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Abstract 

Gas phase chemistry of ions provides important insight into the reactivity, 

thermochemistry, reaction mechanisms, and structures of ions without the added 

complexity of solvent. Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass 

spectrometry is the most commonly used and ideally suited technique to study chemistry 

of ions in the gas phase. The ICR cell is like a small laboratory with controllable 

conditions, where ions are trapped and undergo reactions, therefore elementary steps of 

reactions can be easily tracked. Structural studies employing activation/fragmentation 

techniques such as infrared multiple photon dissociation (IRMPD) or sustained off 

resonance irradiation collisionally induced dissociation (SORI-CID) can be easily 

conducted using an FTICR instrument. 

This thesis presents study of transition metal complexes reactions with neutral 

molecules in the gas phase. The fLrst kinetic experiments were conducted for the 

association reactions of unsaturated ruthenium complexes [Ru(bipy)X]2
+ (X bipyridine, 

2-(pyridin-4-yl)-1 ,3-benzothiazole, or 5-aminophenathroline) with CO and 0 2 to explore 

mechanism of the ion-molecule reactions in the low pressure environment of the ICR 

cell. The association adduct complex [Ru(bipy)2C0]2
+ was then used to activate C-H or 

C-C bonds of various alkanes. Computational chemistry was also employed to further 

investigate the mechanism of the dehydrogenation and demethanation reactions between 

chemically activated [Ru(bipy)2C0]2
+ and alkane molecules. 
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Finally, structures and fragmentation pathways of Zn2
+ complexes with proline 

were studied. IRMPD spectroscopy in conjunction with computational chemistry was 

used to explore the structures of the deprotonated zinc-proline complex, [Zn(Pro-H)t, 

and the singly hydrated complex [Zn(Pro-H)(H20 )t. Furthermore, fragmentation 

reactions of deprotonated zinc-amino acid dimer complexes [Zn(A-H)(A)t (A = proline, 

sarcosine, alanine, and glycine) were studied using IRMPD and SORI-CID. The different 

fragmentation channels observed for secondary amine complexes, proline and sarcosine, 

and primary amine complexes, alanine and glycine, were interpreted by computational 

chemistry results. 
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Chapter 1. Introduction 



1.1. General Introduction: Ion Chemistry in the Gas Phase 

Why study the chemistry of ions in the gas phase? The demand for knowledge 

about gas phase chemistry of ions has grown over the last decade. Definitely, this interest 

has been due to obtaining intrinsic properties of bare or ligated transition metal ions, 

without the added complexity of solvent as is the case for the condensed phase. Gas 

phase studies of ions not onJy provide valuable links to reaction mechanisms and 

structures of ions, but also allow one to assess the effect of solvent on reactivities or 

properties of ions. 1 Particular attention has been paid to gas phase ion-molecule reactions 

since better understanding the reactivity and reaction mechanisms helps to improve 

catalytic processes?-6 Gas phase experiments can provide a low pressure environment 

where reactant concentrations are sufficiently low to allow us to study an ion-molecule 

reaction on a step by step basis. For example, the Degussa process for hydrogen cyanide 

synthesis on the industrial scale was modeled for the first time by monitoring reactions 

between methane and ammonia on a single platinium cation Pt in the gas phase. 7 

Investigation of the elementary steps for the reaction showed that Pt selectively reacts 

with methane rather than ammonia to produce PtCH2 +(Scheme 1.1 ). Following the initial 

step, PtCH2 + reacts with NH3 followed by dehydrogenation processes to produce PtHCN+ 

(Scheme 1.1 ). This has been then extended to an industrial scale, and is used as one of the 

processes for production of HCN in industry. In this area, various transition metals and 

metal cluster ions were also studied for increasing selectivity of production of HCN. 8'
9 
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Pt + CH4~PtCH2+ + H2 

PtCH2 + + NH3~ PtCH2NH3 + ~ PtCH2NW + H2 ~ PtHCN+ + H2 

Scheme 1.1. The reaction mechanism for Degussa process modeled by the gas phase 

studies of reaction between Pt and ammonia and methane. 7 

Since carbon and hydrogen are the major atoms in petroleum compounds, metal 

mediated activation of C-H and C-C bonds are very important for production of useful 

petrolellill-based compounds. In recent years, development of gas phase ion-molecule 

reactions has led to considerable attempts to introduce new metal complexes for catalytic 

activation and functionalization of organic complexes. C-H bond activation leads either 

to dehydrogenation processes, producing olefins which are commonly used as industrial 

feedstocks in polymerization, or functionalization processes involving addition of various 

functional groups such as 0-H, S-H, N-H, or aromatic groups across C-H bonds. 10
-
14 

These processes are catalyzed by metal complexes. More knowledge about the 

mechanisms and elementary steps of these reactions using simple systems in the gas 

phase can help to design and develop more efficient catalysts. 

Reactions of interstellar clouds can be studied in a gas phase laboratory. In the 

interstellar mediWll, molecules or atoms are ionized by absorbing energy from UV 

radiation. These ions then react with atmospheric molecules initiating synthesis of 

polyatomic compounds.15 For example, reactions of H3 + and CH3 + with different neutral 

atmospheric molecules play a critical role in growth of interstellar clouds. 16 In this 
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respect, gas phase studies have allowed determination of the mechanisms and rate 

coefficient of reactions. 17
-

19 

The study of gas phase ion-molecule reactions began with small ligands such as 

C020
, H20 21

, NH3
19

, COl0
, and small hydrocarbons5

'
22 and has continued with large 

biological molecules such as amino acids, peptides, and proteins.23
-
31 Interactions of 

metal ions with proteins can induce new fragmentation processes that can be studied by 

means of tandem mass spectrometry, which is commonly used for determining amino 

acid sequences. 32
-
35 Furthermore, binding metal ions with biological molecules can 

stabilize a particular conformation which is genetically or chemically significant. For 

example, cobalt ion has been known to induce the conversion of the B-conformation of 

DNA to the Z-conformation.36 Metal ions also have been shown to stabilize double helix 

or single helix forms of nucleic acids.35 Thus, the gas phase study of metal-biological 

complexes is useful for exploring the influence of metal ions on conformational changes 

of biomolecules. Study of the interactions between metals and biological molecules is 

beneficial for exploring the catalytic effect of metal ions on the aggregation of amino 

acids leading to progression of Alzheimer' s disease. 37
,
38 

In this thesis, various gas-phase experiments under ICR mass spectrometer 

conditions have been carried out for three different goals. The first was a kinetic and 

mechanistic study of reactions between ruthenium complexes and neutral molecules 

producing association ion-molecule complexes. In Chapter 3 kinetic modeling of 

radiative association reactions helped characterize the association reaction between 

coordinatively unsaturated ruthenium complexes and small neutral molecules. Secondly, 
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catalytic dehydrogenation and demethanation of alkanes by newly formed complexes 

from the association of neutral molecules with ruthenium complexes were studied and are 

reported in Chapter 4. Finally, the structures as well as fragmentation reactions of Zn2
+­

bound amino acid complexes are explored in chapters 5 and 6. In particular, the 

fragmentation pathway and reaction mechanism for dehydrogenation of a deprotonated 

proline dimer complexes with Zn2
+, [Zn(Pro-H)(Pro)t, were investigated usmg 

activation/fragmentation mass spectrometry techniques m conjunction with 

computational chemistry, and is discussed in Chapter 6. 

1.1.1. Ion-Molecule Radiative Association Reactions 

Gas phase ion-molecule association reactions are a principal step in catalytic 

activation of neutral molecules in interstellar molecule synthesis reactions and industrial 

petroleum reactions. 17
'
39 Kinetics and thermodynamic studies of these reactions are 

required for modeling and detailed characterization of reactions. 

Mass spectrometry is well-suited for such studies, where ions are generated by 

one of many ionization techniques, then allowed to react with neutral molecules. In this 

method, intensities of reactant ions and ion-molecule adduct ions are monitored as a 

function of reaction time. In the early years of working with mass spectrometers, the ion 

source was the reaction vessel for gas phase ion-molecule reactions.40 However, study 

ion-molecule reactions under highly-controlled conditions, various ion trapping methods 

such as Fourier transform ion cyclotron resonance FTICR mass spectrometry and 
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quadrupole ion trap QIT mass spectrometry were employed.5
•
4 1

•
42 In the last 10 years 

thousands of papers have been published about gas phase ion-molecule reactions in an 

ion trap. This shows the influence of mass spectrometry on the characterization and 

development of new chemical processes. 

FTICR mass spectrometry is the most commonly used and ideally suited 

technique to study ion-molecule reactions, where ions are passively trapped inside the 

ICR cell and undergo reactions with neutral molecules. Under the low pressure 

conditions of the ICR cell, radiative association is the common mechanism for formation 

of ion-molecule complexes. Modeling of radiative association kinetics has been 

extensively employed to obtain useful information such as bond strengths for various ion-

molecule complexes.43
-
50 These studies indicated that the kinetic modeling can give the 

bond strength of ion-neutral complexes with a sufficient precision. 

