss of C3H4D2 from the [M+D]
+
 ions of the [γ,γ,γ-D3]-n-propoxypyridines is 

assumed to originate only from ion-neutral complexes mediated processes as based on the 

experimental ratio 22:78 between the losses of C3H4D2 and C3H3D3. As a result, it is 

estimated that 49% of the total propene loss (in the form of C3H3D3) is expelled by the 

pathway involving a specific H-transfer from the β-position. 
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This chapter
#
 covers the gas-phase reactions of dimanganese carbonyl ions (Mn2(CO)n

+
; n = 

1–5) with methanol with the use of Fourier Transform Ion Cyclotron Resonance (FT-ICR) 

mass spectrometry. The processes of bond activation and insertion in the reactions with 

methanol are investigated for the different reactant ions. The results are compared with the 

reactions with the homologues, ethanol and propanol. 

 
 
#
 The work described in this chapter has been published in van Beelen, E.S.E.; Ingemann, S., 

Int. J. Mass Spectrom., 2005, 241, 77. 

 
CHAPTER 4 

 
An Experimental Study of Ligand Exchange 
and Bond Insertion in the Reactions of 

Dimanganese Carbonyl Ions with Alcohols in 
the Gas Phase 
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4.1 Introduction 

The study of transition metal containing ions in the gas phase offers the opportunity to probe 

their intrinsic chemical and physical properties in the absence of complicating factors such as 

interactions with solvent molecules and counter ions.
1,2

 The gas-phase chemistry of 

electronically and coordinatively unsaturated transition metal ions
3
 is not only inherently 

interesting, but can also provide insight into the mechanisms of reactions in solution and on 

surfaces and thus lead to a better description of the properties of intermediates species.
4,5 The 

extensive literature on transition metal ions in the gas phase reveal a rich chemistry involving 

fundamental processes that are well-known for condensed phase systems, such as ligand 

exchange and insertion into a C-H, C-O or C-C bond.
6,7

 Most of the reported studies 

concerned with the gas-phase ion-molecule chemistry are focused on bare transition metal 

ions or metal ions bonded to ligands such as CO and a cyclopentadienyl group.
1-5

 The ion-

molecule chemistry of small transition metal clusters
8,9

 have been examined less extensively 

even though the results of such studies may assist in understanding catalytic reactions under 

heterogeneous conditions. 

 

Transition metal complexes are also of crucial importance in biological systems in which 

they often act as an essential part of the reactive centers of enzymes. In this context, 

manganese is an important element that is part of the active site of the photosystem II
10
 and a 

number of catalases.
11,12

 The studies of the biological systems–in particular dinuclear 

manganese containing catalases
13
–have inspired the development of complexes that are 

capable of catalyzing the oxidation of simple organic molecules.
14,15

 Notwithstanding the 

interest in manganese containing complexes in biological and chemical systems, relatively 

little is know about the intrinsic ion-molecule reactions of such species in the gas phase. The 

bare Mn
+
 ion has been studied and is reported to be relatively unreactive towards simple 

molecules in the electronic ground state,
16,17

 whereas the excited states of Mn
+
 react with 

alkanes by C-H and C-C bond insertion.
18
 Insertion into a C-C bond is reported to occur also 

in the unimolecular dissociations of metastable complexes of Mn
+
 and 4-octyne

19
 and 

selective activation of the C-O bond is known to be involved in the loss of water from 

metastable complexes of Mn
+
 and 2-butanol.

20
 Ligand substitution has been examined for a 

variety of RMn
+
 ions with crown ethers and reported to involve the replacement of the 
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smaller crown ether by the higher homologue.
21
 The dimanganese ion, Mn2

+
, has not been 

studied in great detail but is reported to react predominantly with aliphatic alcohols by 

cleavage of the Mn-Mn bond with the formation of Mn(ROH)
+
 ions that may attain a 

Mn(R)(OH)
+
 structure.

22
 Other studies of binuclear manganese containing species have 

addressed the clustering reactions of ions derived from Mn2(CO)10 
23
 and the ion-molecule 

chemistry of the Mn2O2
+
 and Mn2O

+
 ions formed in the reactions of Mn2(CO)4

+
 with O2.

24
 

A systematic study of the reaction of dimanganese carbonyl ions with simple molecules has 

not been undertaken even though these are formed in relatively high yields by electron 

ionization of Mn2(CO)10.
25,26

 In order to obtain more insight into the gas-phase ion-

molecule chemistry of dimanganese containing species we allowed a series of Mn2(CO)n
+
 

ions to react with aliphatic alcohols in a Fourier Transform Ion Cyclotron Resonance (FT-

ICR) instrument.
27
 Specifically, the present study was undertaken in order to determine the 

reactivity of the Mn2(CO)n
+
 ions as a function of the number of CO ligands, to examine the 

extent of ligand exchange and to study the propensity for cleavage of Mn-Mn bond. The 

aliphatic alcohols were selected as substrates with the purpose of examining the possible 

occurrence of insertion into a covalent bond in the substrate by one of the manganese atoms 

of the reactant ions. In addition, the alcohols were chosen for a closer study, because such 

species can emerge as important intermediates in the synthesis of hydrocarbons by the 

Fischer-Tropsch process over catalyst that may contain manganese.
28,29

 

 

4.2 Experimental section 

4.2.1 Instrumental method 

The experiments were performed with the use of a Bruker Daltonics APEX II FT-ICR mass 

spectrometer which has been described previously.
30
 The dimanganese carbonyl ions were 

formed by electron ionization of Mn2(CO)10 as introduced into the external ion source with a 

direct insertion probe at a temperature of 25-30 oC. The ion-source temperature was 

maintained at 100 oC and the electron energy was between 30-70 eV. The Mn2(CO)n
+ 
ions 

with n = 2, 3, 4, 5 and 10 were the most abundant in the series, whereas the remaining ions 

were formed in a relatively low yield (See Figure 1.1; Chapter 1). 
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The ions were extracted from the ion source and accelerated into a 3 keV beam that was 

focused with a series of electric lenses and deflection plates while entering the magnetic field 

of 4.7 Tesla. Subsequently, the ions were decelerated to a kinetic energy that was sufficiently 

low to allow trapping of the ions in the infinity cell of the instrument. The aliphatic alcohols 

were introduced into the FT-ICR main vacuum system through a leak valve until the 

indicated pressure was about 2.5 x 10
-8
 mbar. The indicated pressures were corrected for the 

sensitivity of the ionization gauge for the neutral species according to a reported procedure 

(see also ref. 31). In brief, the measured partial pressures were corrected with the use of R = 

0.36α + 0.30 in which R is the sensitivity relative to N2 (R(N2) is arbitrarily set to 1 and α is 

the molecular polarizability).
32
 

 

Collisional lowering of the kinetic energy of the ions trapped in the FT-ICR was achieved by 

admitting Ar gas to the cell through a pulsed-valve. The valve was open for a period of 60–

120 ms; the exact time depended on the pressure of Ar gas (0.5–1 bar) in the reservoir 

connected to the valve itself. The indicated peak pressure of Ar in the vacuum system of the 

instrument was 10
-5
 mbar. After a period of 1.5 to 2 s the pressure in the FT-ICR cell was 

sufficiently low to allow a given Mn2(CO)n
+
 ion to be selected by ejection of all other ionic 

species from the FT-ICR cell. The isolation of the ions of interest was achieved in such 

manner that the off-resonance excitation of their kinetic energy was avoided.
33
 After the 

isolation procedure, the reactions of the selected ions with a given substrate were followed as 

a function of time. 

 

4.2.2 Materials 

All chemicals were obtained commercially and used without purification. The (un)labelled 

aliphatic alcohols used were dried on molecular sieves (4 Å) for at least two days prior to use. 
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4.3 Results 

4.3.1 Reaction rates 

In the present experiments, the Mn2(CO)n
+
 ions were isolated in such a way that the excess 

kinetic energy was brought to a minimum prior to the reactions with a given alcohol in line 

with previous studies.
30, 34

 The precise distribution of the internal and kinetic energy of the 

ions is unknown but a linear dependence (correlation coefficient ≥ 0.990) of the natural 

logarithm of the normalized abundance of the reactant Mn2(CO)n
+
 ions with time was 

observed in all experiments (see Figure 4.1). This is in agreement with the fact that the 

kinetics of ion-molecule reactions in an FT-ICR instrument are pseudo-first-order since the 

number of ions are normally a factor of 10
4
 lower than of the neutral reactants. 

 
 

Reaction Time in s 

0

1

2

3

4

5

0 1 2 3 4 5 6 7 8 9 10

Mn2(CO)5
+

Mn2(CO)3
+

Mn2(CO)4
+

 
Figure 4.1: Time dependence of the natural logarithm of the normalized abundance of the 

of the Mn2(CO)n
+
 ions in the presence of CH3OH in the FT-ICR cell. The pressure of 

methanol was in the different experiments: P(CH3OH) = 2.5 x 10
-8
 mbar (reactant ion: 

Mn2(CO)3
+
); P(CH3OH) = 1.4 x 10-8 mbar (reactant ion: Mn2(CO)4

+
); P(CH3OH) = 0.95 x 

10
-8
 mbar (reactant ion: Mn2(CO)5

+
). 

 

The experimental pseudo-first-order rate constants were converted subsequently into the 

second order constants with the use of the corrected pressure of a given alcohol and an 
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assumed temperature of 298 K. Even though the corrected pressure of the alcohol was used to 

estimate the rate constants, the values given in Table 4.1 may be associated with a relatively 

large systematic error (30–50%). Relative to each other, the rate constants are considered to 

be sufficiently precise to allow a determination of the trend in the reactivity of the ions 

towards the (un)labelled alcohols. The reactivity order of the ions is indicated by the 

efficiency of the overall reactions obtained as the ratio between the experimental rate 

constant and the collision rate constant obtained from the Average Dipole Orientation (ADO) 

theory.
35,36

 The efficiencies obtained by this procedure are given in Table 4.1 together with 

the values relative to the reaction with the highest efficiency. 

 

Table 4.1: Rate constants (in cm
3
 molecule

-1
 s
-1
) and efficiencies of the reactions of the 

Mn2(CO)n
+
 ions (n = 2-5) with (un)labelled methanol, ethanol and n-propanol, respectively.

a
 

 

Reactant ion Alcohol 
Rate constant 

kexp 
kADO

b
 Efficiencies 

Relative 
Efficiencies 

Mn2(CO)2
+
 CH3OH 8.22 x 10

-10
 1.55 x 10

-9
 0.53 1 

Mn2(CO)3
+
 CH3OH 7.48 x 10

-10
 1.54 x 10

-9
 0.49 0.92 

Mn2(CO)4
+
 CH3OH 5.58 x 10

-10
 1.52 x 10

-9
 0.37 0.70 

Mn2(CO)4
+
 CD3OH 1.96 x 10

-10
 1,48 x 10

-9
 0.13 0.25 

Mn2(CO)5
+
 CH3OH 1.69 x 10

-10
 1.51 x 10

-9
 0.11 0.21 

Mn2(CO)4
+
 CH3CH2OH 4.73 x 10

-10
 1.51 x 10

-9
 0.31 0.58 

Mn2(CO)4
+
 CD3CD2OH 1.96 x 10

-10
 1.45 x 10

-9
 0.13 0.25 

Mn2(CO)4
+
 CH3CH2CH2OH 2.51 x 10

-10
 1.47 x 10

-9
 0.17 0.32 

Mn2(CO)4
+
 CD3CD2CD2OH 1.17 x 10

-10
 1.40 x 10

-9
 0.08 0.15 

a 
The rate constants may be associated with an absolute error of 30–50%. Relative to each 

other the rate constants are considered to be more precise.
 b 

The efficiencies have been 

obtained as the ratio between the experimentally obtained rate constant and the collision rate 

constant as estimated with the use of the Average Dipole Orientation (ADO) theory (see refs. 

33, 34). 
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4.3.2 Reactions with methanol 

The ionic products of the reactions between the Mn2(CO)n
+
 ions (n = 1–5) and methanol are 

summarized in Table 4.2. The results for the ions with n = 2–5 are obtained from experiments 

in which a given dimanganese carbonyl ion is isolated and then allowed to react with 

methanol for 10-15 seconds. The distinction between the initial product ions and the ions 

formed by consecutive ion-molecule reactions is achieved from the plots of the normalized 

abundances of the various ions as function of time (see for example Figs. 4.3 and 4.4). The 

initial abundances of the primary product ions given in Table 6.2 are derived from the 

normalized product ion abundances for reaction times up to a few seconds.
37
 

 

Only minor amounts of Mn2(CO)
+
 ions are generated by electron ionization of Mn2(CO)10 

(Fig. 1.1). The low abundance of the Mn2(CO)
+
 ions hampered the experiments concerned 

with the rate of the reaction with methanol. Nevertheless, it could be observed that 

Mn2(CO)
+
 reacts readily with methanol by loss of CO from the collision complex. Also, 

abundant Mn2
+
 ions are formed possibly as a result of a facile dissociation of the Mn2(CO)

+
 

ions. 

 

The Mn2(CO)2
+
 ion reacts readily with methanol by the loss of two CO ligands and the 

formation of ions which are formulated as Mn2(CH3OH)
+
 (Eq. 4.1 and Table 4.2). The 

precise structure of the latter ions is unknown and the presence of an intact alcohol molecule 

in the various product ions is assumed for simplicity throughout the Result section and in the 

Tables (vide infra). Irrespective of the precise structure of the Mn2(CH3OH)
+
 ions, these are 

observed to react relatively slowly with methanol by cleavage of the Mn-Mn bond thus 

leading to Mn(CH3OH)2
+
 ions (Eq. 4.2). 

 

 Mn2(CO)2
+ 

+
 

CH3OH
  

Mn2(CH3OH)
+
 + 2 CO (4.1) 

 

 Mn2(CH3OH)
+ 

+
 

CH3OH
  

Mn(CH3OH)2
+
 + Mn (4.2) 
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Table 4.2: Relative yield (in %) of the product ions formed in the reaction of the 

Mn2(CO)n
+
 ions  (n = 1–5) with methanol. 

  Relative abundance 

Reactant ion Product iona Initial 

CH3OH 

Initial 

CD3OH 

75% conversion
b
 

CH3OH
 

75% conversion
b
 

CD3OH
 

Mn2(CO)
+
 Mn2(ROH)

+
 100

c
  -

c
  

Mn2(ROH)
+ 100  91  Mn2(CO)2

+
 

Mn(ROH)2
+   9  

Mn2(CO)2(ROH)
+ 27  21  

Mn2(CO)(ROH)
+ 73  27  

Mn2(ROH)2
+   39  

Mn2(CO)3
+
 

Mn(ROH)2
+   13  

Mn2(CO)3(ROH)
+
 100 100 23 28 

Mn2(CO)2(ROH)2
+
   12 14 

Mn2(CO)(ROH)3
+
   11 11 

Mn2(CO)4(ROH)
+
 -

d
 -

d
 3

d
 6

d
 

Mn2(CO)2(ROH)
+
 -

e
 -

e
 - - 

Mn2(CO)(ROH)
+
 -

e
 -

e
 - - 

Mn2(CO)(ROH)2
+
   10 8 

Mn2(ROH)
+
 -

f
 -

f
 4

f
 8

f
 

Mn2(ROH)2
+
   9 6 

Mn2(ROH)3
+
   4 3 

Mn2(RO)2
+
   2 2 

Mn2(RO)2(ROH)
+
   12 11 

Mn2(O)(ROH)2
+ g

   3 2 

Mn(CO)(ROH)3
+
   3 1 

Mn2(CO)4
+
 

Mn(ROH)2
+
   4 - 

Mn2(CO)5(ROH)
+ 100  20  Mn2(CO)5

+
 

Mn2(CO)5(ROH)2
+   80  

a 
The structures of the product ions are assumed. 

b 75% conversion into products; the 

pressure of CH3OH or CD3OH was 1.4 x 10
-8
 mbar. 

c Mn2
+
 ions are also formed (see Text); 

the Mn2
+
 ions were the most abundant ionic species present at reaction times of more than 1 

s. 
d These product ions are formed in the beginning in a yield below or close to 1%. 

e
 Low 

yields (≤ 1%) are observed initially; these ions are likely to react further with methanol and – 

as a result – are not observed at longer reaction times. 
f
 Small amounts (≤ 1%) are observed 

at short reaction times; these ions can react slowly with methanol to afford Mn(ROH)2
+
 ions 

(see Text).
 g 
These ions may also attain a Mn2(OH)(RO)(ROH)

+
 structure. 
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Figure 4.2:  The reaction of the Mn2(CO)3
+
 ion with methanol followed as a function of 

reaction time; ● Mn2(CO)3
+
; ○ Mn2(CO)2(CH3OH)

+
; ∆ Mn2(CO)(CH3OH)

+
; 

▲ Mn2(CH3OH)2
+
; x Mn(CH3OH)2

+
; P(CH3OH) = 2.5 x 10

-8
 mbar. 

 

The Mn2(CO)4
+
 ion reacts predominantly by incorporation of methanol concomitant with the 

loss of a CO ligand (Eq. 4.3) and only to a minor extent by formation of an adduct ion (Eq. 

4.4). In addition, small amounts of a series of Mn2(CO)n(CH3OH)
+
 (n = 0–2) ions are 

formed initially as the result of the loss of more than one CO ligand from the collision 

complex (Table 4.2). 

 

      Mn2(CO)3(CH3OH)
+
 + CO   (4.3) 

 Mn2(CO)4
+
      +      CH3OH   

      Mn2(CO)4(CH3OH)
+
     (4.4) 

 

Cleavage of the Mn-Mn bond occurs also during the consecutive ion-molecule reactions in 

the Mn2(CO)4
+
/methanol system as revealed by the generation of minor amounts of 

Mn(CO)(CH3OH)3
+
 and Mn(CH3OH)2

+
 ions (Table 4.2). 
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Figure 4.3: The main reaction products of the reaction of the Mn2(CO)4
+
 ion with 

CH3OH followed as a function of reaction time; ● (Mn2(CO)4
+
); + (Mn2(CO)3(CH3OH)

+
); 

□ (Mn2(CO)2(CH3OH)2
+
); O (Mn2(CO)(CH3OH)3

+
); ∆ (Mn2(O)(CH3OH)2

+
); ♦ 

(Mn2(CH3O)2(CH3OH)
+
); ▲ (Mn2(CH3O)2

+
); P(CH3OH) = 1.4 x 10

-8
 mbar. Lines are 

drawn only for the five most abundant ions for reasons of clarity. 

 

The consecutive incorporation of methanol for the reactions of the Mn2(CO)4
+
 ions with 

methanol results in Mn2(CO)2(CH3OH)2
+
 and Mn2(CO)(CH3OH)3

+ 
ions

 
(see Figure 4.4). 

Some Mn2(CO)(CH3OH)2
+
 ions are also formed together with Mn2(CH3OH)2

+
 ions 

indicating that the incorporation of the second methanol molecule is associated with the loss 

of more than one CO ligand. This is corroborated by experiments in which the 

Mn2(CO)3(CH3OH)
+
 ions are isolated and allowed to react selectively with methanol. In 

these experiments, about 90% Mn2(CO)2(CH3OH)2
+
 ions are formed together with 5% 

Mn2(CO)(CH3OH)2
+
 and 5% Mn2(CH3OH)2

+
 ions. 

 

Ions with an assigned structure of Mn2(CH3O)2
+
 and Mn2(CH3O)2(CH3OH)

+
 are also 

formed in the reactions of Mn2(CO)4
+
 with methanol (Table 2). These product ions are likely 

to arise during the reactions of the Mn2(CO)n(CH3OH)
+
 species (n = 0–2) in keeping with 
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the results of experiments in which the Mn2(CO)2(CH3OH)2
+
 ions react selectively with 

methanol to afford 35% Mn2(CH3O)2(CH3OH)
+
 ions and 65% Mn2(CO)(CH3OH)3

+
 ions 

(Eqs. 4.5 and 4.6). 

 

     Mn2(CH3O)2(CH3OH)
+
  +  H2 +  2 CO (4.5) 

Mn2(CO)2(CH3OH)2
+
 + CH3OH 

     Mn2(CO)(CH3OH)3
+
   +   CO  (4.6) 

 

Small amounts of ions with a composition of Mn2(O)(CH3OH)2
+
 are observed also at longer 

reaction times. The origin of these ions is somewhat uncertain but they might formed in the 

consecutive reactions of the Mn2(CO)n(CH3OH)2
+ 
(n = 0–2) ions. 

With CD3OH as the substrate, ions with an assigned structure of Mn2(CD3O)2(CD3OH)
+
 

and Mn2(O)(CD3OH)2
+
 are generated during the successive reactions of the Mn2(CO)4

+
 

ions. The formation of the Mn2(CD3O)2(CD3OH)
+
 ions reveals that the loss of a hydrogen 

molecule involves only the hydroxylic hydrogen atoms of the alcohol as exemplified in Eq. 

4.7. Also, the formation of Mn2(O)(CD3OH)2
+
 reveals that the methane molecule expelled 

consists of the intact methyl group and a hydroxylic hydrogen atom (Eq. 4.7). This is further 

supported by experiments with 
13
CH3OH as the substrate; that is, a 

13
CH4 molecule is 

expelled in the consecutive reactions of Mn2(CO)4
+
 with 13-C labelled methanol.  

 

    Mn2(CD3O)2(CD3OH)
+
  +  H2 + 2CO (4.7) 

Mn2(CO)2(CD3OH)2
+
 +   CD3OH  

    Mn2(O)(CD3OH)2
+
   +  CD3H +  2CO (4.8) 

 

The Mn2(CO)5
+
 ion appears unable to undergo ligand exchange with methanol and reacts 

simply by the consecutive addition of two CH3OH molecules (Eq. 4.9 and Table 4.2) 

 

    2 CH3OH   

 Mn2(CO)5
+
     Mn2(CO)5(CH3OH)2

+
 (4.9) 
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4.3.3 Reaction of Mn2(CO)4+ with ethanol and n-propanol 

The Mn2(CO)4
+
 ion reacts similarly with ethanol as with methanol; that is, the initial reaction 

leads to incorporation of an ethanol molecule and the loss of one and two CO ligands with 

the formation of Mn2(CO)3(ROH)
+
 and Mn2(CO)2(ROH)

+
 ions, respectively (Table 4.3). 

The former ions can react further to incorporate ethanol and expel one to three CO ligands 

thus leading to a series of Mn2(CO)n(ROH)2
+
 (n = 0–2) ions. Likewise, the 

Mn2(CO)2(ROH)
+
 ion can react with ethanol under the expulsion of one or two CO ligands 

from the collision complex to afford Mn2(CO)(ROH)2
+
 and Mn2(ROH)2

+
 ions, respectively 

(Table 4.3). 

 

Ions with a composition of Mn2(RO)2(ROH)
+
 and Mn2(RO)2

+
 are formed also in the 

consecutive ion-molecule reactions of Mn2(CO)4
+
 with ethanol. The formation of these ions 

is ascribed to the loss of H2 from the collision complexes that are formed during the reactions 

of the series of Mn2(CO)n(ROH)2
+
 (n = 1–2) ions. In addition, this latter ion series can be 

held responsible for the formation of ions of Mn2(O)(ROH)2
+
 ions by the expulsion of an 

ethane molecule from the collision complexes. 

 

In keeping with the results for the deuterium labelled methanol, the Mn2(CO)4
+ ion reacts 

with CD3CD2OH to afford Mn2(CO)n(CD3CD2OH)2
+
 (n = 0–2) ions that react further with 

ethanol under the expulsion of H2 or C2D5H from the collision complexes as illustrated in 

Eqs. 4.10 and 4.11.  
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Table 4.3 Relative yield (in %) of the product ions formed in the reaction of Mn2(CO)4
+
 with ethanol and n-propanol.

a
 

 

 Relative abundance 

Product ion Initial Initial  75% conv.
b  

75% conv. 
b
 Initial Initial  75% conv.

b  
75% conv.

b 

  CH3CH2OH CD3CD2OH CH3CH2OH CD3CD2OH n-C3H7OH n-C3D7OH n-C3H7OH n-C3D7OH 

Mn2(CO)3(ROH)
+
 85 80 34 36 26 50 13 20 

Mn2(CO)2(ROH)2
+
   2 6   1

  
- 

Mn2(CO)(ROH)3
+
   2 3    - 

Mn2(CO)4(ROH)
+
   2 4   3 10 

Mn2(CO)2(ROH)
+
 15 20 3 - 21 15 2 - 

Mn2(CO)(ROH)
+
 -

c
 -

c
 -

c
 -

c 
53 35 19 11 

Mn2(CO)(ROH)2
+
   16 17   - 3 

Mn2(ROH)
+
   3 2   8 3 

Mn2(ROH)2
+
   11 8   10 1 

Mn2(RO)2(ROH)
+
   8 9   6 11 

Mn2(RO)2
+
   4 3   13 7 

Mn2(O)(ROH)2
+d
   5 4   11 17 

Mn2(O)(ROH)
 +e

   - -   11 13 

Mn(CO)(ROH)3
+
   9 8   - - 

Mn(ROH)2
+
   1 -   3 4 

a
 The structures of the product ions are assumed. 

b
 75% conversion into products, P(C2H5OH) = 1.2 x 10

-8
 mbar; P(C2D5OH) = 

 1.1 x 10
-8
 mbar; P(C3H7OH) = 1.0 x 10

-8
 mbar; P(C3D7OH) = 0.9 x 10

-8
 mbar. 

c 
These product ions are formed initially in a relative 

 yield close to 1%. 
d 
These ions may also have a Mn2(OH)(RO)(ROH)

+
 structure. 

e 
Alternatively, these ions can be formulated as 

Mn2(OH)(RO)
+ 
species.  
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  Mn2(C2D5O)2(C2D5OH)
+
 + H2  +  2CO (4.10) 

Mn2(CO)2(C2D5OH)2
+
 + C2D5OH  

    Mn2(O)(C2D5OH)2
+
 + C2D5H  +2CO (4.11) 

 

The overall results for the reactions of Mn2(CO)4
+
 ion with n-propanol are comparable to 

those obtained with ethanol as the substrate. A main difference is that up to three CO ligands 

are eliminated in the primary reaction with n-propanol, whereas only two CO ligands are 

expelled in the reaction with ethanol (Table 4.3).  