A radiative association reaction can be described as 

1.1 

where kra is a phenomenological second-order rate constant, and hv is the photon emitted 

in the infrared region. A more detailed mechanism for an ion-molecule association 

reaction is 

1.2 

1.3 
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where kr is a collision rate constant for formation of a metastable ion-molecule complex 

AB+*, and kb is an unimolecular dissociation rate constant of the newly formed AB+*. 

This metastable complex, AB+*, is stabilized by emission of infrared photons with rate 

constant kr to generate AB+. The AB+* ion can also be stabilized by collision with a 

neutral molecule; kcB is the rate constant for collisional stabilization, B is the fraction of 

neutral molecules that stabilizes the complex through collisions, which is assumed 13=1 

for the strong collisional stabilization, and [M] is the concentration of neutral 

molecules.51 In this mechanism, redissociation of AB+* to its reactants is in competition 

with the stabilization of AB+* through infrared photon emission. For pressures above 10-7 

mbar, collisional stabilization can be important. At pressures lower than 1 o-7 mbar, 

radiative emission becomes the dominant channel for stabilization. 52 By steady state 

analysis for the concentration of AB+*, an observed bimolecular rate constant for 

formation of the ion-molecule complex is given by 

k _ kt(kr+kc[M]) 

obs - kb+kr+kc[M] 
1.4 

By performing a Taylor series expansion about [M]=O, kobs is presented as 

1.5 

As seen in Eq 1.5 the bimolecular rate constant equation is first order in the concentration 

of neutral molecules. Therefore, a pressure dependent experiment can provide kb and kn 

respectively, from slope and intercept ofthe observed rate constant, kobs, as a function of 

pressure as long as one assumes k1 and kc are simply collision rate constants that can be 

7 



computed.53 Theoretical kb values can also be calculated by the Rice- Ramsperger­

Kassel- Marcus (RRKM) kinetic modeling of the radiative association reaction. In this 

model, the strong dependence of kb on the energy distribution E and angular momentum j 

of the complex, AB+, are employed to obtain the theoretically estimated kb values. 5° kb 

also is dependent on the binding energy of the ion-molecule complexes. The agreement 

between measured value of kb with the estimated kb value from RRKM modeling has 

been used to determine the dissociation energy of ion-molecule complexes. 4349 
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1.1.1.1 Determination of Binding Energy by FTICR Radiative Association Kinetics 

Measurements 
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time/s 

Figure 1.1. A plot of intensity as a function of time for the association reaction of 

protonated diethyl ether with ethanol. Figure adapted from J. Phys. Chern. A 2002, 106, 

1576-1583 with permission from American Chemical Society.48 

There are many studies focused on low pressure radiative association to obtain 

binding energy of various ion-molecule complexes.43
•
46

•
48

•
49 Fridgen and McMahon, 

determined the binding energies of the unsymmetric diethyl ether/ethanol proton-bound 

dimer, using radiative association kinetics measurements.48 At the very low pressures of 

the ICR cell, the collision between protonated diethyl ether and ethanol results in the 

association of ethanol to protonated ethyl ether, Eq. 1.6. 
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Figure 1.2. A plot of observed rate constant, kapp, as a function of pressure of neutral 

ethanol for the association reaction of protonated diethyl ether with ethanol. kb and kra 

were obtained from the slope and intercept. Figure reprinted from J. Phys. Chern. A 

2002, 106, 1576-1583 with permission from American Chemical Society.48 

A plot of normalized intensities as a function of time for the association of neutral 

ethanol to protonated ethyl ether, (CH3CH2) 20H\ at an ethanol pressure of 1.3 x 1 o-8 is 

shown in Figure 1-1 . There was a pressure dependency for the rate constant for the 

association reaction at a range of pressures between (0.5- 12) x 10-8 mbar as shown in 

Figure 1.2; the higher the pressure, the greater the rate constant for the formation of 

proton bound dimer due to the increase in the number of third-body collisions and 

consequent increase in the rate of stabilization (kc) of the nascent ion-molecule complex. 
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Further, there was a non-zero intercept in the plot of rate constant as a function of 

pressure (see Figure 1.2), indicating that the nascent complex can also be stabilized in a 

collision free condition by emission of infrared photons. Using Eq (1.5), unimolecular 

dissociation rate constant, kb, was determined to be 2.4(±6.29) x 10-4 s-1 from the slope of 

the rate constant as a function of pressure plot with ion- polar molecule rate constants, kr 

and kc, having been computed using an algorithm of Su and Chesnavich. 53 

The theoretical values of the unimolecular rate constant, kb, were also estimated at 

various binding energies of the nascent ion-molecule complex (Figure 1.3) using RRKM 

kinetic modeling.54 As shown in Figure 1.3 the experimental and theoretical kb nicely 

match at the binding energy of 1 09± 1 kJ mor 1• This binding energy was also in good 

agreement with that obtained from calculations using B3 L YP /6-311 G* * level of theory 

(114.6 kJ mor1
) . 
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Figure 1.3. Plot of the RRKM unimolecular dissociation rate constant at various binding 

energies for an ion-molecule adduct complex between diethyl ether and ethanol. Figure 

reprinted from J. Phys. Chern. A, 2002, 106, 1576-1583 with permission from American 

Chemical Society.48 

1.1.1.2. Structural Characterization of Metal Ion Clusters in the Reaction with Polar and 

Nonpolar Molecules by FTICR Radiative Association Kinetics Study 

Radiative association reactions were also used to better understand the reactivity 

and to structurally characterize clusters composed of transition metal ions.55
-
58 As an 

example, the gas phase reactivity of metallocarbohedrene Ti8C12+ with small molecules 

spectrometer.58 In this study, the radiative association reaction efficiency was monitored 

12 



as the coordination number increases. For the reactions between neutral molecules and 

TisC1/, a simple sequential addition was observed to produce TisCdL)n+· The pseudo-

first order kinetic plots showed decaying slopes of reactant ion intensity versus time with 

addition of each ligand indicating a reduction of the reaction rates as a function of the 

number of ligands. A significant decrease in addition of a fifth polar molecule such as 

NH3, H20, and CH3CN was observed indicating a dramatic change in binding of the 

ligand with the Ti8C12 + cluster at this point. These results were explained by two 

proposed structures of Ti8C1/, a pentagonal dodecahedral structure with Th symmetry 

and a tetracapped tetrahedral withTd symmetry (Figure 1.4). 

Q Ti 

0 c 

Figure 1.4. The proposed structures of Td and Th for Ti8C12+ based on the experimental 

results obtained from monitoring rate efficiencies for the sequential addition of neutral 

molecules. Figure modified and reprinted from http://what-when-how.com/nanoscience-

and-nanotechnology/nanocrystalline-materials-synthesis-and-properties-part-1 -

nanotechnology. 
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In the Td symmetry of the structure ofTi8C12+, four metal atoms are in each outer 

and inner shell. Four outer shell metals form a skeleton for the tetrahedral structure, 

whereas four inner shell metals are located in the faces of the tetrahedral skeleton. Based 

on this structure, the four metal atoms in the outer shell are more accessible than the inner 

shell atoms, explaining why a significant decrease of the rate efficiency was observed 

from the addition of fourth ligand to fifth ligand.58 

Th was the other proposed structure used to explain the experimental results 

obtained from the reactivity ofTi8C 12+ for the sequential addition of neutral molecules.58 

In the Th structure of Ti8C1t, four atoms are nonadjacent, and a fifth metal atom is in 

coordination with three metal atoms. The greater accessibility of four nonadjacent metal 

atoms can be the reason for the significant drop-off of the rate constant for the association 

of the fifth ligand. Indeed, coordination of the fifth metal atom with three metal atoms 

sterically hinders the attachment of the fifth ligand. In the reaction of H20 with TisC1/ , 

there was less reduction in the efficiency of addition of the fifth ligand compared to NH3 

addition which is probably due to hydrogen bonding of adjacent water molecules. In the 

reaction of CH3CN with Ti8C12 +, the association reaction was sharply cut off after the 

fourth ligand, and no higher number of CH3CN was added even at longer reaction 

times. 58 It was suggested that CH3CN is coordinated with two bridged metal atoms 

through a p - system; hence coordination of four ligands confines all eight metal atoms in 

TisC1t . Non polar molecules, C6H6 and Czllt, also reacted with TisC12+ to yield 

Ti8CIZ(L)/ complexes. Rate constants for association of C6H6 were monotonically 

reduced from n= l to n=4, and stopped at the fourth ligand suggesting the coordination of 
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a single metal atom with 116 -C6H6 through a p -bound. The 116 -coordination of four C6H6 

sterically blocks the other four metal atoms in both the T d or T h structures. In addition, 

the association of C2!4 was observed to be slower than the other molecules, which can be 

explained by a relatively weaker binding energy between C2H4 and Ti8C12+.
58 Under low 

pressure conditions within the ICR cell, third-body collisions are too rare; therefore, 

radiative stabilization is the likely pathway available for removing the excess energy of 

nascent ion-molecule complexes. The radiative stabilization is strongly dependent on the 

binding energy of the ion-molecule adduct explaining the slow association reactions of 

weakly-bound ligands with Ti8C12+.ss,s9 As seen, by this example a simple FTICR kinetic 

study of ion-molecule association reactions gives some useful information about the 

structures of metal clusters and their interactions with neutral molecules. 