 

With n-propanol the Mn2(RO)2(ROH)
+
 and Mn2(RO)2

+
 ions are formed in a somewhat 

higher yield than during the reactions with ethanol. This holds in particular for the 

Mn2(O)(ROH)2
+ and Mn2(O)(ROH)

+
 ions indicating that the loss of C3H8 is a more facile 

process in the reactions of the Mn2(CO)n(ROH)2
+
 ions for n-propanol than for ethanol. With 

the labelled n-propanol, CD3CD2CD2OH, H2 or C3D7H are expelled in the consecutive ion-

molecule reactions in keeping with the results for deuterium labelled ethanol and methanol. 

 

4.4 Discussion 

The results in Tables 4.1 and 4.2 reveal that the dimanganese carbonyl ions react readily with 

methanol and that the nature of the primary and consecutive reactions is strongly dependent 

on the number of CO ligands present in the reactant ion. In terms of reaction rates, we 

observe a smooth decrease in the efficiency of the reaction as the number of CO ligands is 

increased from 2 to 5; that is, the Mn2(CO)2
+
 reacts about a factor of 5 faster than the 

Mn2(CO)5
+
 ion under our experimental conditions (Table 4.1). The monotonous decrease in 

reaction efficiency with an increase in the number of CO ligands is distinct from the trend in 

reactivity reported for transition metal carbonyl anions; for example, the Mn(CO)
-
 and 

Mn(CO)2
-
 ions are unreactive towards methanol in the gas phase, whereas the Mn(CO)3

-
 ion 

reacts readily by a formal ligand substitution process and bond activation leading to the loss 

of one or two H2 molecules.
34
 

 

The present results reveal also that reaction rate of the Mn2(CO)4
+
 ions with aliphatic 

alcohols decreases in the series methanol, ethanol and n-propanol. A significant change in 
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reaction efficiency is also observed if the alkyl group of the alcohol is fully labelled with 

deuterium atoms. For methanol, the efficiency of the reaction of Mn2(CO)4
+
 decreases from 

0.37 (CH3OH) to 0.13 (CD3OH) and for n-propanol the efficiency decreases from 0.32 (n-

C3H7OH) to 0.15 (n-C3D7OH; see Table 1). Irrespective of the fact that the experimental 

rate constants and efficiencies may be associated with a relatively large systematic error (see 

§4.3 Results), the results reveal the occurrence of an isotope effect on the overall reaction 

rates of 2.8 for methanol, 2.3 for ethanol and 2.1 for n-propanol as the substrate. The 

presence of such isotope effects seems to contradict that the reaction of the Mn2(CO)4
+
 ion 

with the aliphatic alcohols is a simple ligand exchange process associated to some extent with 

the loss of additional CO ligands. A simple view on the occurrence of isotope effects could 

be that the rate-determining step involves insertion by one of the manganese centers into a 

H(D)-C bond of the aliphatic alcohols. However, the manganese ion is known to be relative 

unreactive in its electronic ground state
16,17

 and not particularly prone to undergo H-C 

insertion reactions. In other words, it is considered unlikely that insertion into a H-C of one 

of the alcohol molecules occurs in the reactions of the Mn2(CO)4
+
 ion. This view is 

supported by the apparent absence of the occurrence of such a reaction step (vide infra). The 

lower rate of the reactions with the aliphatic alcohols may be thought, therefore, to arise by 

rate determining insertion into the O-H and/or the C-O bond of the alcohol molecule that is 

incorporated into the reactant Mn2(CO)4
+
 ion. The occurrence of such a secondary isotope 

effect requires that a significant change occurs in the vibrational modes of the H(D)-C bonds 

remote to the bond-insertion site. In general terms, it may be expected that insertion into the 

O-H bond would affect the vibrational modes of the evolving (alkyl) methyl or (alkene) 

methylene group of the alkoxy group to a smaller extent than an insertion into the C-O bond. 

If the isotope effect is caused by insertion into the C-O bond, this implies that insertion into 

the C-O bond of one of the manganese centers of the reactant Mn2(CO)4
+
 ions is associated 

with a kinetic barrier and that H(D)-C vibrational modes of the evolving methyl or methylene 

group are altered significantly upon reaching the transition state for this step in the overall 

reaction sequence. It could also be mentioned that sizable normal secondary deuterium 

isotope effects can be observed for unimolecular reactions of gaseous ions
38,39

 and that the 

size of the effect is strongly dependent on the distance to the cleavage site.
40
 Irrespective of 

the precise origin of the present isotope effect, it is suggested that the incorporation of an 
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alcohol molecule into the dimanganese containing ions is unlikely to be a simple ligand 

substitution type process.  

 

The incorporation of an alcohol molecule in the reactant ions is to some extent associated 

with the loss of CO (Table 4.2). The extent to which CO ligands are expelled in the initial 

reaction depends on the reactant Mn2(CO)n
+
 ion as well as on the size of the aliphatic 

alcohol. For the Mn2(CO)2
+ 
ion, both CO ligands are expelled in the reaction with methanol, 

whereas the Mn2(CO)3
+
 ion reacts with the loss of one and two CO molecules. For the 

Mn2(CO)4
+
 ion only one CO ligand is expelled and for the Mn2(CO)5

+
 ion adduct formation 

occurs (Table 2). In terms of bond dissociation energies, the average value for the Mn-CO 

bonds in the Mn2(CO)10
+
 ion has been given as 70–75 kJ mol

-1
 on the basis of appearance 

energy measurements
41
 and determinations of threshold value for collision-induced CO loss 

from a limited series of Mn2(CO)n
+
 ions

42
 in line with photo dissociation experiments that 

indicate an upper limit of 105 kJ mol
-1
.
43,44

 However, the value for the Mn2(CO)
+
 ion can 

be estimated to be only about 25 kJ mol-1 from the reported appearance energy 

measurements. Such a low value for the Mn-CO BDE is in line with the facile loss of CO 

from the Mn2(CO)
+
 ion and the ready reaction of this particular ion with methanol (see §4.3 

Results). For the other ions included in this study, the reported appearance energies
38,39 

give 

rise to approximate BDE values of 123 kJ mol
-1
 (Mn2(CO)2

+
), 100 kJ mol

-1
 (Mn2(CO)3

+
), 

81 kJ mol
-1
 (Mn2(CO)4

+
) and 141 kJ mol

-1
 (Mn2(CO)5

+
). Even though these values are 

slightly larger than the average value suggested in the literature, the estimates indicate a non-

systematic trend in Mn-CO BDE with an increase in the number of CO ligands. Upon the 

assumption that the BDE is nearly constant, the decrease in the tendency to expel CO could 

imply that the incorporation of a methanol molecule becomes energetically less favorable as 

the number of ligands is increased in the Mn2(CO)n
+
 ions. This would then mean that the 

reaction of the Mn2(CO)2
+
 ion with methanol is more exothermic than the reaction of the 

Mn2(CO)5
+
 with this substrate. 

For ethanol as the substrate, the initial reaction of the Mn2(CO)4
+
 ion leads to a pronounced 

loss of two CO ligands, whereas the reaction with methanol results in a negligible amount of 

product ions formed by the loss of two CO ligands. This may indicate that the reaction with 

ethanol is more exothermic than with methanol and, similarly, could explain the pronounced 
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loss of up to 3 CO ligands in the initial reaction of the Mn2(CO)4
+
 ion with n-propanol 

(Table 4.3). 

 

In the initial reactions of the Mn2(CO)n
+
 ions with the alcohols, cleavage of the Mn-Mn bond 

is not observed. This is in contrast to the reactions of the Mn2
+
 ion with methanol which 

involves predominant Mn-Mn bond rupture and the formation of Mn(CH3OH)
+
 ions.

22
 

Clearly, the absence of this process even in the reaction of the Mn2(CO)
+
 ion indicates that 

the formal exchange of a CO ligand for a methanol molecule releases insufficient energy for 

cleavage of the Mn-Mn bond. A more detailed analysis of the energetics of these reactions is 

hindered, however, by the absence of consistent thermodynamic data for the dimanganese 

carbonyl ions. Even the BDE of the Mn2
+
 ion is uncertain; that is, the BDE of the Mn2

+
 ions 

is indicated to be about 80 kJ mol
-1
 on the basis of Collision-induced Dissociation (CID) 

experiments,
45
 whereas photo dissociation experiments

43
 suggests that the value should 

exceed 134 kJ mol
-1
 
46
 but be lower than 184 kJ mol

-1
. With respect to the Mn2(CO)n

+
 ions 

(n = 2–5), CID experiments with the Mn2(CO)2
+
 ions indicate that

42
 the loss of a Mn atom 

from this ion has a threshold energy of more than 202 kJ mol
-1
. For the Mn2(CO)10

+
 ion, the 

strength of the Mn-Mn bond has been given as 80 kJ mol
-1
  and 92 kJ mol

-1
, whereas a value 

of about 46 kJ mol
-1
 is obtained on the basis of reported thermodynamic data.

 25,41,47
 In 

other words, it could be expected that the Mn-Mn bond is particular weak in the Mn2
+
 ion 

and the ionized Mn2(CO)10 system, whereas the Mn2(CO)n
+
 (n= 1–4) may have stronger 

Mn-Mn bonds in agreement photo dissociation experiments.
44
 As a result the rupture of the 

Mn-Mn bond may be unable to compete with the formal exchange of a CO ligand for 

methanol or the slow addition of methanol as observed for Mn2(CO)5
+
 (Table 4.2). 
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Mn2(CO)3
+

Mn2(CO)2(CH3OH)
+

+ CH3OH- CO

- CO

Mn2(CO)(CH3OH)
+

Mn(CH3OH)2
+ Mn2(CH3OH)2

+

- CO + CH3OH+ CH3OH- Mn

- CO

 

 

Scheme 4.1: Overall view of the initial and consecutive reactions of the Mn2(CO)3
+
 ion 

with methanol. 

 

Cleavage of the Mn-Mn bond is occurring, however, in the consecutive reactions, for 

example, of the Mn2(CO)3
+
 ion with methanol (Table 4.2). The reaction sequence shown in 

Scheme 4.1 involves an initial formal ligand substitution with concomitant loss of one or two 

CO ligands. This is followed by a second exchange reaction leading to the Mn2(CH3OH)2
+
 

ion that competes with cleavage of the Mn-Mn bond to afford Mn(CH3OH)2
+
 ions. In this 

scheme, the formal substitution reaction is shown as leading to ions with an intact alcohol 

molecule. Other ion structures may be attained, however, as shown in Scheme 4.2 for the 

main product ion of reaction between Mn2(CO)4
+
 and one of the alcohols. In Scheme 4.2, 

ion a represents the product of a ligand exchange reaction whereas the ions b and c arise by 

O-H and C-O bond insertion, respectively. Bridging of the CO ligands between the metal 

centers may also be possible as well as multiple bonding between the manganese atoms as 

reported for homoleptic Mn2(CO)n (n = 7–9) neutral species on the basis of DFT 

calculations.
48
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CO

O H
R

Mn Mn

OC

OC

CO

O
R

H Mn Mn

OC
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CO

O
H

R

a b c  

Scheme 4.2: Possible structures of the ions formed by the formal ligand exchange reaction 

of the Mn2(CO)4
+
 ion with an aliphatic alcohol. 

 

The formation of ions such as b and c is not only supported by the isotope effect on the 

reaction rates but also by the findings for the consecutive ion-molecule reactions observed for 

the Mn2(CO)4
+
 ion. The overall main reactions of this particular ion with CD3OH are shown 

in Scheme 4.3. The first reaction is shown as a formal substitution process followed by a 

secondary reaction with CD3OH leading to Mn2(CO)2(CD3OH)2
+
 ions that can react further 

to expel CO together with H2 or CD3H (see also Table 4.2). Clearly, the occurrence of H2 

loss is consistent with insertion into the O-H bond either in the initial step and/or during the 

consecutive incorporation of methanol. The absence of HD-loss or D2-loss also supports that 

insertion by a manganese center into a D-C (or H-C bond) of methanol is not occurring (vide 

supra). The loss of CD3H is indicative of C-O bond insertion and might lead to oxo-

dimanganese species even though other structures such as a Mn2(OH)(CD3O)(CD3OH)
+
 ion 

can also be formed (see Scheme 4.3). 

 

In mechanistic terms the reactions of the Mn2(CO)4
+
 ions with ethanol and n-propanol can 

be formulated as for methanol in Scheme 4.3. In particular, the results of the labelling 

experiments with ethanol and n-propanol reveal the hydrogen molecule expelled in the 

consecutive reactions originate entirely from the hydroxylic groups. This process leads to 

Mn2(RO)2
+
 as well as Mn2(RO)2(ROH)

+
 possibly as a result of a somewhat pronounced 

formation of Mn2(CO)2(ROH)
+
 ions in the primary reactions and of Mn2(CO)(ROH)2

+
 ions 

in the secondary reactions with ethanol or n-propanol (Table 4.2 and 4.3).  
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Mn2(CO)4

+

Mn2(CO)3(CD3OH)
+

Mn2(CO)2(CD3OH)2
+

Mn2(CD3O)2(CD3OH)
+

Mn2(O)(CD3OH)2
+

- 2 CO

- CO

- CD3H
- H2

+ CD3OH

+ CD3OH - CO

- CO

 [Mn2(CO)2(CD3OH)2
+
 + CD3OH]*

Mn2(CO)(CD3OH)3
+

- 2 CO

or

Mn2(OH)(CD3O)(CD3OH)
+

 
 

Scheme 4.3: Overview of the initial and consecutive reactions of the Mn2(CO)4
+
 ion with 

CD3OH. 