1.1.2. Gas phase Metal and Metal Complex Ions in Catalytic Reactions 

1.1.2.1. Petroleum Reforming Processes 

Conversion of hydrocarbons, the most common form of compounds in crude oil, 

to more useful petroleum products is essential to the petroleum industry. In the reforming 

process, the octane rating of hydrocarbons is upgraded by removing hydrogens to 

produce compounds such as alkenes, parafins, dienes, alkynes, or aromatics. Thermal 

cracking of hydrocarbons is another type of reforming process that involves breaking 

apart the long heavy hydrocarbons into lighter or short chained ones. Moreover, 

functionalization of hydrocarbons involving insertion of atoms or functional groups into 
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C-H or C-C bonds is the other important reforming process for use of fossil resources in 

industry.1° For instance, a simple functionalizing process in industry is insertion of 

oxygen into a C-H bond of methane, converting it to methanol.60 

1.1 .2.2. Catalytic Reforming 

Activation of a C-H or C-C bond is a crucial step in all the processing reactions 

mentioned above. Because the C-H and C-C bonds are the least reactive bonds in the 

chemistry of organic compounds, the activation or breakage of these bonds requires high 

temperature processes. Higher temperature makes these reactions faster, but it can also 

change molecular structures of the products. In the case of hydrocarbon functionalization 

processes, products might also be more reactive than reactants, activating further 

conversion of products to undesired compounds. Oil and gas industries annually spend a 

great deal of energy for high temperature processing of petroleum compounds. To 

overcome this important problem, one may consider catalytic conversion. Catalytic 

processing is a powerful method to selectively activate a particular C-H or C-C bond so 

that the rest of the molecule remains unchanged. A large amount of research has been 

focused on the design and development of catalytic systems for activation of 

hydrocarbons. The most common catalysts being used in petroleum reforming contain 

transition metals such as Cr, Mo, Co, Ni, and Pt.61
-64 
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1.1.2.3. Gas Phase Activation of Hydrocarbons via Transition Metal Ions 

As a result of high activity and selectivity of transition metals in activation of 

hydrocarbons, much attention is devoted to development of these catalytic reactions. In 

this respect, gas phase experiments can help us to understand the elementary steps of 

catalytic activation of alkanes under well-controlled conditions. Research on the gas 

phase activation of alkanes by transition metal ions began three decades ago.65 Irikura 

and Beauchamp studied reactions between the smallest alkane, methane, and many singly 

charge transition metals (Ml in the gas phase.66
•
67 They found that transition metal 

cations can react with methane to yield H2 and MCH2+. The H2 elimination from methane 

is an endothermic reaction by 465 kJ mor1
.
68 Hence, only metals with M-CH2 binding 

energies larger than 465 kJ mor1 were observed to react with methane through the H2 

elimination channel (see table 1.1 ). 69
-
71 

Bohme and coworkers studied the reactivity of 59 mono cations including those 

from the fourth, fifth, and sixth period transition metals with methane.68 Atomic metals 

were ionized in an inductively-coupled plasma (ICP) source and allowed to be 

thermalized through multiple collisions with helium and argon gas. In the reaction of 

thermalized ions with methane two different reaction channels, elimination of H2 and 

addition of CH4 were observed. Fourth and fifth period transition metals reacted with 

C~ to form only the adduct products M(C~t. H2 elimination efficiently occurred only 

for the sixth period transition metal ions, Ta+, W, Os+, It, and Pt+. In order for the 

dissociation reaction of CH4 into CH2 and H2 to take place, the binding energy (M-CH2t 
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must be equal to or larger than 465 kJ mor1
, which is the case for only sixth period 

transition metal ions Ta+, W , Os+, Ir+, and Pt as shown in Table 1.1. 

Table 1.1. Methylene binding energies (kJ mor1
) of fourth, fifth, and sixth period metal 

cations. Table reproduced from J. Phys. Chern. A, 2009, 113, 5602-5611 with permission 

from American Chemical Society.68 

Fourth period Fifth period Sixth period 

~ Do M-CH2+ 
a ~ D M-CH2+ 

a ~ D M-CH2+ 
a 

Sc+ 402 ± 23 y+ 388 ± 13 La+ 401 ± 7 

Ti+ 380± 9 zr+ 477 ±4 Ht 435 ± 21 6 

y + 325 ± 6 Nb+ 427 ± 9 Ta+ 481 ± 21 !i 

Cr+ 217 ± 4 Mo+ 329 ± 12 w + 459 ± 6 

Mn+ 286± 9 Tc+ 347±21 c Re+ 400 ± 6(1 

Fe+ 341 ± 4 Ru+ 344 ± 5 Os+ 471 e 

Co+ 317 ± 5 Rh+ 356 ± 8 Ir+ 475 ± 3 

Nt 306 ± 4 Pd+ 285 ± 5 Pt 463 ± 3 

Cu+ 256± 5 Ag+ > 107 ± 5 Au+ 372 ± 3 g 

a from ref 70
, b from ref72

, c from ref73
, d from ref74

, e 75
, f from ref 9

, g from ref76 
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1.1.2.4. Mechanism for the Dehydrogenation and Demethanation of Alkanes by Metal 

Ions 

Oxidative addition-reductive elimination is a well-known mechanism for alkane 

dehydrogenation or demethanation via metal ions. Oxidative addition is an important type 

of reaction in both synthesis and catalysis chemistry. In the oxidative addition of AB to 

LnM, the A-B bond is cleaved and ligands A and B donate one electron each into the 

metal coordination sphere to form M-A and M-B bonds (Eq 1-7). A pair of electrons is 

transferred from the A-B bond into the cr orbital of the metal and in return a pair of 

electrons from the metal is transferred into the cr* orbital of the A-B bond resulting in the 

A-B bond's cleavage.77 

Oxidative addition /A 
LnM + A-B LnM 

"'B 1.7 

In this process, since the oxidation state and coordination number of the metal each 

increases by two units, it is called oxidative addition. It is a specific characteristic of 

transition metals that change their formal oxidation state by taking an additional covalent 

bond via an oxidation step and releasing a covalent bond in a reduction step of a reaction. 

Therefore, the metal must have the capacity to reach an oxidation state two units higher 

than the more stable oxidation state to undergo an oxidative addition process.77 

Reductive elimination is the product-releasing step of a catalytic reaction which 

follows an oxidative addition process. Reductive elimination is the reverse of oxidative 
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addition and leads to the expulsion of A-B from LnM(A)(B) (Eq 1.8). It obviously means 

that the oxidation state of the metal is reduced by 2 units when a 2 e- coordination site is 

opened up by loss of A and B. Reductive elimination reactions are favoured when the A-

B bond is stronger than theM-A and M-B bonds. For example, alkyl metal hydride and 

dihydride complexes release neutral alkane and H2, respectively, via the reductive 

elimination process.77 

/A Reductive elimination 
LnM LnM + A-B 

""B 1.8 

On this basis, the mechanism of dehydrogenation of methane involves activation of a C-

H bond and consequently insertion of the metal into the C-H bond to form H-M-CH3 +. 

The next step in this mechanism is a-migration of a second H to the metal center and 

formation of a dihydrido intermediate (H)2MCH2 + (3 in Scheme 1.2), which then leads to 

a dihydrogen complex (H2)MCH/ (4) via a reductive elimination.78 In the following 

step, the dihydrogen complex eliminates H2 to form the product ion MCH/. The a-

transfer of a second H can also directly lead to a dihydrogen complex (H2)MCH2 + 

followed by expulsion ofH2.
68

•
78 
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CH3~~ 
H -= _ +/ 

f ) \ I :2C~M,H --
H2C-M-H -L t + 

2 H2C=M(H2) 

4 

Scheme 1.2. The mechanism of dehydrogenation of methane via oxidative 

addition/reductive elimination. Scheme reproduced and reprinted from Chern. Rev. 2009, 

11 0, 11 70-1211 with permission from American Chemical Society. 80 

For alkanes larger than methane, dehydrogenation was found to be the major 

reaction channel in the reaction with transition metal ions.79
.
81 For this reaction to take 

place, the energy of the metal carbene bond must exceed the energy of hydrogenation of 

olefins estimated, at 90-130 kJ mor', which is possible for most of the transition metals.78 

For the mechanism, it is now postulated that the metal ion inserts into the C-H bond 

followed by I3-transfer of hydrogen leading to reductive 1 ,2-elimination of H2 as 

illustrated in Scheme 1.3. It was reported that 1,1-dehydrogenation is an insignificant 

process for alkanes with at least two carbon atoms. 82 Roithova and Schroeder postulated 

two possible channels for dehydrogenation of alkanes longer than ethane as shown in 

Scheme 1.3.78 
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Scheme 1.3. Two possible channels for dehydrogenation of alkanes longer than ethane. 

Scheme reproduced and reprinted from Chern. Rev. 2009, 110, 1170-1211 with 

permission from American Chemical Society. 78 

One possible channel is insertion of the metal cation into the C-H bond of the 

terminal methyl group via an oxidative addition mechanism to give intermediate product 

2 in Scheme 1.3. The second possibility is the secondary C-H bond cleavage by metal to 

yield the intermediate product 3. The intermediate structures from oxidative addition can 

continue the process by B-H transfer to lead a dihydrido complex 4. The dihydido 

complex then eliminates neutral H2 to produce the dehydrogenation product via reductive 

elimination. However, although the 1 ,2-elimination reaction was mostly observed in the 

reaction of alkanes with transition metals, a specific 1 ,4-elimination of alkane was 

reported in the case ofNi+.83 Labeling experiments revealed that the nickel cation inserts 

into the central C-C bond followed by B-H transfer (Scheme 1.4). After this step, the 

second B-H transfer occurs leading to dihydrido intermediate complex which then yields 

neutral H2 and Ni(C4Hst via reductive elimination. It should be noted that the preference 

of Nt for insertion into a C-C bond rather than a C-H bond is energetically reasonable 
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considering the nickel ion-methyl binding energy Do(Nt-cH3) = 201 kJ mor' m 

comparison with nickel ion-hydride binding energy Do(Nt-H) = 180 kJ mor1
•
83 

+ 
Ni \_ ~ Ni 

C-C oxidation \ 
addition 

8-H transfer .. H 8-H transfer H HH 

II + I '\. I - 2 I' + 'I 
-Ni "-- ., y"ii 'I Redu;ve 1-Ni-1 

elimination 

Scheme 1.4. The mechanism for dehydrogenation of n-butane by Nt revealed by HID 

labeling experiment. Scheme reproduced and reprinted from Chern. Rev. 2009, 110, 

1170-1211 with permission from American Chemical Society. 78 

Furthermore, theoretical studies suggested the concerted pathway for 

dehydrogenation of hydrocarbons involving a multicentered transition state (MCTS) 

instead of the intermediate produced from the B-H transfer. The MCTS structure could 

explain the experimental results for which the elimination of H2 or C~ was not observed 

from the reaction of Fe+ with C2H6• 
78 As shown in Figure 1.5, the iron cation inserts into 

a C-H bond with an energy barrier of 33.5 kJ mor' lower than the energy ofreactants.84 

In the next step, H-Fe-C2H5 follows a concerted pathway to lead a MCTS lying 29.3 kJ 

mor' above the energy of reactants. The MCTS is directly transferred to the dihydrogen 

complex H2M(C2~t followed by elimination of H2. This mechanism could account for 

why the dehydrogenation product was not observed in the Fe+/C2H6 reaction in the gas 

phase. 
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-113 

-38 
+ 

H-Fe H 
\ ~H c-c 

H~· \ 'H 

H 

Figure 1.5. Energy diagram for dehydrogenation of ethylene by Fe+. Energies are given 

in kJ mor1
• Scheme reproduced and reprinted from J. Phys. Chern. 1996, 100, 6236-6242 

with permission from American Chemical Society.84 

The absence of C-C bond activation and consequently the absence of CH4 

elimination in the reaction of ethane with Fe+ could be also explained with a similar 

mechanism involving the MCTS. Based on this mechanism, the oxidative addition 

process leading to the insertion of metal into the C-C bond produces a CH3-M-CH3 

intermediate. It is followed by a MCTS lying 92 kJ mor1 higher than the energy of the 

reactants (Figure 1.6).84 This energy diagram clearly explains why loss of methane was 
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not a product of the Fe +/C2H6 reaction. Accordingly, all the experimental results for 

distribution of H2 and CH4 products in the reactions of Fe+, Ni+, and Co+ with propane 

are in agreement with the concerted pathway in which bond insertion CH3-M-CH3 leads 

to an exit channel complex via a MCTS. DFT calculations based on this mechanism 

revealed that the elimination of CH4 is energetically favored for the reactions of Nt and 

Fe+ with propane, whereas loss ofH2 is energetically preferred in the reaction of Co+ with 

propane.85 
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Figure 1.6. Energy diagram for demethanation of ethylene by Fe+. Energies are given in 

kJ mor1
• Scheme reproduced and reprinted from J. Phys. Chern. 1996, 100, 6236-6242 

with permission from American Chemical Society.84 

1.1.2.5. C-H Bond Activation by Ligated Metals or Metal Complexes 

Despite a large amount of work in the gas phase activation of alkanes, studies of 

ligated transition metals are limited. Bare metals have been extensively focused on and 

found to be active catalysts for the C-H and C-C activation of alkanes in the gas phase. 
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The study of reactions of ligated metals with alkanes is essential to provide insight into 

more realistic catalysts for activation of alkanes in the condensed phase, where a metal is 

surrounded with different ligands or solvents. Dehydrogenation and demethanation of 

alkanes have been studied for transition metal ions ligated with CO, H20 , F, Cl, OH, or 

0.86
'
87 The reactivity and selectivity of transition metal ions can be affected by ligation, 

which is discussed further in Chapter 4. Moreover, C-H bond activation was investigated 

for transition metal ions coordinated with larger ligands. Butschke et al. 88 investigated 

activation of methane (where methane was fully deuterated CD4) in the reaction with 

[Pt(CH3)(L)t inside a hexapole collision cell where L was a pyridine containing ligand 

such as pyridine (py), 2-2' bipyridine (bipy), or 1-10' phenanthroline (phen). The 

collision-induced dissociation experiments showed that these complexes reacted with 

CD4 to undergo one, two, or three HID exchanges which is accordingly indicative of the 

platinum complexes capability to activate three C-D bonds of methane. CID experiments 

revealed the elementary steps of HID exchange reactions between methyl group and 

deuterated methane which involves an addition of CD4 to [(CH3)Pt(L)t to form an 

adduct complex [(CH3)Pt(L)(CD4)t followed by a C-D bond activation ofCD4 leading to 

the cleavage of a C-D bond. In the following step, the deuterium migrates to the methyl 

group to form [(CH3D)Pt(L)(CD3)t (Scheme 1.5). The reaction continues by C-H bond 

activation of the CH3D ligand and leads to transfer of the hydrogen to the CD3 ligand to 

form [(CHzD)Pt(L)(CHD3)t. This product can undergo further HID exchange reactions 

to form a fully deuterated methyl group [(CD3)Pt(L)(CH4)t .88 
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HID exchange 

Scheme 1.5. C-D bond activation of fully deuterated methane by [Pt(CH3)(L)t where L 

was pyridine (py), 2-2' bipyridine (bipy), or 1-1 0' phenanthroline (phen). 

Two different mechanisms were proposed for the HID exchanges within the 

complex. The cleavage of a C-D bond can occur by insertion of Pt(II) into the C-D bond 

to produce a Pt(IV) via an oxidative addition mechanism followed by D transfer from Pt 

to the CH3 group (Scheme 1.6). The other possible scenario is termed cr-bond metathesis, 

which involves an addition of a C-D bond as a ligand to a platinum center without a 

change of the metal oxidation state. In the following step, the cleavage of the C-D bond 

and transfer of D directly to the methyl group would occur simultaneously (Scheme 1.6). 

88 

a-bond metathesis oxidative addition 

Scheme 1.6. Representation of cr-bond metathesis and oxidative addition of CD4 to 

[Pt(CHJ)(L)t complex.88 
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Furthermore, Butschke and coworkers studied the C-H bond activation of benzene 

in a reaction with [Pt(CH3)(L)t complex where L=2,2'-bipyridine (bipy).89 It was shown 

that the gas phase reaction between [Pt(CH3)(bipy)t and benzene resulted in methane 

elimination. Indeed, the product ion [Pt(bipy)(C6H5)t was indicative of C-H bond 

activation and consequently C-H bond cleavage of benzene followed by a proton-transfer 

process and liberation of methane. DFT calculations have provided the potential energy 

surfaces for the liberation of methane via both the oxidative addition/reductive 

elimination and metathesis mechanistic pathways. However, no distinctive preference to 

either of these pathways was shown except a slight stabilization of the rate determining 

transition state via the metathesis mechanism.89 

1.1.2.6. C-H Bond Activation via a-bond Complex Intermediate 

In the activation of a C-H bond via a-bond complex, the C-H bond as a ligand 

binds to a coordinatively unsaturated metal with a :S16-electron configuration without any 

bond cleavage or change in metal oxidation state. A sigma complexation occurs rather 

than oxidation addition when the metal is a good a acid to accept two electrons from the 

C-H bond but is not a good p base for back donating of electrons to the C-H a* orbital to 

break the C-H bond. In this case a 3-center- 2-electron (3c-2e) interaction is formed, 

where metal is bonded to both hydrogen and carbon. a-bond complexation is an 

important process inC-H bond activation by unsaturated metal complexes. For example, 

in ligand exchange reactions between ML + and R-H, a a-complex is formed followed by 

proton-transfer to the ligand to form L-H and MR+ (Scheme 1.7).78 Similarly, in the 

29 



reaction between C6H6 and [Pt(CH3)(bipy)t, as discussed above, activation of the C-H 

bond can occur through a cr-bond complexation between [Pt(CH3)(bipy)t and the C-H 

bond of benzene. This complex then undergoes the proton-transfer to methyl group and 

liberation of methane. 89 

ML++ R-H 

L 

R 
I ' 

I ' + I ' 
- --1 .. ~ M----~H 

\~.(I 

R 

+I 
---1 .. ~ M. H 

',,/ 
---i.,~ MR++ LH 

L' 
Scheme 1.7. Representation of cr-bond metathesis mechanism for C-H bond activation by 

unsaturated metal complexes. 