 

In comparison with methanol, the formation of Mn2(O)(ROH)2
+
 ions occurs to almost the 

same extent with ethanol but is significantly enhanced if n-propanol is the substrate. For this 

alcohol, the process leads also to Mn2(O)(ROH)
+
 ions indicating that the loss of propane may 

be energetically more favorable for n-propanol than for methanol or ethanol (see also Scheme 

4.4). In terms of a possible reaction pathway, the neutral product of this channel could be an 

alkene and H2 if ethanol or n-propanol is the substrate. For the labelled n-propanol this 

implies that D-C bond cleavage is involved at some stage of the reaction and that an 

intermediate containing an alkene ligand, an OH group and a deuteride could be formed 

during the overall process leading to the observed Mn2(O)(C3D7OH)2
+
 ions as indicated in 

Scheme 4. However, the formation of an alkene and H2 is estimated to be less favorable than 

formation of an alkane with 136 kJ mol
-1
 for ethanol and with 125 kJ mol

-1
 if n-propanol is 

the substrate.
49
 The unfavorable energetics of this pathway may in part be responsible for the 

fact that only ions corresponding to the loss of H2 are formed in the reactions with the 
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labelled ethanol and n-propanol and thus argue against an insertion into a H-C (or D-C) bond 

of the manganese centers during the consecutive reactions of the Mn2(CO)4
+
 ions with the 

aliphatic alcohols. 

 

 

Mn2(CO)n(C3D7OH)2
+ (n = 0 - 2)

Mn2(O)(C3D7OH)2
+

+ C3D7OH

I II

[Mn2(CO)n(OH)(C3D7)(C3D7OH)2
+
]* [Mn2(CO)n(OH)(D)(C3D6)(C3D7OH)2

+
] *

Mn2(O)(C3D7OH)
+

- C3D7OH

- nCO

-C3D7H

- nCO
- C3D6

- HD

 

 

Scheme 4.4: Possible reactions of the Mn2(CO)n(n-C3D7OH)2
+
 ions with n-C3D7OH. 

Reaction I involves an insertion into the C-O bond followed by the elimination of C3D7H 

and the CO ligands. Reaction II represent a hypothetical insertion into the C-O bond and a C-

D bond followed by the expulsion of C3D6 and HD together with the CO ligands (see Text). 

 

4.5 Conclusions 

The Mn2(CO)n
+
 ions (n = 1–4) react with methanol by a formal ligand substitution process 

that is associated with the loss of CO ligands, whereas addition of methanol occurs in the 

reactions of the Mn2(CO)5
+
 ion. The efficiency of the reaction with methanol decreases as 

the number of CO ligands in the reactant increases; that is, in the series Mn2(CO)2
+
, 

Mn2(CO)3
+
, Mn2(CO)4

+
 and Mn2(CO)5

+
. Also, the efficiency of the reactions of the 

Mn2(CO)4
+
 decreases in the series methanol, ethanol and n-propanol. Notably, the efficiency 

of the reaction of Mn2(CO)4
+
 with CD3OH is significantly lower than with CH3OH and a 

similar finding is obtained for ethanol and n-propanol. The origin of this isotope effect is 
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uncertain but its occurrence suggests that the initial incorporation of an alcohol molecule is 

not a simple substitution process. 

 

Cleavage of the Mn-Mn bond is not observed in the primary reactions of the dimanganese 

carbonyl ions but occurs to some extent in the subsequent reactions of some of the product 

ions of the formal substitution process. In the consecutive reactions of the Mn2(CO)4
+
 ion 

with the alcohols, an Mn2(CO)2(ROH)2
+
 ion is formed. This ion is indicated to react further 

by competing insertion into the O-H bond and C-O bond of the substrate. The occurrence of 

O-H bond insertion is revealed by the loss of a hydrogen molecule consisting of hydroxyl 

hydrogen atoms, whereas C-O bond insertion is held responsible for the loss of an alkane 

during the consecutive reactions.  
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This chapter
#
 covers the gas-phase reactions of a series of (di)manganese carbonyl positive 

ions with 1,4,7-trimethyl-1,4,7-triazacyclononane (Me3TACN) as studied with the aid of 

Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometry. The 

monomanganese carbonyl ions, Mn(CO)n
+
 (n = 2–5), react predominantly by ligand 

exchange and to a minor extent by electron transfer with the formation of the radical cation of 

Me3TACN. For the Mn(CO)n
+
 (n = 2–4) ions, the ligand exchange results in the exclusive 

formation of a Mn(Me3TACN)
+
 complex. For Mn2(CO)5

+
, the ligand exchange leads mainly 

to the formation of Mn2(CO)n(Me3TACN)
+
 (n = 1–3) ions. These primary product ions react 

subsequently by the incorporation of a second Me3TACN molecule to afford 

Mn2(CO)(Me3TACN)2
+
 and Mn2(CO)2(Me3TACN)2

+
 ions. Both of these latter species 

incorporate an oxygen molecule with formation of ions with the assigned composition of 

Mn2(O2)(CO)(Me3TACN)2
+
 and Mn2(O2)(CO)2(Me3TACN)2

+
. 

 
 
#
 The work described in this chapter has been published in van Beelen, E.S.E.; Ingemann, S., 

Rapid Commun. Mass Spectrom., 2005, 19, 317. 

 
CHAPTER 5 

 
Reactions of (Di)Manganese Carbonyl Ions 

with 1,4,7-Trimethyl-1,4,7-Triazacyclononane 

(Me3TACN) in the Gas Phase 
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5.1 Introduction 

Transition metal carbonyl complexes are corner stones of modern coordination chemistry and 

play an important role in catalytic reactions.
1
 Coordinatively unsaturated transition metal 

carbonyls can be exceedingly reactive and are formed commonly as short-lived intermediates 

in a variety of chemical processes.
2
 Transition metal complexes are also of key importance in 

biological systems in which they can act as an indispensable part of the reactive centers of a 

number of enzymes. In this context, manganese is an essential trace element that is part of the 

active site in a number of metalloproteins,
 3,4 

such as the mono-nuclear Mn super oxide 

dismutase,
5 
dinuclear catalases

6,7
 and the photosystem II known to contain a cubane like 

Mn3CaO4 core linked to a fourth Mn center.
8, 9 

 

In the catalase systems the manganese containing site is responsible for the catalytic 

disproportionation of H2O2 into molecular oxygen and water. The details of the structure and 

function of manganese containing catalases are not fully revealed but it is recognized that the 

active site consists of a dinuclear core with manganese in different oxidation states.
7 
In 

keeping with the redox properties of the metal core in catalases, several mono- and 

dimanganese complexes have been synthesized in part with the purpose of unravelling the 

details of the decomposition of coordinated H2O2 molecules and in part to explore the 

reactions of such complexes with organic molecules.
6,10 

Particular interest has been devoted 

to species containing 1,4,7-trimethyl-1,4,7-triazacyclononane (Me3TACN) as a ligand
 
in 

addition to a core with two or three manganese ions in different oxidation states bridged by 

one or two oxygen atoms.
6,10

 The manganese complexes containing Me3TACN or a related 

ligand are known to act as highly effective catalysts for the bleaching of stains in the 

presence of hydrogen peroxide.
11
 The complexes can also catalyze the epoxidation of 

alkenes in the presence of hydrogen peroxide
12,13 

as well as the oxidation of polyphenolic 

substrates
14
, organic sulfur compounds

15 
and azo-dyes.

16 
Notwithstanding the interest in 

manganese complexes with ligands such as Me3TACN in the condensed phases, relatively 

little is known about the reactions of simple manganese containing ions with Me3TACN in 

the gas phase. In order to obtain such insight, we have examined the gas-phase ion-molecule 

reactions between a series of mono- and dimanganese carbonyl complexes
17
 and Me3TACN 

with the use of Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometry.
18
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5.2 Experimental 

The experiments were performed with the use of a Bruker Daltonics APEX II Fourier 

Transform Ion Cyclotron Resonance mass spectrometer, which has been described 

previously.
19 

Electron ionization (EI) of Mn(CO)5Cl in the external ion source led to 

relatively abundant Mn(CO)n
+
 (n = 2–5) ions in addition to the predominant Mn(CO)nCl

+
 

ion series (Figure 5.1). The Mn2(CO)n
+
 (n = 2, 4 and 5) ions were formed by electron 

ionization of Mn2(CO)10.
20
 The Mn(CO)5Cl and Mn2(CO)10 compounds were introduced 

separately into the external source with a direct insertion probe maintained at a temperature 

of 25-30oC. 
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Figure 5.1: The 70 eV Electron Ionization mass spectrum of Mn(CO)5Cl as obtained in 

this study. The ion series Mn(CO)2
+
 (m/z 111), [Mn(CO)3]

+
 (m/z 139) and Mn(CO)4

+
 (m/z 

167) are indicated with an * in the figure. 
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The ion source temperature was 100 oC and the electron energy was 70 eV. The ions were 

extracted from the ion source and accelerated into a 3 keV beam that was focussed with a 

series of electric lenses and deflection plates while entering the magnetic field of 4.7 Tesla. 

Subsequently the ions were decelerated to a kinetic energy that was sufficiently low to allow 

trapping of the ion in the infinity cell of the instrument.
21
 

The substrate, Me3TACN, was introduced into the FTICR cell through a leak valve to an 

indicated pressure of about 2.5 x 10
-8
 mbar. In the experiments with molecular oxygen, this 

additional substrate was added until the indicated total pressure was about 5.5 x 10
-8
 mbar. 

The ions of interest were selected by ejection of the unwanted ions from the FT-ICR cell in 

such a way that off-resonance excitation was avoided.
22 

Subsequently, the reaction of the 

selected ions with a given substrate was followed as a function of time. In the Collision-

induced Dissociation (CID) experiments, the ions of interest were selected and translationally 

excited with an on-resonance single-frequency excitation field prior to the collision with 

argon gas. The argon collision gas was introduced through a pulsed valve for duration of 

about 100 ms and up to an indicated pressure of approximately 10
-5
 mbar. 

The manganese pentacarbonylchloride was prepared according to a literature procedure
23 

and 

purified by sublimation. The other chemicals were commercially available and used without 

further purification with the exception of Me3TACN that was distilled prior to use.  

 

5.3 Results 

The monomanganese ions, Mn(CO)n
+
 (n = 2–5), react with Me3TACN in part by electron 

transfer with formation of the molecular ion of the organic substrate (Eq. 5.1) and in part by 

ligand exchange (Eq. 5.2).  

 

 Mn(CO)n + Me3TACN
+.
 (5.1) 

Mn(CO)n
+
     + Me3TACN   

 n CO  + Mn(Me3TACN)
+
 (5.2) 

 

The occurrence of electron transfer is in keeping with the expectation that the ionization 

energy (IE) of Me3TACN should be low as based upon the reported value of 7.4 eV for the 

isomeric 1,3,5-triethylhexahydro-1,3,5-triazine.
24
 For the neutral monomanganese carbonyl 
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species, the IE of Mn(CO)5 is 8.1 eV,
24 

whereas no values are given in the literature for the 

other Mn(CO)n species. Nevertheless, the IE of the Mn(CO)n species (n = 2–4) may be 

expected to be of the same order as the value for Mn(CO)5 thus causing charge exchange 

with Me3TACN to be an exothermic process in the gas phase.  

 

The ligand exchange reaction predominates in the reaction of the monomanganese carbonyl 

ions with Me3TACN. This results for the di-, tri- en tetracarbonyl species only in the 

formation of Mn(Me3TACN)
+
 ions (Eq. 5.2).  In the reactions of the Mn(CO)5

+
 ion, a 

Mn(CO)(Me3TACN)
+
 ion is also formed in a low yield (Eq. 5.3).  

  

Mn(CO)5
+
 + Me3TACN 4 CO  + Mn(CO)(Me3TACN)

+
  (5.3) 

 

Collision-induced Dissociation of the Mn(Me3TACN)
+
 ion in the FTICR cell leads to the 

radical cation of the ligand as well as Mn
+
 ions. This indicates that the IE values of the 

Me3TACN molecule and of the Mn atom (IE = 7.46 eV)
24 

are close to each other.  

A comparable reactivity pattern is observed for the Mn2(CO)n
+
 ions (n = 2, 4, 5 and 10) as 

for the monomanganese carbonyl ions in the sense that the reaction with Me3TACN involves 

competing electron transfer and ligand substitution. For Mn2(CO)10
+
 (IE of the parent 

molecule is 8.32 eV),
24 

only a relatively slow electron transfer reaction is occurring, whereas 

ligand exchange is the main reaction of the Mn2(CO)2
+
 and Mn2(CO)4

+
ions. For the 

Mn2(CO)2
+
 ions, the incorporation of Me3TACN is associated with cleavage of the Mn-Mn 

bond and leads to the exclusive formation of Mn(Me3TACN)
+
 ions (Eq. 5.4). 

 

Mn2(CO)2
+
 + Me3TACN 2CO  + Mn + Mn(Me3TACN)

+
 (5.4) 

 

In the reactions of the Mn2(CO)4
+
 ion, Mn-Mn bond cleavage leads to minor amounts of a 

Mn(CO)(Me3TACN)
+
 ion in addition to the Mn(Me3TACN)

+
 ion. The Mn2(CO)5

+
 ion, 

however, shows a different behaviour (Figure 5.2); that is, this ion reacts mainly with the 

formation of a series of dimanganese carbonyl ions containing the Me3TACN ligand (Eq. 