1.1.3. Structural Studies of Biological Cations in the Gas phase 

Gas phase studies provide the opportunity to picture detailed structures of 

biological ions in the absence of solvent. However, gas phase studies allow the effect of 

adding various numbers of solvent molecules to be examined on the structural 

configurations of biomolecular ions. In recent years, infrared multiphoton dissociation 

(IRMPD) spectroscopy has emerged as a powerful technique for structural analysis to 

provide evidence for gas phase structures of biological molecules such as cationized 

amino acids, peptides, and proteins. IRMPD spectroscopy is a technique used in a 

quadrupole ion trap or Fourier transform ion cyclotron resonance mass spectrometer 

coupled with an intense and tunable infrared light source. IRMPD spectroscopy relies on 

the absorption of infrared photons by trapped ions resulting in the fragmentation of ions. 

Fragmentation of ions in a range of infrared wavelength produces characteristic 
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absorption bands that can identify specific functional groups in a biomolecular structure. 

A more detailed description of the IRMPD technique is provided in chapter 2. 

Recently, studies on the structures of metal ion complexed with biological 

molecules have been of great scientific interest. Over the past few years IRMPD has been 

used to investigate the effects of large numbers of metals on the conformational changes 

of a variety of biomolecules. Atkins and co-workers studied the structure of the simplest 

aliphatic amino acid, glycine, complexed with lead (II) by IRMPD spectroscopy.90 The 

IRMPD spectrum of lead(II)-deprotonated glycine, [Pb(gly-H)t, along with the 

computed IR spectra for four structures is shown in Figure 1.7.90 The band observed at 

3552 cm-1 was assigned to the carboxylic acid 0-H stretch, whjch can spectroscopically 

rule out the structures ii, iii, and iv. The IRMPD spectrum is consistent with the 

computed spectrum of the lowest energy structure of [Pb(Gly-H)t, structure i, where 

Pb2
+ is bound to the deprotonated amine nitrogen and carbonyl oxygen. Therefore, 

IRMPD spectroscopy provided evidence indicating that glycine prefers to be 

deprotonated at N in interaction with lead [Pb(Gly-H)t. 

31 



/ 

ii iii iv 

12.5 0 27.9 61 .2 

0.~ 600 

[PbGiy-H]+ 
3552 

500 

>-u 
0.2 

1: 

~ 400 
;::: ., 

73 °C 0 
a.. 
::E 
~ 300 £ 0 0 n 

1: 
iii' 

~ 
:;· 

200 iD 
::J 
!!! . 

ii 
.:;;: 

-02 "' 3 

iii 
100 ~:. 

iv 0 

3200 3~00 3600 3600 

wavenumber I em·' 

Figure 1.7. IRMPD spectrum of [Pb(Gly-H)t compared with computed spectra for four 

structures. The computed spectra were taken from the B3L YP/6-31 +G( d,p) optimized 

structures of i , ii, iii, and iv. The 298 K relative enthalpies (kJ mor1
) were calculated by 

the B3L YP/6-31 +G(d,p)//MP2(full)/6-311 ++G(2d,2p) method. In all calculations, the 

LANL2DZ basis set and effective core potential were used for Pb2
+. Figure reprinted 

from J. Phys. Chern. B. 2009, 113, 14457- 14464 with permission from American 

Chemical Society.90 
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Similar to the IRMPD spectrum of [Pb(Gly-H)t, the 0-H stretch band at 3552 

em·' was also observed in the IRMPD spectrum of the monohydrated complex [Pb(Gly­

H)(H20)t (Figure 1.8). Two additional bands, one strong band in the 0 -H stretching 

region at 3661 em· ' and one weaker band in the N-H stretching region at 3365 em·' , were 

also observed. The spectrum interestingly rules out the structures in which intact water is 

attached to Pb2
+ (structures c, e, f, and g) due to lack of an asymmetric 0-H stretch 

predicted to be located around 3730 cm-1
•
91 By comparing the IRMPD spectrum and IR­

computed spectra, it is clear that the most stable structure, a, is the best match with 

IRMPD spectrum. Indeed, in the gas phase reaction of water with [Pb(Gly-H)t complex, 

the IRMPD spectrum suggested that the proton and hydroxyl group belonging to the 

water have transferred to the amine group (which was deprotonated at the bare complex) 

and Pb2+, respectively. 
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Figure 1.8. IRMPD spectrum of [Pb(Gly-H)(H20)t compared with seven computed 

structures. The computed spectra were determined from the B3L YP/6-31+G(d,p) 

optimized structures of i, ii, iii, and iv. The 298 K relative enthalpies (kJ mor1
) were 

calculated by the B3L YP/6-31 +G(d,p)//MP2(full)/6-311 ++G(2d,2p) method. In all 

calculations, LANL2DZ basis set and effective core potential were used for Pb2
+. Figure 

reprinted from J. Phys. Chern. B. 2009, 113, 14457- 14464 with permission from 

American Chemical Society.90 
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Compared to amino acids or small peptides containing two or three amino acids, 

there are a limited number of IRMPD studies for determining the conformational 

structures of larger biomolecules such as proteins or enzymes. The reason is that the huge 

numbers of vibrational modes of large molecules make a complicated IR spectrum that is 

difficult to interpret. Cytochrome c of bovine heart is one of the largest molecules studied 

by IRMPD spectroscopy in the gas phase.92 Infrared photodissociation spectra of 

potassiated-cytochrome c in different charge states are shown in Figure 1.9. In this case 

the metal cation, potassium ion, helps for observing IR-induced fragmentation of the 

protein since no dissociation product could be detected from the protonated protein. 

Thus, detachment of K+ from the potassiated-cytochrome c was the only favorable 

fragmentation pathway induced by IRMPD. As seen in Figure 1.9, the spectra contain 

three main features at 1483, 1535 and 1660 cm-1 with different intensities in different 

charge states of the protein. The 1660 and 1535 cm-1 bands were assigned to C=O stretch 

and N-H bending vibrational modes, respectively. The C=O stretching mode is known as 

the most useful feature in solution phase for determining the secondary structures of 

proteins, which was found to be in the 1630-1640 cm-1 range for antiparallel I3-sheets and 

1648-1658 cm-1 for a-helix.93 From solution phase to gas phase, a blue shift for C=O 

stretching suggests an a-helix secondary structure for the backbone of cytochrome c in 

the gas phase which is consistent with its structure in solution.93 The vibrational mode at 

1483 cm-1 is not well understood because no similar band was observed in solution. One 

possibility for this band is the COH in plane bending mode of COOH groups, which 
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grows with increasing the protein charge states due to the higher degree of coo-
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Figure 1.9. IRMPD spectra (red) of bovin cytochrome c in its several charge states. The 

blue curves depict the averages of several multiple scans. Figure reprinted from Mass 

Spectrom. Rev. 2009, 28, 468- 494 with permission from John Wiley and Sons Inc.92
·
94 

36 



1.1.4. Fragmentation Reactions of Biological Cations in the Gas phase 

In addition to IRMPD spectroscopy, biological metal cations have also been 

increasingly investigated by coillision-induced dissociation (CID) technique. In this 

technique, the ions trapped inside an ICR mass spectrometer are accelerated via an 

electrical potential, and then activated by collision with neutral gas such as argon, helium, 

or nitrogen. Upon collision with the neutral gas, some of the kinetic energy of the ions is 

transferred into internal energy resulting in the fragmentation of the ions. In a similar 

manner, infrared multiple photodissociation (IRMPD) has also been used to dissociate 

ions of interest by absorbing enough infrared photons irradiated by an intense IR laser. 