5.5). 
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Figure 5.2: The time dependence of the normalized abundances of the product ions of the 

primary and secondary reactions of Mn2(CO)5
+
 with Me3TACN (P(Me3TACN) ≈  

2.5 x 10
-8 mBar); a) ▲: Mn2(CO)5

+
 ions; ♦: sum of the relative abundances of product ions 

containing Me3TACN and ● : sum of the relative abundances of the product ions of the 

reaction with trace amount of water present in the FT-ICR cell (this reaction leads mainly to 

Mn2(CO)5(H2O)
+
 ions and only to minor amounts of Mn(CO)5(H2O)

+
 ions);  

b) relative abundances of the ions formed in the reactions with the organic substrate:  

▲: Mn2(Me3TACN)(CO)
+
, ●: Mn2(Me3TACN)(CO)2

+
, ■: Mn2(Me3TACN)(CO)3

+
, 

◊: Mn2(Me3TACN)(CO)4
+
, □: Mn2(Me3TACN)2

+
, ○: Mn2(Me3TACN)2(CO)

+
,  

∆: Mn2(Me3TACN)2(CO)2
+
,  +: Mn(Me3TACN)(CO)4

+
.  
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Mn2(CO)5
+
 + Me3TACN (5–n) CO + Mn2(CO)n(Me3TACN)

+ 
(5.5) 

 (n = 1–4) 

 

In the experiments with the Mn2(CO)5
+
 ion, the primary dimanganese containing product 

ions react further with the Me3TACN to afford ions with the composition of 

Mn2(Me3TACN)2
+
, Mn2(CO)(Me3TACN)2

+
 and Mn2(CO)2(Me3TACN)2

+
 (see also Figure 

5.2). These product ions were allowed subsequently to react selectively with molecular 

oxygen. No products are observed in the reaction of the [Mn2(Me3TACN)2]
+
 ion with O2, 

whereas the Mn2(CO)(Me3TACN)2
+
 and Mn2(CO)2(Me3TACN)2

+
 ions react by addition of 

an oxygen molecule with formation of species with the assigned composition of 

Mn2(O2)(CO)(Me3TACN)2
+
  (Eq. 5.6) and Mn2(O2)(CO)2(Me3TACN)2

+
, respectively. 

 

 Mn2(CO)(Me3TACN)2
+
 + O2 Mn2(O2)(CO)(Me3TACN)2 (5.6) 

 

The relative abundance of the reactant (di)manganese carbonyl ions decays exponentially 

(Figure 5.2) in agreement with the fact that ion-molecule reactions under our experimental 

conditions are pseudo-first order.
25 

Based upon plots of the natural logarithm of the 

normalized abundance of the reactant ions (Figure 5.3), the relative rates of the reactions can 

be obtained. For ion/molecule reactions in the gas phase, however, it is more convenient to 

discuss the efficiency of a given reaction as determined by the ratio between rate constant 

and the collision rate constant.
25
 For the same neutral, the latter rate constant is known to be 

inversely proportional to the square root of the reduced mass of the system.
26
 Thus, a better 

comparison of the relative reactivity of the (di)manganese carbonyl ions towards Me3TACN 

is obtained by correcting the relative rates for differences in the reduced mass of the reactant 

chemical system. Based upon this procedure and with the efficiency of the fastest reaction set 

to 1, the relative values become: 1 (Mn(CO)3
+
); 0.83 (Mn2(CO)2

+
); 0.75 (Mn(CO)4

+
); 0.64 

(Mn2(CO)4
+
); 0.40 (Mn2(CO)5

+
) and 0.09 (Mn(CO)5

+
). For the different ion series, the 

reactivity order is observed to be as shown in Eq. 5.7; that is, within a given series of related 

ions the reactivity increases as the reactant ion becomes electronically more unsaturated. 
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Figure 5.3: Time dependence of the natural logarithm of the normalized abundance of the 

Mn2(CO)n
+
 ions in the presence of Me3TACN in the FT-ICR cell: ■: Mn2(CO)5

+
;  

●: Mn2(CO)4
+
; ▲: Mn2(CO)2

+
. The pressure of Me3TACN was in the different experiments 

about 2.5 x 10
-8
 Bar.  

 

A similar reactivity order is observed also for the gas-phase reactions of dimanganese 

carbonyl ions with methanol,
27 

whereas manganese carbonyl anions shows a different 

reactivity towards simple molecules; for example, in the ion series, Mn(CO)n
-
 (n = 1–4) only 

[Mn(CO)3]
-
 reacts with water in the gas phase.

28
 

 

 Mn(CO)5
+
   < Mn(CO)4

+
  < Mn(CO)3

+
  

 Mn2(CO)5
+
  < Mn2(CO)4

+
  < Mn2(CO)2

+
 

 

A precise determination of the reaction rates is hampered, however, owing to the presence of 

trace amounts of water in the FTICR cell (as introduced unavoidably together with the 

Me3TACN sample). The (di)manganese carbonyl ions are all observed to react in a relatively 

facile manner with water by ligand exchange as exemplified for the Mn(CO)3
+
 ion in Eq. 5.8. 

(5.7) 
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These reactions occur to a variable extent and are responsible for 10–15% of the total product 

ion population at reactions times of 10 to 20 s. 

 

Mn(CO)3
+
 + H2O (3-n) CO  + Mn(CO)n(H2O)

+
 (5.8) 

 n = 1 or 2 

 

5.4 Discussion 

The ion-molecule reactions occurring under the present experimental conditions are normally 

exothermic to thermoneutral.
29
 In other words, the facile formation of the Mn(Me3TACN)

+
 

complex in the reactions of the Mn(CO)n
+
 ions (n = 2-5) (Eq. 5.2) indicates the existence of a 

strong thermodynamic driving force for the overall process. In terms of bond dissociation 

enthalpies (BDE), the predominant loss of all four CO ligands in the reactions of Mn(CO)4
+ 

with Me3TACN suggests that the BDE value for the organic ligand is higher than the 

cumulative value for the CO ligands. This cumulative BDE value is estimated to be 227 kJ 

mol-1 with the use of the following CO BDE values for the Mn(CO)n
+
 ions: 25 kJ mol

-1
 

(Mn(CO)
+
), 63 kJ mol-1 (Mn(CO)2

+
), 74 kJ mol-1 (Mn(CO)3

+
) and 65 kJ mol

-1
 

(Mn(CO)4
+
).
30
 Thus, the loss of four CO ligands in the reactions with the Mn(CO)4

+
 

suggests that the bond dissociation energy of the Mn(Me3TACN)
+
 complex should be more 

than 227 kJ mol
-1
 for the overall process to be exothermic. The formation of some 

Mn(Me3TACN)
+
 ions in the reactions of the Mn(CO)5

+ ions (the CO BDE of this ion is 

given as 121 kJ mol
-1
)
30 

could indicate that the minimum for the BDE is even higher than the 

cumulative CO BDE value for the manganese pentacarbonyl ion (348 kJ mol-1).  

 

The expected strong bonding of Me3TACN to the manganese ion is reflected also in the 

prevalent cleavage of the Mn-Mn bond leading to the formation of Mn(Me3TACN)
+
 during 

the reactions of the dimanganese carbonyl ions. It may be noted here that predominant 

cleavage of the metal bond is reported for the reactions of [Mn2]
+
 with alcohols in the gas 

phase,
31 

and that Mn-Mn bond cleavage plays a role in the consecutive ion-molecule 

reactions of Mn2(CO)n
+
 (n = 2-4) with alcohols in the gas phase.

 27 
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In terms of energetics, the facile formation of Mn(Me3TACN)
+
 in the reactions of the 

Mn2(CO)2
+
 ion with the Me3TACN ligand indicates that sufficient energy needs to be 

liberated upon incorporation of the organic ligand for the expulsion of both CO ligands and 

the cleavage of the Mn-Mn bond for the overall process to be exothermic to thermoneutral. 

Based upon the suggested average value for the CO BDE of the Mn2(CO)10
+
 ion of 70–75 kJ 

mol
-1
,
32 

the loss of the two CO ligands may require about 150 kJ mol
-1
, whereas the 

cleavage of the Mn-Mn bond requires more than about 200 kJ mol
-1
 according to reported 

CID experiments concerned with the threshold energy for the loss of Mn from the 

Mn2(CO)2
+
 ion.

33
 As a result, this suggests that the BDE of the Mn(Me3TACN)

+
 complex 

exceeds 350 kJ mol
-1
 in line with the consideration for the reaction of the Mn(CO)5

+
 ion 

(vide supra). Similar thoughts apply to the reactions of [Mn2(CO)4]
+
 even though the 

absence of a threshold value for the loss of a Mn atom from this ion prevents an estimation of 

the minimum energy requirements for the formation of Mn(Me3TACN)
+
 ions in this 

particular reactant system.  

 

For the Mn2(CO)10
+
 ion, the BDE value of the Mn-Mn bond can be estimated to be about 46 

kJ mol
-1
 with the use of: ∆fH

o
(Mn2(CO)10

+
)
 
= -756 kJ mol

-1
, ∆fH

o
(Mn(CO)5

+
) = 36 kJ mol

-

1
 and ∆fH

o
(Mn(CO)5) =–746 kJ mol

-1
.
24,32

 This approximate value indicates that the Mn-

Mn bond in the Mn2(CO)10
+
 ion is much weaker than in the Mn2

+
 ion itself (the reported 

value for this ion is 80 kJ mol
-1
 as based upon CID measurements

34 
and ≥ 134 kJ mol

-1
 as 

based upon photodissociation experiments
35
). Nevertheless, the Mn2(CO)10

+
 ions reacts 

only with Me3TACN by electron transfer indicating that the bonding of the organic ligand 

requires an initial accessibility to one of the metal centers. 

In view of the dominant occurrence of Mn-Mn bond cleavage in the reaction of the 

Mn2(CO)2
+ and Mn2(CO)4

+ ions, it is interesting to note that a contrasting behavior is 

observed for Mn2(CO)5
+
 in the sense that the Mn-Mn bond remains intact in most of the 

product ions (Eq. 4 and Figure 2). Possibly, the Mn2(CO)5
+
 ion could have a structure such 

as shown in Scheme 5.1 with two CO ligands bonded to each Mn center and the remaining 

CO bridged between the two Mn atoms; other structures of such a species with two CO 

ligands bonded to one Mn atom and the other three bonded to the second Mn atom may also 

be feasible (see Scheme 5.1).
36
 As shown in the scheme the incoming ligand can coordinate 



106 of 136 Chapter 5 

 

to one of the Mn centers and lead to the expulsion of two CO ligands with formation of the 

dominant product ion, Mn2(CO)3Me3TACN
+
. Part of these latter ions, may have a sufficient 

excess energy for the losses of one or two CO ligands to yield the observed 

Mn2(CO)2Me3TACN
+
 and Mn2(CO)Me3TACN

+
 ions, respectively. 

 

Mn Mn

CO

CO

OC

OC

C

O

Mn Mn

CO

CO

OC

OC

N

N

N

OC

Mn Mn

OC

OC

OC

N

N

N

Mn MnOC

N

N

N

- 2 CO

- CO

Mn Mn

OC

OC

N

N

N

- 2CO

 

 

Scheme 5.1: Possible structures of the Mn2(CO)5
+
 ion together with the suggested pathway 

for the reaction with Me3TACN. 
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Due to the dinuclear nature of the species formed in the primary reaction of the Mn2(CO)5
+ 

ion, coordination of a second Me3TACN molecule becomes feasible. In these secondary 

processes, the ions retain one or two CO ligands indicating that the coordination of the 

second Me3TACN ligand liberates insufficient internal energy for the complete loss of all 

CO ligands from the collision complex. Irrespective of the presence of two Me3TACN 

ligands together with the CO ligand(s), the Mn2(CO)(Me3TACN)2
+
 and 

Mn2(CO)2(Me3TACN)2
+ ions are capable of incorporating an oxygen molecule. The 

formation of an ion with the formal composition of Mn2(O2)(CO)2(Me3TACN)2
+
 may 

suggest that the metal centers in the reactant ion are not completely shielded and/or that the 

oxygen molecule becomes loosely associated to the dinuclear ions. 

 

5.5 Conclusions 

The present results reveal that the mono-manganese carbonyl ions react with 1,4,7-trimethyl-

1,4,7-triazacyclononane to afford a Mn(Me3TACN)
+
 ion. In the reactions of the dimanganese 

carbonyl ions, cleavage of the Mn-Mn bond is a facile process except for the Mn2(CO)5
+
 ion 

that reacts with formation of dimanganese carbonyl ions bonded to a Me3TACN molecule. 

These latter dimanganese species can incorporate a second Me3TACN ligand with the 

formation of ions that react with molecular oxygen to afford species with an unknown 

structure. The ready formation of these different manganese complexes containing the 

Me3TACN ligand opens up for further studies of the intrinsic chemistry of such species. 
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This chapter
#
 describes the gas-phase reactions of the manganese acetyl carbonyl ions with 

methanol with emphasis on the extent of methyl group migration in isolated manganese 

acetyl species. 
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6.1 Introduction 

Transition metals play an important role in numerous catalytic reactions in solution
1,2

 as they 

can have a multitude of oxidation states and a dense manifold of electronic levels.
3
 Insight 

into these reactions both in solution and the gas phase is of fundamental importance in 

organometallic chemistry,
4,5

 because the reactivity of the metal species is strongly influenced 

by the properties of the ligands
5
 as well as the nature of the solvent.