By identifying fragment ions in the mass spectrum, sequences of peptides or proteins can 

be determined. 95
-
10° Furthermore, binding sites between metal cation and biological 

species as well as their structures can be explored using CID-MS or IRMPD-MS 

h . 101 102M 1 . bl 1 d" . . . b bl d tee mques. · eta catiOns are a e to cata yze 1ssoc1atl0n reactions pro a y ue to 

stabilizing transition states for the rate determining step. 103 A large amount of research 

has been focused on fragmentation studies of metal cationized amino acids providing 

valuable information about biological systems. 103-107 Dissociation techniques combined 

with computational methods have helped in the understanding of mechanistic details of 

fragmentation processes providing the opportunity to explore the role of either metals or 

amino acids on the most favorable dissociation channels. For example, dissociation 

pathways resulting in loss of small neutral molecules such as CO, H20 , and NH3 are the 

most commonly observed by CID-MS of alkaliated amino acids. Abirami et al. 

investigated the competition of various dissociation channels for alkaliated alanine 
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([Alanine+Mt M=Li, K, Na) usmg CID-MS in conjunction with computational 

methods. 103 The fragment ions produced from loss of CO, H20 , NH3, and CO+NH3 were 

the dominant dissociation products for [Ala+Lit, where two additional fragment ions, a 

minor peak of [Na+H20t and major peak ofNa+ were also observed for sodiated alanine 

[Ala+Nat. In the case of [Ala+Kt, a very high-abundance peak ofK+, and minor peaks 

attributed to [K+H20t and [Ala+K-H20t were observed. Using density functional 

theory (DFT) calculations, the energy of rate determining steps for loss of CO, H20, and 

NH3 from lithiated alanine [Ala+Lit were determined to be 177, 182, and 206 kJ mor' 

which were in good agreement with the order of CID-threshold voltages for observing the 

fragment ions, - CO < - H20 < - NH3. In the dissociation patterns of [ Ala+Mt complexes 

(where M = Li, Na, or K), the metal ion signal for (Ala+Lit was not observed in contrast 

to the Na and K counterparts; this effect was attributed to the significantly smaller metal 

ionic size for Li (i.e. Lt < Na+ < K+). 108-11 0 The smallest ion Lt has the highest affinity 

to alanine making the strongest binding, consequently a dissociation channel leading to 

loss of the small neutral molecules such as CO, H20 , or NH3 is preferred. It is also 

reasonable that the largest ion K+ favors a dissociation pathway producing K+ since its 

binding energy with Ala (123 kJ mor1) is significantly lower than the barrier energies 

calculated for loss of small neutral molecules. 103 
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Figure 1.1 0. A schematic for the lowest energy structure of [Cu(Ura)(Ura-H)t optimized 

by B3L YP/6-31 +G(d,p) level oftheory. 111 

Other biological metaliated complexes such as nucleobases have also been 

investigated using CID and IRMPD activation/fragmentation. Ali and Fridgen studied the 

fragmentation pathway of a complex between Cu2
+ and two uracils, where one of the 

uracils is deprotonated [Cu(Ura)(Ura-H)t, using sustained off-resonance collision-

induced (SORI-CID), IRMPD activation, and isotope labeling in conjunction with 

computational methods. 111 The SORI-CID technique is described in detail in Chapter 2. 

Unexpectedly, loss of intact uracil was not observed as a fragmentation product of 

[Cu(Ura)(Ura-H)t, but loss of HNCO followed by HCN was the main fragmentation 

pathway. Isotope labeling experiments indicated that the decomposition of HNCO 

involves the N3 and 02 atoms. The potential energy surface revealed the mechanisms 

and energies required the competitive losses of HNCO and intact uracil beginning with 

the lowest energy structure. The lowest energy structure was calculated to be a four-

coordinate Cu2
+ bound between N3ura-H, 04ura-H, N3ura, and 02ura with an intramolecular 

hydrogen bond between 04ura and 0 2ura-H (Figure 1.10). For a neutral HNCO to be lost, 

the lowest energy structure undergoes an isomerization to the structure with Cu2
+ bound 
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to N1 ura-H and 02ura and an intramolecular hydrogen bond between Nl ura and 02ura-H· A 

significantly large barrier was calculated for this isomerization process. However, as seen 

in Figure 1.11 , dissociation of HNCO including the isomerization step is energetically 

more favorable than the simple dissociation of intact uracil. Further, fragmentation 

reactions of [M(Ura_H)(Ura)t for a nwnber of metals (M=Zn, Cu, Ni, Co, Fe, Mn, Cd, 

Pd, Mg, Ca, Sr, Ba, or Pb) were studied by the same group. 112 The fragment ion arising 

from the loss of HNCO was predominant for Zn, Cu, Ni, Co, Fe, Mn, Cd, Pd, Mg, while 

Ca, Sr, Ba, or Pb complexes preferred to lose a neutral uracil. A correlation between the 

size of the metal cation and the binding energy of intact uracil reasonably explained the 

presence or absence of uracil loss in the fragmentation results. Larger ions are loosely 

bound to intact uracil resulting in a binding energy lower than the energy required for 

loss of HNCO. This strong dependency of the binding energy on the size of metal ions 

can be evidence for an ion-dipole interaction between [M(Ura-H)t and intact uracil. 
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Figure 1.11. An energy diagram for loss of HNCO and loss of uracil from [Cu(Ura)(Ura-

H)t. Figure modified from ChemPhysChem 2012, 13, 1507 - 1513 with permission 

from John Wiley and Sons Inc. 111 

1.2. Scope and Outline of Thesis 

This thesis focus is on the study of the chemistry of metal-complexes in the gas 

phase. ICR mass spectrometry is used to investigate the ion-molecule reactions between 

unsaturated ruthenium complexes and small neutral molecules. The mechanistic study of 

ion-molecule reactions between [Ru(bipy)2]
2
+ complex and CO is conducted to show that 
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every ion-molecule collision would lead to a chemically activated association complex. 

In addition, this chemically activated ion-molecule complex, [Ru(bipy)2(C0)]2+*, is used 

to perform chemical reactions such as dehydrogenation and demethanation of alkanes. 

These experiments are complemented by computational chemistry which helps reveal 

detailed mechanism for the reactions by calculating and examining the energetic of 

structures involved. Further, the fragmentation pathways for [Zn(A-H)(A)t complexes 

(where A=glycine, alanine, sarcosme, and proline) are examined usmg 

activation/fragmentation mass spectrometry techniques m conjunction with 

computational chemistry. In particular, the mechanism of dehydrogenation, as the most 

abundant fragmentation channel for [Zn(proline-H)(proline)t complex, is investigated by 

tandem mass spectrometry, which involves deuterium labeling experiments. Finally, 

IRMPD spectroscopy examines the gas-phase structures of deprotonated proline/Zn2+ 

complex, [Zn(Pro-H)t, and the singly hydrated complex, [Zn(Pro-H)(H20)t. The 

research objectives for this thesis are summarized as follows: 

I . Kinetic and mechanistic studies of low-pressure ion- molecule association 

reactions of unsaturated Ru(II) complexes with CO; 

2. Gas-phase dehydrogenation and demethanation of 2-methylpropane and propane 

by the 16-electron complex [Ru(bipy)2COf+* chemically activated by the 

association of [Ru(bipy2C0]2+ and CO; 

3. Structures and fragmentations of [Zn(Proline-H)t, [Zn(Proline-H)(H20)t; 

4. Structures and fragmentations of [Zn(Proline-H)(Proline)t in the gas phase: H2 

elimination of [Zn(A-H)(A)t complexes when A is a secondary amine; 
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Chapter 2. Experimental and Theory 
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The purpose of this chapter is to describe the instrumentation used in the 

experimental works of this thesis. The FT-ICR MS used for our experiments is described 

in detail. The activation techniques employed in this work to explore structures and 

reaction mechanisms of the metal complexes including collision induced dissociation 

(CID), sustained off resonance irradiation collisionally induced dissociation (SORI-CID) 

and infrared multiple photon dissociation (IRMPD) as well as computational methods are 

explained throughout this chapter. 

2.1. Instrumentation 

In all of the experiments performed for this thesis, a Bruker Apex Qe70 Fourier 

transform ion cyclotron mass spectrometer (FTICR-MS) at Memorial University was 

used. Figure 2.1 depicts the FTICR-MS used in this work. Four main regions of the 

FTICR-MS are the ion source, quadrupole region, ion transfer optics, and ICR cell. The 

gas phase ions are generated from a solution containing an aqueous or organic solvent 

using the electrospray ionization (ESI) source. In the ESI technique, ions are produced 

under atmospheric pressure, whereas the ICR cell requires a very low pressure ( ~ 10-to 

mbar) for optimal operation. Therefore, differential pumping stages are required to 

achieve the very high vacuum of the ICR cell. Electrosprayed ions are accelerated 

through a series of ion funnels that act to focus and increase the amount of electrosprayed 

ions transmitted to the low pressure (1 o-6 mbar) through the fust hexapole ion guide after 

which ions can be mass selected in a quadrupole mass filter. The ions can then be 
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accumulated in the hexapole collision/accumulation/reaction cell which is kept typically 

at approximately 1 o-2 mbar. After a period of time (ranging from milliseconds to 

seconds) to accumulate ions are accelerated and focused into the ICR cell using a series 

of ion optics. Ions are trapped inside the ICR cell and allowed to either react with neutral 

molecules or be irradiated by IR photons. 