7,8
 Organometallic 

migration reactions have been studied extensively in recent years as evidenced by the many 

experimental
9
 and theoretical

10,11
 studies of alkyl to acetyl conversions. On the basis of 

several theoretical studies, it has been concluded that the migration of the alkyl group 

proceeds from the metal center to the carbonyl group that is situated at the cis position with 

respect to the other CO ligands at the manganese center.
12,13

 This fundamental 

organonmetallic reaction has been the subject of several studies in order to understand the 

mechanism and the binding properties of the reactive intermediates.
14,15

 In particular, a large 

number of studies have focused on the carbonylation of Mn(CH3)(CO)5 with formation of 

Mn(CH3CO)(CO)5, as a model reaction for detailed studies (see Scheme 6.1)
11,16-19
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Scheme 6.1: Methyl migration reaction in manganese methyl pentacarbonyl followed by 

addition of a ligand L. 

 

It is generally accepted that the carbonylation reaction involves a two-step mechanism 

(Scheme 6.1) which invokes a coordinatively unsaturated acetyl intermediate.
20
 In the first 

step there is equilibrium between the coordinatively unsaturated acetyl complex and the 

coordinatively saturated alkyl complex. The second step involves the addition of the external 

ligand, affording the product, a stable acetyl complex. Even though the carbonylation 

reactions have been studied extensively, only a few studies are reported on the reverse 

migration step; that is, from the acetyl intermediate to the alkyl complex.
21 
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Photodecarbonylation reactions of Mn(CH3CO)(CO)5 to form Mn(CH3)(CO)5 is indicated to 

involve two possible intermediates depending on the nature of the solvent.
14,16

 In addition, 

density functional theory (DFT) calculations indicate that the photodecarbonylation and the 

thermal carbonylation reactions may proceed by different pathways for the Mn(CH3)(CO)5 

system (see also § 6.3 Discussion).
18
 Despite the experimental and theoretical studies of 

methyl migration in manganese organometallic systems, only a few studies have been 

concerned with this reaction of isolated ions in the gas phase. The gas-phase decarbonylation 

of the manganese (trifluoroacetyl) pentacarbonyl anion is reported to lead to the formation of 

the manganese (trifluoromethyl) tetracarbonyl anion.
20
 Notably, it was shown that the CF3 

migration involves a small energy barrier and occurs either prior to or in concert with the 

decarbonylation step. With the purpose of studying the possible occurrence of a migration of 

the methyl group in isolated ions, a series of Mn(CH3CO)(CO)n
+
 ions (n = 0–4) were formed 

in the gas phase and allowed to react with methanol and 1,4,7-trimethyl-1,4,7-

triazacyclononane (Me3TACN) respectively. By isolating the coordinatively unsaturated 

Mn(CH3CO)(CO)n
+
 ions (n = 0–4) in an FT-ICR instrument,

22
 we have investigated the 

influence of the unsaturation of the reactant ion on the possible occurrence of a migration of 

the methyl group to the metal centre. Methanol was chosen as a substrate because this species 

reacts readily with manganese carbonyl ions in the gas phase by a formal ligand substitution 

process.
23
 The Me3TACN species was selected in keeping with the strong bonding of this 

ligand to a manganese centre as evidenced by the finding that the Mn2(CO)n
+
 ions react 

readily with Me3TACN to afford only Mn(Me3TACN)
+
 ions.

24
 

 

6.2 Experimental 

6.2.1 Instrumental 

The experiments were performed with the use of a Bruker Daltonics APEX II FT-ICR mass 

spectrometer which has been described previously.
25
 The manganese acetyl carbonyl ions, 

Mn(COCH3)(CO)n
+
, (n = 1–4) were formed by electron ionization of Mn(COCH3)(CO)5 

(Figure 6.1) as introduced into the external ion source with a direct insertion probe at a 

temperature of 25-30 oC. 
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Figure 6.1: The 30 eV Electron ionization mass spectrum of Mn(COCH3)(CO)5 as 

recorded with the FTICR mass spectrometer with an external ion source (See Chapter 1).  

* = [M–4CO–CH3
•
]
+
; ** = [M–4CO]

+
; *** = [M–2CO–CH3

•
]
+
. 

 

The ion-source temperature was maintained at 100 oC and the electron energy was between 

30 and 40 eV. The ions were extracted from the ion source and accelerated into a 3 keV beam 

that was focused with a series of electric lenses and deflection plates while entering the 

magnetic field of 4.7 Tesla. Subsequently, the ions were decelerated to a kinetic energy that 

was sufficiently low to allow trapping of the ions in the infinity cell of the instrument. 

Methanol or Me3TACN were introduced into the FT-ICR main vacuum system through a 

leak valve until the indicated pressure was about 2.5 x 10
-8
 mbar. The Mn(COCH3)(CO)n

+ 

ions with n = 0–4 were selected subsequently (see Figure 6.1) by ejection of all other ionic 

species from the FT-ICR cell. The isolation of the ions of interest was achieved in such a 

manner that the off-resonance excitation of their kinetic energy was avoided.
26
 After the 

isolation procedure, the reactions of the selected ions with a given substrate were followed as 
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a function of time. Even though care was taken to isolate the ions of interest, uncontrolled 

dissociation of the selected ions was observed. Loss of CO ligands from the 

Mn(COCH3)(CO)n
+ 
ions with n = 1–4, was observed during the reaction with a given 

substrate and contributed to the overall formation of product ions. The results for a given 

Mn(COCH3)(CO)n
+ 
ion were obtained by a consideration of the outcome of the experiments 

of the various Mn(COCH3)(CO)n
+ 
ions and then normalized with respect to the relative 

abundances of the product ions that could be ascribed to a specific reactant ion. The 

normalized product ion abundances are considered, therefore, to be approximate values. 

 

6.2.2 Materials 

Methanol was obtained commercially and used without further purification. Manganese 

acetyl pentacarbonyl was prepared according to a literature procedure and its identity was 

confirmed by Infrared Spectroscopy and NMR.
27
 Me3TACN was distilled and the labelled 

methanol used was dried on molecular sieves (4 Å) for at least two days prior to use. 

 

6.3 Results 

6.3.1 Electron ionization 

The precursor ions, Mn(COCH3)(CO)n
+
 (n = 0–4), were formed by electron ionization of 

manganese acetyl pentacarbonyl (see Figure 6.1). The mass spectrum of this compound 

reveals the formation of abundant [M–(CO)n]
+
, (n = 0–5) and [M–CH3

•
– (CO)m]

+
 ions, (m = 

0-5) (Eq 6.1). 

 

Mn(COCH3)(CO)5
+
 Mn(COCH3)(CO)5-n

+
 + n CO  (6.1a) 

 n = 1–4 

Mn(COCH3)(CO)5
+
 Mn(CO)6-m

+
 + CH3

•
 + m CO (6.1b) 

 m = 0–6 

The former ion series (Eq. 6.1a) arises by consecutive loss of CO ligands, whereas the latter 

ion series (Eq. 6.1a) is formed by the loss of CH3
•
 associated with CO loss or the loss of an 

intact CH3CO
• radical. By contrast, the reported 70 eV literature EI spectrum of manganese 
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acetyl pentacarbonyl, shows a base peak at m/z 28 in clear disagreement with the spectrum 

shown in Figure 6.1, which reveals that the m/z 210 ion gives rise to the base peak. It is 

suggested, therefore, that the reported spectrum is replaced with the spectrum in Figure 6.1. 
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Figure 6.2: The 70 eV Electron Ionization mass spectrum of Mn(CH3)(CO)5 as obtained 

from ref. 28.  

 

The reported EI spectrum of manganese methyl pentacarbonyl (Figure 6.2) displays also the 

formation of two ion series with the composition of [M-CH3
•
-(CO)n]

+
 (n = 0–6) and [M-

(CO)m]
+
 (m = 0–5). In addition, the spectrum of this compound reveals the formation of 

abundant Mn
+
 and CO

•+
 ions, in contrast to the EI mass spectrum of the Mn(COCH3)(CO)5 

compound. Overall, the spectra in Figure 6.1 and 6.2 indicate that electron ionization of 

Mn(COCH3)(CO)5 does not result in the loss of CO with formation of abundant ion series 

that are similar to the ones derived from the molecular ion of Mn(CH3)(CO)5. In other 

words, Mn(COCH3)(CO)5
+
 is unlikely to expel CO with the formation of significant 

amounts of Mn(CH3)(CO)5
+
 ions that dissociate further. 

 

[CO]
+
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6.3.2 Reactions with methanol 

The ionic products of the reactions between the Mn(COCH3)(CO)n
+
 ions (n = 0–4) and 

methanol are summarized in Table 6.1. The results are obtained from experiments in which a 

given manganese acetyl carbonyl ion is isolated and then allowed to react with CH3OH for 

5-10 seconds (see also § 6.3 Experimental). In the reactions of the Mn(COCH3)(CO)n
+
 (n = 

2–4) ions with CH3OH a formal ligand substitution occurs as depicted in Eq. 6.2 for the 

Mn(COCH3)(CO)4
+
 ion. The precise structure of the product ions is unknown and the 

presence of an intact alcohol molecule and acetyl group in the various product ions is 

assumed for simplicity throughout the Results section and in the Tables (vide infra). 

 

Mn(COCH3)(CO)4
+
 + CH3OH Mn(COCH3)(CH3OH)(CO)4-n

+
 + n CO (6.2) 

   n = 1–3 

 

In the reaction of Mn(COCH3)(CO)
+
 with methanol Mn(CH3)(CH3OH)

+
 ions are also 

observed in addition to Mn(COCH3)(CH3OH)
+
 ions. 

 

Mn(COCH3)(CH3OH)
+

Mn(COCH3)(CO)
+

CO+

+ CH3OH
Mn(CH3)(CH3OH)

+ 2CO+
(6.3)

 

 

In the reaction of Mn(CH3CO)
+
 with methanol only Mn(CH3)(CH3OH)

+
 ions are formed at 

short reaction times. In experiments with 
13
CH3OH essentially the same reaction products 

are observed for all Mn(CH3CO)(CO)
+
 ions as in the reactions with CH3OH. The 

incorporation of only one 
13
CH3 group demonstrates that the initial CH3-group of the acetyl 

group is maintained in the product ions (Table 6.1).  

 

Consecutive reactions of the Mn(COCH3)(CH3OH)(CO)4-n
+
 ions (n = 1–3) with CH3OH 

leads to the formation of small amounts of Mn(COCH3)(CH3OH)2
+
 ions (Eq 6.4). At longer 

reaction times (>8 s), small amounts of ions with a composition of Mn(CH3O)(CH3OH)
+
 can 

also be observed. The formation of the latter ions in the consecutive reactions with methanol 

indicates the occurrence of the loss of CH4 from the collision complex (See also Eq 6.5). 
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Mn(COCH3)(CH3OH)(CO)4-n
+
  + CH3OH  Mn(COCH3)(CH3OH)2

+ 
+ nCO (6.4) 

      (n = 1–3) 

 

The precise origin of the Mn(CH3O)(CH3OH)
+
 ions is somewhat uncertain but they are 

suggested to be formed in the consecutive reactions of the Mn(CH3)(CH3OH)
+
 ions with 

methanol. Furthermore, the experiments with 
13
CH3OH reveal that the methane molecule 

comprises the methyl group of the acetyl moiety of the parent compound (Eq 6.5). 

 

Mn(CH3)(
13
CH3OH)

+ 
+ 

13
CH3OH Mn(

13
CH3O)(

13
CH3OH)

+  
+ CH4 (6.5) 

 

6.3.3 Reactions with Me3TACN and H2O 

Ligand exchange predominates in the reactions of the manganese acetyl carbonyl ions with 

Me3TACN and results only in the formation of Mn(CH3)(Me3TACN)
+
 ions (Eq. 6.6 and 

Table 6.1). 

 

Mn(COCH3)(CO)n
+
 + Me3TACN Mn(CH3)(Me3TACN)

+
 + n CO (6.6) 

 n = 2–4 

Due to the presence of traces of water in the FT-ICR cell (as introduced unavoidably together 

with the Me3TACN sample) small amounts of product ions of the reaction with H2O are also 

observed. The reactions with H2O lead to product ions with a composition of 

Mn(COCH3)(H2O)
+
 or Mn(CH3)(H2O)

+
 depending on the initial reactant ion. Due to the 

unintended fragmentation of the selected ions, the origin of the product ions formed in the 

reaction with H2O is uncertain. However, the results indicate that Mn(COCH3)(H2O)
+
 ions 

are formed if the Mn(COCH3)(CO)n
+
 ions, (n = 1–4) are the reactant ions and that 

Mn(CH3)(H2O)
+
 ions are formed in the reactions of the Mn(COCH3)(CO)n

+
 ions (n = 0, 1). 

The reactions with water occur to a variable extent and are responsible for 10–15% of the 

total product ion population at reactions times of 8 to 10 s. 
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Table 6.1: Overview of the primary product ions formed in the reactions of Mn(CH3CO)CO)n
+
 ions with methanol and Me3TACN. 

                                    Number of                                Product ions formed in the reaction with:
c 

Reactant ion
a
 Valence .                   Methanol                     Me3TACN 

 Electrons
b
  

Mn(CH3CO)(CO)4
+
       15     Mn(COCH3)(CO)3(CH3OH)

+
 (40%) Mn(CH3)(Me3TACN)

+
 (100%) 

      Mn(COCH3)(CO)2(CH3OH)
+
 (30%)   

      Mn(COCH3)(CO)(CH3OH)
+
 (30%)   

Mn(CH3CO)(CO)3
+
       13      Mn(COCH3)(CO)2(CH3OH)

+
 (5%) Mn(CH3)(Me3TACN)

+
 (100%) 

      Mn(COCH3)(CO)(CH3OH)
+
 (15%)   

      Mn(COCH3)(CH3OH)
+
 (85%)   

Mn(CH3CO)(CO)2
+
       11     Mn(COCH3)(CH3OH)

+
 (100%) Mn(CH3)(Me3TACN)

+
 (100%) 

Mn(CH3CO)(CO)
+
       9     Mn(COCH3)(CH3OH)

+
 (65%) -  

      Mn(CH3)(CH3OH)
+
 (35%)   

Mn(CH3CO)
+
       7     Mn(CH3)(CH3OH)

+
 (100%) -  

a
 Formal structures of the reactant ions (see text). 
b
 Based upon η

1
-bonding of an intact acetyl ligand. 

c
 Relative abundances of product ions at 75% conversion. 
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6.4 Discussion 

Recently a series of experimental and theoretical studies have been reported concerning the 

structure and reactions of manganese acetyl carbonyl species.
14,19

 Most of these studies 

concerns carbonylation reactions, in which the methyl group migrates from the metal centre 

to a CO ligand. The migration of the methyl group from the acetyl moiety to the metal centre 

and the structural intermediates involved in this reaction step has also been the subject of a 

number of recent density functional theory calculations.
11,17-19

. In short, three possible 

stable intermediates are suggested to be involved in this process: i) a coordinatively 

unsaturated acetyl species with η
1
-bonding of the ligand (1), ii) a coordinatively saturated 

species with an η
2
- bonded acetyl group (2), and iii) an unsaturated species stabilized by an 

agostic interaction between a C-H bond of the methyl group of the acetyl ligand and the 

manganese centre (3) (see Figure 6.3). 

 

C

Mn(CO)4

O

CH3

C

Mn(CO)4O

CH3

C

Mn
(CO)4

O

CH2
H

(1) (2) (3)  

Figure 6.3: Possible structures of the Mn(CH3CO)(CO)4 species (See text and refs. 11 and 

17). 

 

In photodecarbonylation experiments with Mn(COCH3)(CO)5, it was shown on basis of 

kinetic and spectroscopic evidence that a solvent stabilized η
1
 species (1) may be involved in 

strongly coordinating media, whereas the η
2
 species (2) is the preferred intermediate in 

weakly coordinating solvents. The formation of a η
2
 species during photodecarbonylation of 

Mn(COCH3)(CO)5 is supported by DFT calculations, which also suggest that the agostically 

stabilized structure (3) is involved in the thermal acetylation of Mn(CH3)(CO)5.
18
 In terms 

of the number of valence shell electrons, the η
1
-bonding of the acetyl group in 

Mn(CH3CO)(CO)4 (1) results in a 16 electron species, whereas the η
2 
structure (2) is 

formally a 17 electron species. With respect to the ionic systems included in this study, the 

number of valence electrons vary from 15 for the Mn(COCH3)(CO)4
+
 ion to only 7 for 
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Mn(COCH3)
+
 if η

1
-bonding of an intact acetyl group is assumed (Table 6.1). In other words, 

the positive ions are electronically more unsaturated than the neutral species studied either 

experimentally or by theory calculations. Nevertheless, the present results indicate that the 

extent of CO loss in the reactions with methanol is strongly dependent on the electronic and 

coordinative state of the reactant ion. Briefly, in the reaction of the Mn(COCH3)(CO)4
+
 ions 

with methanol, up to three CO ligands are expelled from the collision complex.  Likewise, up 

to three CO ligands are eliminated during the reaction of the Mn(COCH3)(CO)3
+
 ion with 

methanol, whereas only two CO ligands are expelled if Mn(COCH3)(CO)2
+
 reacts with 

methanol (Table 6.1).  

 

Unfortunately, bond dissociation enthalpy (BDE) data for manganese acetyl species are 

absent from the literature. For the Mn(CO)n
+
 (n = 1–5) ions, the appropriate BDE values for 

cleavage of the Mn-CO bond are given in Table 6.2,
29
 whereas no data are reported for the 

loss of an entire acetyl group from the Mn(CH3CO)(CO)n
+
 ions. 

 

Table 6.2: BDE of managanese carbonyl species.
a
 

 

 

 

 

 

 

 

 
 a

 Values taken from ref. 6. 

 

Upon the assumption that the BDE values for the CO ligands in the Mn(CH3CO)(CO)4
+
 ions 

are similar to the values for the Mn(CO)5
+
 ion, it may be expected that the loss of three CO 

ligands from the former ion will demand up to 260 kJ mol
-1
. In turn, this implies that the 

incorporation of a methanol molecule in the Mn(CH3CO)(CO)4
+
 ion should liberate up to 

260 kJ mol-1 for the loss of three CO ligands to be overall exothermic. It may be noted here 

Species BDE (kJ mol
-1
) 

Mn(CO)4-(CO)
+
 121 

Mn(CO)3-(CO)
+
 65 

Mn(CO)2-(CO)
+
 74 

Mn(CO)-(CO)
+
 63 

Mn-(CO)
+
 25 
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that studies of the ion-molecule reactions of the Mn2(CO)n
+
 ions indicate that incorporation 

of a methanol molecule and the associated loss of CO ligands is not a simple substitution 

process but may involve insertion of a manganese centre into the C-O bond and/or the O-H 

bond of the alcohol.
23
 This suggests that incorporation of a methanol molecule in the 

Mn(CH3CO)(CO)4
+
 is best regarded as a formal ligand exchange process that may liberate 

sufficient energy for the loss of 3 CO molecules from the collision complex.  

 

Similarly, addition of methanol to the Mn(COCH3)(CO)3
+
 ion should release about 202 kJ 

mol
-1
, whereas the loss of two CO ligands in the reaction with Mn(COCH3)(CO)2

+ may 

demand about 137 kJ mol
-1
 if the BDE values for the appropriate Mn(CO)n

+
 species (Table 

6.2) are used in the estimations. Within this picture, the experimental results imply that the 

bonding of a methanol molecule to the manganese centre becomes energetically less favoured 

as the number of CO ligands is decreased. Alternatively, it may be expected that 

incorporation of methanol leads to the same amount of excess internal energy of the collision 

complex irrespective of the number of CO ligands present in the reactant ion. If the latter 

situation applies, then the finding that three CO ligands are expelled in the reactions of the 

Mn(COCH3)(CO)4
+
 and Mn(COCH3)(CO)3

+
 ions but only two in the reaction of the 

Mn(COCH3)(CO)2
+ 
ion indicates strongly that the acetyl ligand is intact in these reactant 

ions. In other words, this interpretation of the results supports the view that the methyl group 

of the acetyl ligand has not migrated to the manganese centre in the ions containing 2–4 CO 

ligands.  

 

The migration of the methyl group within the Mn(CH3CO)(CO)n
+
 ions creates evidently a 

Mn–CH3 bond and a Mn–CO interaction. In view of the strong bond in the Mn(CH3)
+
 ion 

(BDE = 215 kJ mol
-1
)
30,31

 it can be expected that the elimination of a methyl radical and a 

CO ligand is energetically less favoured than the loss of an intact acetyl ligand, that is, the 

migration of a methyl group to the manganese centre is likely to be exothermic. On the other 

hand, the migration of the methyl group may be associated with an substantial energy barrier 

as indicated for this reaction step for the Mn(CH3CO)(CO)4 species in the condensed phase 

and supported by DFT calculations.
15
 Furthermore, from metastable dissociation studies of 

Mn(CO)x
+
 ions no evidence was obtained for the existence of a significant energy barrier for 
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CO loss. As a result, in the reaction of the Mn(CH3CO)(CO)n
+
 ions with methanol, the loss 

of CO ligands from the collision complex may be thought to be favoured kinetically over a 

pathway involving the migration of the methyl group and then the loss of CO ligands.  

 

The increasing electronic unsaturation of the system could at some stage of the overall 

process facilitate methyl migration to the manganese system. The occurrence of methyl 

migration in the ions with the formal composition of Mn(COCH3)(CO)
+
 and Mn(CH3CO)

+
 

is clear from the formation of the Mn(CH3)(CH3OH)
+
 ions in the reactions with methanol. 

The occurrence of a methyl shift is further revealed by the formation of the 

Mn(CH3OH)(CH3O)
+ 

ions in the consecutive reactions of with methanol by loss of a 

methane molecule consisting of the methyl group from the original acetyl ligand and a 

hydrogen atom from the substrate (see Eq. 6.4 and 6.5).  

 

In the reactions of the Mn(COCH3)(CO)
+
 ions, loss of a single CO gives rise to the main 

product ion (Table 6.1). In view of the results for the ions with 2 to 4 CO ligands, this may 

suggest that these reactant ions are also best formulated as having an intact acetyl ligand. 

Whether this situation also applies to the ions formally written as Mn(CH3CO)
+ 
is uncertain 

since only CO is expelled from the collision complex. In other words, it remains to be solved 

whether the methyl group of the acetyl ligand migrates to the manganese during the electron 

ionization induced dissociation of the parent Mn(CH3CO)(CO)5 compound or during the 

reactions with methanol of the isolated Mn(CH3CO)
+
 and Mn(COCH3)(CO)

+
 ions.  

 

A somewhat clearer situation arises for the reactions with Me3TACN in the sense that the 

Mn(CH3CO)(CO)n
+
 ( n = 2–4) all react with the exclusive formation of 

Mn(CH3)(Me3TACN)
+
 ions. Possibly, the strong bonding of Me3TACN to a manganese 

atom liberates sufficient energy not only for the loss of all CO ligands from the 

Mn(CH3CO)(CO)n
+
 ions but also to induce the occurrence of a methyl shift followed by 

additional loss of CO with the sole formation of the Mn(CH3)(Me3TACN)
+
 ions. From 

another perspective, the results could indicate that the reaction with Me3TACN liberates 

insufficient energy to cause cleavage of a Mn-CH3 bond and/or the expulsion of an intact 

acetyl ligand. 
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6.5 Conclusions 

The present results indicate that the manganese acetyl carbonyl ions react with methanol to 

afford Mn(COCH3)(CH3OH)(CO)4-n
+
 (n = 1–4) ions and Mn(CH3)(MeOH)

+
 ions, 

depending on the number of CO-ligands present in the reactant ions. The more electronicly 

unsaturated the system is, the more likely is the occurrence of a methyl shift with the 

formation of Mn(CH3)(CH3OH)
+
 species. In the reactions with 1,4,7-trimethyl-1,4,7-

triazacyclononane only Mn(CH3)(Me3TACN)
+
 ions are formed. Consecutive reactions of the 

manganese acetyl ions with methanol lead to the expulsion of a methane molecule that 

consists of the methyl group from the original acetyl ligand and a hydrogen atom from the 

substrate. 
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Samenvatting 

 

De in dit proefschrift gerapporteerde studies beslaan de fundamentele aspecten van de 

gasfase thermochemie en reacties van organometaal verbindingen. In Hoofdstuk 1 is een 

beknopt overzicht gegeven van de belangrijkste aspecten in de organo-metaal chemie met 

nadruk op de overgangsmetalen. Daarnaast worden de fundamentele principes uitgelegd van 

gasfase ion-molecuul reacties, met focus op de thermodynamica en de kinetiek van gasfase 

reacties. Bovendien wordt een inleidend overzicht gegeven van de gebruikte instrumenten en 

methoden. In hoofdstuk 2 worden de proton affiniteiten (PA) van furan, methylfenolen en de 

methylanisolen bediscussieerd. Uit de evenwichtsconstante van de proton overdrachtsreactie 

tussen furan en aceton (812 kJ mol
-1
) is een nieuwe PA waarde van furan bepaald. Uit de 

evenwichtsconstante voor de proton transfer reactie tussen een geschikte base en de 

verschillende methylfenolen en anisolen zijn de volgende proton affiniteiten bepaald: 832 kJ 

mol
-1
 (2-methylphenol), 841 kJ mol

-1
 (3-methylphenol), 814 kJ mol

-1
 (4-methylphenol), 850 

kJ mol
-1
 (2-methylanisole), 860 kJ mol

-1
 (3-methylanisole) and 841 kJ mol

-1
 (4-

methylanisole). Theoretische berekeningen op het G3(MP2) niveau lieten zien dat de 4-

positie de meest basische positie is in geval van de 2- en 3- gesubstitueerde methyl fenolen 

terwijl voor de 4-methyl fenol zowel de 2 als de 4 positie een gelijkwaardige berekende 

basiciteit hebben De berekende waardes voor de PA op G3(MP2) niveau zijn in zeer goede 

overeenstemming met de experimentele waardes. 