ESI Capillary 

! 
Deflector 

Apollo II 
ion Source 

lon Funnel 1 lon Funnel2 

Skimmer 1 

.---------' 1 o-2 mbar 

+ 
3 mbar Source 

Collision Cetv 
Accumulation Hexapole 

Quadrupole 

Qh-Unit 

Gate valve 

1 

10-8 mbar 

10·10 mbar 

Transfer ICR Cell 

Figure 2.1. A schematic of the Bruker Apex Qe 7.0 FT-ICR mass spectrometer at 

Memorial University. Figure adapted from J. Am. Soc. Mass Spectrom. 2009, 20, 411 -

418 with permission from Elsevier. 1 

2.1.1. Electrospray Ionization 

The ion source used in our experiments is an Apollo II electrospray source. To 

study gas phase ions of organic, inorganic or biological reactions, the most important step 

is transferring ions from solution phase to gas phase. John Fenn was awarded the 2002 
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Noble Prize in chemistry for the development of electrospray ionization (ESI) to study 

large biological compounds.2 ESI is called a soft ionization technique since analyte ions 

are very gently extracted from solution, a process generating gas phase ions without any 

fragmentation.3 In this gentle ionization process, even weakly bound non-covalent 

complexes can be conserved making ESI the best ionization method for retaining 

structures and interactions of biomolecular complexes as they are transferred from 

solution phase to the gas phase. In recent years, a variety of weakly bound complexes 

such as antibody-antigen, protein-DNA or RNA, and interamolecular non-covalent 

interactions responsible for secondary structures of proteins were characterized using 

electrospray ionization mass spectrometry (ESI-MS).4
-
8 

Figure 2.29 represents a schematic of the electrospray ionization process. The 

analyte of interest is dissolved in a solution with conventional solvents such as water, 

methanol, acetonitrile, etc. This solution passes through a capillary tube, where a strong 

electric field is applied between the tip of the capillary and a counter electrode. At the tip 

of the capillary, accumulation of charges causes distortion of the solution meniscus to a 

cone shape which finally breaks the surface tension of the solution to produce a highly 

charged droplet. Applying a high temperature as well as a flow of nebulizer gas helps to 

evaporate solvent from the droplet. Evaporation of solvent decreases the size of the 

droplet to a critical radius where columbic repulsion overcome surface tension, leading to 

Columbic fission of the droplet into smaller droplets. The limiting charge for a droplet, 

Q, can be determined by the Rayleigh stability limit, which is given by Eq 2.1. 10 

2.1 
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where A. is surface tension for a spherical droplet with radius of r, and Eo is the electrical 

permittivity of vacuum. 

There are two mechanisms, the ion evaporation model (IEM) and the charged 

residue model (CRM), proposed for the final step of ESI in which ions are transferred 

from the droplets into the gas phase. In the IEM, when the sizes of the droplet radii 

reduces to the Rayleigh limit (e.g. radius <1 0 nm), analyte ions are desorbed from the 

surface of the droplet to reduce Columbic repulsion (see Figure 2.3a).11 The CRM 

predicts that fission events repeat until a droplet with only one analyte ion but multiple 

charges is produced. In the following step, evaporation of the last solvent molecules in 

the droplet brings a free multiply charged ion into the gas phase (see Figure 2.3 b).12
•
13 It 

was also suggested that small analytes (for example inorganic ions and small metal 

complexes) follow a different mechanism than large molecules (for example large 

proteins and polymers). The IEM is the most dominant mechanism for producing small 

gas phase ions, whereas species with masses over 1 00 kDa are most likely ionized with 

CRM. 14 Multiply charged ions, often observed in the electrospray ionization of large 

biological molecules like proteins, provide a strong support for the charged residue 

mechanism. 15 
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Figure 2.2. A schematic of the electrospray ionization process. Figure modified and 

reprinted from Anal. Chern. 1993, 65, 972A - 986A with permission from the American 

Chemical Society. 10 

2.1.2. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

This technique measures ionic mass to charge ratios based on ion cyclotron 

frequencies. Fourier transform ion cyclotron resonance (FTICR) mass spectrometry is a 

powerful technique not only because of its high mass resolving power, but also due to its 

capability for trapping ions for extended periods of time to perform tandem mass 

spectrometry (MS/MS) for structural and thermochemical studies. Furthermore, the ICR 

mass spectrometer can be used to study ion-molecule reactions and these studies can be 

used to reveal the elementary steps and mechanisms of reactions. The main part of a 

FTICR mass spectrometer is the cylindrical cell where ions are isolated, analyzed, and 

detected. This cell is located inside a high magnetic field in the present case a 7.0 Tesla 

super-conducting magnet. 
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Figure 2.3. Cyclotron motion of ions within a magnetic field (B). Upon the Lorentz force 

positive and negative ions move in opposite directions which is perpendicular to the 

magnetic field. Figure reprinted from Int. J. Mass spectrom. 2002, 215, 59-75 with 

permission from Elsevier . 16 

In the presence of a magnetic field, trapped ions experience a centripetal force called the 

Lorentz force, F, (Eq 2.2) which is perpendicular to the magnetic field, B, and the ions' 

direction velocity, v. As illustrated in Figure 2.3, the Lorentz force keeps ions m a 

circular trajectory with radius r which is perpendicular to the magnetic field.16
'
17 

F = qv x B 2.2 

For an ion in a stable circular trajectory the Lorentz force is balanced with centrifugal 

force (Eq 2.3 and Eq 2.4) 

2 
F' = mv 

T 

mv2 

qvxB=­
r 

2.3 

2.4 
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v 
by substitution of W - ( w =angular frequency) and q= ez, Eq 2.4 can be written as 

T 

m eB 
2.5 

z w 

According to Eq. 5, the mass-to-charge ratio (rnlz) of an ion is directly 

proportional to the magnetic field strength B and inversely proportional to its cyclotron 

frequency w. In another words, all ions with the same rnlz have identical cyclotron 

frequencies. 

A diagram for a cylindrical ICR cell can be seen in Figure 2.4. The cell is 

composed of three pairs of plates: end-cap trapping plates, excitation plates, and detection 

plates. Ions of interest are trapped inside the cell since the magnetic field keeps the ions 

in a plane perpendicular to the paper. In addition, applying an electric field across the 

end-cap trapping plates prevents ions escaping the cell along the magnetic field. 18
•
19 

Before detection, ions must be excited to a larger cyclotron radius because the radius of 

cyclotron motion is not sufficiently large to be detected by the detection plates. Excitation 

of ions is achieved by sweeping a RF voltage across the excitation plates. An RF 

frequency on-resonance with an ion's cyclotron frequency causes absorption of the 

resonant energy and increases the ion' s kinetic energy. Since the cyclotron frequency of 

the excited ion remains the same, more kinetic energy causes the ion to acheive a larger 

orbit where it is closer to the detection plates, and consequently it will produce an image 

current in the detection plates. 16
•
17 Excitation of the ions also produces coherent ion 

packets of the same mass to charge ratio. As a result, ions with a cyclotron frequency 

different from the RF frequency cannot be excited, so remain unaffected in the center of 
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cell. By sweeping a range of RF frequencies, a wide range of m/z can be excited to a 

detectable radius. 16
•
17 In order to isolate an ion of a particular m/z, all m/z other than the 

desired m/z are excited to a radius larger than the ICR cell dimension, where they collide 

with the detection plates, and consequently are neutralized. Thus, only ions of interest 

remain within the ICR cell with detectable cyclotron motion. 

Excitation Plate 

Front Trapping 
Plate 

~ 
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enerated ions 
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Rea Trapping 
late 

Figure 2.4. A schematic of a cylindrical ICR cell with trapping, excitation, and detection 

plates. The figure reprinted from the Bruk.er Daltonics Apex-Qe Series Generation II 

User Manual. 

The excited ions induce charge in the detection plates. As a consequence of the 

periodic cyclotron motion of the ions, a sinusoidal image signal (image current) would be 

generated. The magnitude of the image current is indicative of the number of ions of the 
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same m/z. This sinusoidal image current is recorded for a period of time, and amplified. 

For a simple sinusoidal waveform signal, which can be obtained by a single m/z, ion 

frequency can be calculated by the distance between the subsequent sinusoidal peaks. 

However, there is often more than a single m/z for an electrosprayed sample. That is, 

various isotopes of an ion can be simultaneously detected to produce a complicated 

sinusoidal signal. In this respect, a Fourier transform is required to convert the time 

dependent wave-form signal into a frequency domain signal (Figure 2.5). 18
'
20 This 

frequency domain signal can further be converted to mass spectrum (m/z versus intensity) 

using eq. 2.4. 
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Figure 2.5. Transforming time domain signals to a mass spectrum usmg Fourier 

transform. 

2.2. Tandem Mass Spectrometry 

One of the important advantages of I CR mass spectrometry is that ions of interest 

can be confined within the cell for a desired length of time to perform tandem mass 

spectrometry techniques. In this work, three different activation/fragmentation 

techniques: collision induced dissociation (CID), sustained off-resonance irradiation 
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collision induced dissociation (SORI-CID), and infrared photon multiple dissociation 

(IRMPD) have been used. 