 

Met behulp van Chemische Ionisatie (CI) met verschillende reagentia (CD3OD, CD3CN, 

(CD3)2CO of Pyrrole-D5), tandem massaspectrometrie en deuterium isotoop substitutie is in 

Hoofdstuk 3 het mechanisme van propeen verlies uit geprotoneerde propoxypyridines 

bestudeerd. Uit de resultaten kwam naar voren dat het deuterium uit het CI proces niet 

uitwisselt met waterstofatomen van de propyl groep, voordat propeen verlies optreedt vanuit 

de metastabiele [M+D]
+
 ionen van de isomere propoxypyridines. Door middel van isotoop 

substitutie experimenten op de α−, β− of γ−positie van de propyl groep zijn de verschillende 

mechanismen bestudeerd die optreden bij het propeen verlies. 2-n-propxypyridine verliest 

propeen via een ion-neutraal complex bestaande uit een carbenium ion en 2-pyridone Dit in 

tegenstelling tot 3-n-propoxypyridine dat via twee verschillende kanalen propeen verliest: i) 
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propeenverlies via een ion-neutraal complex ii) propeen verlies via een conventionele 1,5 

hydride shift en/of iii) propeen verlies volgens een 1,2-eliminatie proces. Geprotoneerd 4-n-

propoxy pyridine verliest propeen volgens zowel een 1,2-eliminatie als door vorming van een 

ion-neutraal complex. Voor de iso-propoxypyridines geldt dat substitutie met deuterium op 

de α-positie leidt tot propeen verlies met het deuterium atoom aanwezig in het afgesplitste 

propeen. Door middel van isotoop substitutie op de β-positie kwam naar voren dat de 

isopropoxypyridines propeen verliezen volgens: i) ion-neutraal complex en/of ii) een 1,2 

eliminatie proces. 

 

Het tweede deel van dit proefschrift betreft de ligand uitwisseling reacties van mangaan 

carbonyl ionen. In hoofdstuk 4 is de ligand uitwisseling beschreven van verschillende 

dimangaan carbonyl ionen (Mn2(CO)n
+
; n = 1 - 5) met methanol, ethanol en propanol. In de 

reactie tussen methanol en de Mn2(CO)n
+
 ionen met maximaal 4 CO-liganden is de additie 

van methanol en het gelijktijdige verlies van een of meerdere CO liganden de voornaamste 

reactie. Mn2(CO)5
+
 reageert door middel van additie van maximaal 2 CO liganden. De 

efficiency van de reactie met methanol neemt af naarmate er meer CO-liganden in het 

reactant ion aanwezig zijn. De reactie van Mn2(CO)4
+
 met ethanol en n-propanol was minder 

efficiënt dan de reactie met methanol, waarbij een significant isotoop effect werd vastgesteld 

in de reacties met de gedeutereerde analogen van de alcoholen. De primaire productionen uit 

de reactie van Mn2(CO)4
+
 met een alcohol reageren verder onder de vorming van 

Mn2(CO)n(ROH)2
+
 (n = 0 – 2) ionen. Uit het botsingscomplex, dat gevormd wordt in de 

vervolgreacties van deze ionen, wordt vervolgens H2 of een alkaan molecuul afgesplitst 

samen met de aanwezige CO liganden. Op basis van experimenten met CD3OH; C2D5OH en 

n-C3D7OH is vastgesteld dat waterstof afsplitsing plaats vindt als gevolg van O-H insertie. 

Alkaan eliminatie vindt plaats als gevolg van insertie in de C-O binding van de alcohol. 

 

De gasfase reacties van een serie van (di)mangaancarbonyl positieve ionen met 1,4,7-

trimethyl-1,4,7-triazacyclononaan (Me3TACN) zijn beschreven in hoofdstuk 5. De mono 

mangaancarbonyl ionen Mn(CO)n
+
 (n = 2 – 5), reageren voornamelijk door middel van 

ligand uitwisseling. Een klein gedeelte reageert door ladingsoverdracht naar het ligand onder 

vorming van het radicaal kation van Me3TACN. In de ligand uitwisselingsreacties van de 
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Mn(CO)n
+
 (n = 2 – 4) ionen wordt uitsluitend Mn(Me3TACN)

+
 gevormd, terwijl in de 

reactie van het Mn(CO)5
+
 ion ook Mn(CO)(Me3TACN)

+
 ionen worden gevormd. In de 

reacties van de dimangaan analogen (Mn2(CO)n
+
 n = 2, 4 and 5) met Me3TACN wordt de 

Mn-Mn binding verbroken waarbij Mn(Me3TACN)
+
 ionen worden gevormd. In het geval 

van Mn2(CO)5
+
 ionen, resulteert de ligand uitwisseling in de additionele vorming van 

Mn2(CO)n(Me3TACN)
+
 (n = 1 – 3) ionen. Deze ionen kunnen vervolgens een zuurstof 

molecuul adderen in de reactie met zuurstof waarbij Mn2(O2)(CO)(Me3TACN)2
+
 en 

Mn2(O2)(CO)2(Me3TACN)2
+
 gevormd worden. 

 

In het laatste hoofdstuk wordt de reactiviteit van mangaan carbonyl acetyl ionen bestudeerd 

met methanol en Me3TACN. De voornaamste productionen die gevormd worden in de 

reactie van Mn(COCH3)(CO)n
+
 (n = 2-4) ionen is de additie van een methanol molecuul met 

het gelijktijdige verlies van een of meerdere CO-liganden. In de reactie van 

Mn(COCH3)(CO)n
+
 (n = 0, 1) ionen met methanol worden alleen Mn(CH3)(CH3OH)

+
 ionen 

gevormd. Dit duidt op een optreden van een verhuizing van de methylgroep. De mangaan 

carbonyl acetyl ionen reageren ook vrij gemakkelijk met H2O, dat aanwezig is in de cel. 

Hierbij worden dezelfde reactant ionen gevormd als in de reactie met methanol. 
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Summary 

 

Site-specific proton affinities (PA) and the occurrence of proton transfer reactions in the 

absence of solvent molecules are of fundamental importance in mass spectrometry The 

studies reported in this thesis describe the fundamental aspects of gas-phase thermochemistry 

(e.g. site specific proton affinities (PA)) proton transfer initiated dissociation reactions, 

(Chapters 2 and 3) and the reactivity of a series of manganese carbonyl cations (Chapters 4-

6). In chapter 1 a brief introduction is given to organometallic chemistry with focus on 

manganese as the transition metal of interest. Furthermore the basic principles of gas-phase 

ion chemistry are discussed, in which the thermodynamics and kinetics aspects are 

highlighted. Finally some aspects of the theoretical and practical background of mass 

spectrometry is described with the emphasis on the FT-ICR method, the ionization 

techniques and the instruments used. 

 

Chapter 2 describes the determination of the proton affinities of furan, 2-, 3-, and 4-

methylphenol and the related anisoles with the use of FT-ICR mass spectrometry. The proton 

affinity of furan is redetermined to be 812 kJ mol
-1
 on the basis of the experimental 

equilibrium constant for the proton transfer reaction with acetone and in agreement with ab 

initio G3(MP2) calculations, which lead to a proton affinity of 814 kJ mol
-1
 for the 2-position 

within furan. The determination of the equilibrium constant for the reaction between a 

protonated methylphenol or methylanisole and a suitable reference base results in the 

following proton affinities: 832 kJ mol
-1
 (2-methylphenol), 841 kJ mol

-1
 (3-methylphenol), 

814 kJ mol-1 (4-methylphenol), 850 kJ mol-1 (2-methylanisole), 860 kJ mol
-1
 (3-

methylanisole) and 841 kJ mol
-1
 (4-methylanisole). Calculations at the G3(MP2) level 

indicate that the 4-position is the most basic site in the 2- and 3-methyl-substituted phenols, 

whereas almost the same proton affinity is obtained for the 2- and 4-position in 4-

methylphenol. The G3(MP2) proton affinity for the most basic site in a given methylphenol 

is in agreement with the present experimental values.  
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The mechanism of propene loss from the metastable [M+D]
+
 ions of isomeric 2-, 3- and 4-n-

propoxypyridines and the related isopropoxypyridines is discussed in chapter 3. The results 

have been obtained by Chemical Ionization (CI) with CD3OD, CD3CN, (CD3)2CO or 

Pyrrole-D5 (listed in order of increasing proton affinity) as the CI reagent and tandem mass 

spectrometry in combination with deuterium labelling. The results reveal that the deuteron 

added in the CI process is not interchanged with the hydrogen atoms of the propyl group 

prior to propene loss from the metastable [M+D]
+
 ions of the propoxypyridines. The site 

selective labelling of the α−, β− or γ−position of the propyl group indicates that the [M+D]
+
 

ions of 2-n-propoxypyridine expel propene with formation of an ion-neutral complex 

composed of a propyl carbenium ion and 2-pyridone. By contrast, the [M+D]
+
 ions of 3-n-

propoxypyridine expel propene by: i) formation of ion-neutral complexes, and ii) a 

conventional 1,5-hydride shift from the β-position of the n-propyl group to the ring and/or a 

1,2-elimination type process. For the 4-isomer, the results suggest the occurrence of propene 

loss by a 1,2-elimination in addition to the intermediate formation of ion-neutral complexes. 

Loss of propene with one deuterium atom is the only reaction of the [M+D]
+
 ions of the 

isopropoxypyridines labelled at the α-position of the isopropyl group. The results for the 

isopropoxypyridines labelled with three deuterium atoms at the β-position are consistent 

with: i) the loss of propene by ion-neutral complex formation and the occurrence of a 

substantial isotope effect in the subsequent proton/deuteron transfer within the complex, 

and/or ii) the loss of propene by a 1,2-elimination type reaction.  

 

The second part of this thesis covers organometallic ion chemistry. Chapter 4 describes the 

gas-phase reactions of dimanganese carbonyl ions (Mn2(CO)n
+
; n = 1–5) with methanol with 

the use of FT-ICR mass spectrometry. The predominant reaction of the Mn2(CO)n
+
 ions with 

up to four CO ligands involves the incorporation of methanol and the loss of one or more CO 

ligands, whereas the Mn2(CO)5
+
 ion reacts by the successive addition of two alcohol 

molecules. The efficiency of the overall reaction with methanol decreases with the number of 

CO ligands present in the manganese containing ion. In addition, the reactions of the 

Mn2(CO)4
+
 ion with ethanol and n-propanol have been examined and observed to be less 

efficient than the reaction with methanol. The efficiency of the reaction of the Mn2(CO)4
+
 

ion with CD3OH, C2D5OH or n-C3D7OH is significantly lower than of the reaction with the 
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related unlabelled species revealing the occurrence of a significant isotope effect on the 

overall process. The primary product ions of the reactions of Mn2(CO)4
+
 with an alcohol 

react further with the formation of Mn2(CO)n(ROH)2
+
 (n = 0–2) ions. These latter ions react 

with an alcohol molecule with the formation of collision complexes that expel a hydrogen or 

alkane molecule together with the CO ligands. Based upon experiments with CD3OH, 

C2D5OH and n-C3D7OH, respectively, the loss of a hydrogen molecule is concluded to 

involve insertion into the O-H bond, whereas alkane elimination is a result of insertion into 

the C-O bond of the alcohol. 

 

The gas-phase reactions of a series of (di)manganese carbonyl positive ions with 1,4,7-

trimethyl-1,4,7-triazacyclononane (Me3TACN) as described in Chapter 5. The 

monomanganese carbonyl ions, Mn(CO)n
+
 (n = 2–5), react predominantly by ligand 

exchange and to a minor extent by electron transfer with the formation of the radical cation of 

Me3TACN. The ligand exchange of the Mn(CO)n
+
 (n = 2–4) ions results in the exclusive 

formation of a Mn(Me3TACN)
+
 complex, whereas a minor amount of Mn(CO)(Me3TACN)

+
 

is also formed in the reactions of the Mn(CO)5
+
 ion. The Mn2(CO)n

+
 ions (n = 2, 4 and 5) 

react likewise by competing electron transfer and ligand exchange. The latter reaction of the 

Mn2(CO)2
+
 and Mn2(CO)4

+
 ions is associated with cleavage of the Mn-Mn bond as 

evidenced by the formation of Mn(Me3TACN)
+
 ions. For Mn2(CO)5

+
, the ligand exchange 

results in the additional formation of Mn2(CO)n(Me3TACN)
+
 (n = 1–3) ions that react 

subsequently by the incorporation of a second Me3TACN molecule. The thus formed 

Mn2(CO)(Me3TACN)2
+
 and Mn2(CO)2(Me3TACN)2

+
 species are able to add an oxygen 

molecule with formation of ions with the assigned composition of 

Mn2(O2)(CO)(Me3TACN)2
+
 and Mn2(O2)(CO)2(Me3TACN)2

+
.  

 

The final chapter covers the gas-phase reactions of manganese acetyl carbonyl ions 

(Mn(COCH3)(CO)n
+
; n = 0–4) with methanol and 1,4,7-trimethyl-1,4,7-triazacyclononane 

(Me3TACN). The predominant reaction pathway in the reactions of the Mn(COCH3)(CO)n
+
 

ions (n = 2–4) with methanol is the incorporation of an alcohol molecule and the loss of CO 

ligands with the formation of ions that are likely to contain the intact acetyl ligand. The 

Mn(COCH3)(CO)n
+
 ions (n = 0, 1) react, however, with methanol by the formation of 
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Mn(CH3)(CH3OH)
+
 ions, thus indicating the occurrence of a methyl shift to the metal centre. 

The methyl group migration is likely to occur prior to and/or during the reactions with 

methanol if the reactant ion is coordinatively unsaturated; that is, if less then 2 CO ligands 

are present in the reactant ions. In the consecutive reactions of the Mn(CH3)(CH3OH)
+
 ions 

with methanol, methane is expelled from the collision complex. According to 
13
C-labelling 

experiments, the methane molecule incorporates the methyl group from the acetyl ligand of 

the parent compound. Furthermore, a methyl shift occurs irrespectively of the number of 

ligands present in the reactant ion if Me3TACN is the substrate, as a result of the strong 

binding of this particular ligand to a manganese centre. 
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