2.2.1. Collision-induced Dissociation 

CID IS the most common activation/fragmentation technique in which 

dissociation of a precursor Ion is activated by increasing its internal energy through 

collisions with neutral atoms or molecules. In the CID process, precursor ions are 

accelerated to high kinetic energies by applying a voltage in collision cell. The ions with 

high kinetic energy are then allowed to collide with the target gas which is chemically 

inert such as Ar, He, N2, or C02, therefore, kinetic energy of precursor ions is converted 

into internal energy through collision with the target gas.21
-
23 This internal energy then 

provides the energy required for dissociation of the ions. In such a process, the maximum 

internal energy (Ecom) accessible for a precursor ion per collision is equal to the center of 

mass collision energy, which depends on the collisional voltage applied in the cell, called 

laboratory frame kinetic or collisional energy (E1ab), molar mass of the target gas (N), and 

molar mass of the precursor ion (mp) (Eq.2.6).24 

E - E (-N-) com- lab m +N 
p 

2.6 

In an inelastic collision, a decrease in kinetic energy occurs that simultaneously increases 

the ion's internal energy. Based on the conservation of energy, any certain change in 

translational energy is converted into the ion' s internal energy since there is a zero final 

kinetic energy in an inelastic collision between a target gas and precursor ion. As seen in 
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Eq. 2.6, the amount of translational energy converted into internal energy increases with 

the mass of the target gas; mass of the target gas, the more kinetic energy to be converted 

into internal energy.24 Considering collision energy, there are two distinct energy regimes 

for CID experiments resulting in different CID spectra: high energy CID (fast activation) 

and low-energy CID (slow activation). 

In high-energy CID, where collisional activation energy is in the order of keV, an 

ion is mostly excited to higher electronic levels. This high energy is then redistributed 

into vibrational modes through a single (or a few) collisions, and the internal energy of 

the ion easily surpasses the threshold for dissociation. As a result, bonds cleavage and 

rearrangement reactions that require high energy can occur in high-energy CID 

experiments. High-energy CID is commonly conducted in time-of-flight (TOF) or sector 

mass spectrometers, and helium is usually employed as a target gas. In order to increase 

the yield of transferring kinetic energy into internal energy, heavier gases such as argon 

or xenon are preferred. 

Low-energy CID is often performed in quadrupole ion traps or FTICR mass 

spectrometers. An inert gas, often Ar or N2, is introduced into the collision cell via a leak 

valve or pulse valve to a pressure about 1 o-8 mbar. In low-energy CID, the collisional 

energy typically ranges between 1-100 e V in the center of mass frame of reference. The 

low energy of each collision results in slow activation of the ions so that tens to hundreds 

of collisions are required to reach the threshold for dissociation, which may be followed 

by rearrangement or isomerisation, and can be observed in the resulting CID spectrum. 
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The wide range of collision energies available in CID allow determination of 

threshold energies required for dissociation of precursor ions. In our CID experiments, 

which are discussed in chapter 3, a stepwise increase of laboratory frame collisional 

energies is conducted until the threshold energy is surpassed, and the fragmentation 

occurs. In our experiments, the low energy CID is conducted in a hexapole collision cell 

which is placed between the ionization source and the ICR cell. For the target gas, we 

used Ar to induce fragmentation through collisions. By studying threshold fragmentation 

energies, useful information about bond strength of metal complexes was obtained. 

2.2.2. Sustained off Resonance Irradiation Collisionally Induced Dissociation (SORI-

CID) 

SORI-CID is CID technique usually used in FT-ICR mass spectrometer. In this 

technique, trapped ions are excited by applying a RF frequency slightly higher than the 

ion natural cyclotron frequency. As a result, the ion will undergo a periodical acceleration 

and deceleration.25 During this cyclic motion, the ion collides with neutral collision gas at 

a pressure of ca. 1 o·8 mbar, which is introduced into the ICR cell through a pulse valve, to 

convert the kinetic energy into internal energy. Ar or N2 is often used as the collision gas 

for SORI-CID experiments. The maximum kinetic energy in SORI excitation process, 

called laboratory frame collision energy, can be calculated using Eq 2.7.24
•
25 Each 

collision occurs with a maximum kinetic energy converted into internal energy which is 

equal to Ecom and is calculated using Eq 2.6. 
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Where B and d are a geometrical factor and the diameter of the ICR cell, 

respectively, q and m are the ion charge and mass, respectively, V p-p is the peak-to-peak 

excitation voltage and Llv is difference between the ion natural cyclotron frequency and 

RF excitation frequency. Since the ion kinetic energy is relatively low in SORI-CID, the 

activation process would be so long (activation times of hundreds of millisecond) that the 

ion can experience hundreds of collisions until the threshold dissociation energy is 

achieved and dissociation takes place. Therefore, rearrangement reactions and low energy 

fragmentation may appear in SORI-CID mass spectra, which make this technique a 

powerful means for structural elucidation. 

2.2.3 . Infrared Multiple Photon Dissociation 

Photodissociation is a powerful technique for structural identification based on the 

absorption of a photon irradiated by a tunable laser, which results in dissociation of the 

ion of interest. The multiple photon dissociation technique employs a low to medium 

power laser to gradually increase the internal energy of the ion to its lowest energy 

dissociation threshold. Sequential absorption of photons allows studying all possible 

dissociation pathways, whereas for example a lowest energy dissociation pathway is 
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rarely achieved by a high power laser due to its relatively greater excitation rates. 

Infrared multiple photon dissociation (IRMPD) spectroscopy is a photodissociation 

technique that requires a tunable infrared laser. In this method, infrared photons resonant 

with a vibrational mode are sequentially absorbed resulting in vibrational excitation, 

resulting in ion dissociation as its internal energy exceeds the threshold. Beauchamp and 

coworkers26
-
29 were pioneers for employing a low-power infrared laser for multiple 

photon dissociation of trapped ions inside an ICR cell. In early years of their research, 

they used a CW (continuous wave) C02 laser with intensities of 1-1 00 W em -I for photon 

dissociation of the proton bound dimer of diethyl ether [(C2H5) 20hH+.27 Irradiation with 

the tuned C02-laser beam allowed the trapped ions to be activated by infrared photon 

absorption resulted in photodissociation of the dimer. Monitoring the experiment as a 

function of time showed that (C2H5)zOW was the sole fragment ion resulting from 

infrared photon dissociation since the decay in intensity of [(C2H5) 20]2H+ exactly 

matched with the growth in intensity of (C2H5)zOW 27 

2.8 

Continued advancement in IR-lasers has empowered researchers in the field to 

perform the structural characterization of a large number of small molecules 30
-
36 as well 

as large biological molecules such as peptides37
, proteins38

, and oligonucleotides 39
,
40 by 

identifying fragments produced from IRMPD and putting them together. C02 
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laser/IRMPD has also been used as a complementary method to CID to probe 

mechanistic details of fragmentation reactions. 4143 

2.3. IRMPD Spectroscopy 

The applications of IRMPD became more popular by measuring fragmentation 

intensity as a function of infrared laser wavelength called IRMPD spectroscopy. In early 

studies, a CW C02 laser was the only irradiation source using a few output lines from a 

grating laser. Most of these early studies utilized C02-IRMPD spectroscopy to 

differentiate isomeric structures. For example, Bensimon et al. found that four isomers 

formed from cationized heptene (C7H1/") have different infrared absorption features over 

the 9.2-10.6J..Lm region (see Figure 2.6).41 However, the very limited tunable lines of the 

C02 laser was the reason for construction and development of lasers with wider tunable 

ranges. In the next sections, the most commonly used IR laser sources for IRMPD 

spectroscopy such as C02 laser, free electron laser (FEL), and optical parametric 

oscillation (OPO) are discussed. 
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Figure 2.6. IRMPD spectra of four cationized heptene isomers using a CW C02 laser. 

Figure reprinted from Int. J. Mass Spectrom. Ion Process. 1986, 72, 125-135 with 

permission from Elsevier.41 

2.3.1. C02 Laser 

The C02 laser is a gas laser, invented by Petal44
•
45 in 1964 and became one of the 

most powerful lasers up to 100 kW over the mid-IR range, 1087- 926 cm-1
• The laser 

medium consists of C02, N2, and He gases. N2 molecules are vibrationally excited to the 

v= 1 vibrational level by electron impact, and then this energy is transferred to C02 

molecules through collisions resulting in vibrational excitation of C02 molecules. C02 
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has three vibrational modes: the symmetric stretch, v 1, the bending vibration, v2, and the 

antisymmetric stretch, v3. The highest vibrational level of C02, v1, is near to the v= I 

vibrational level of N2. As a result, de-excitation of N2 molecules efficiently occurs by 

collision with C02 molecules transferring the energy to the C02 vibrational levels. 

Radiative decay of excited C02 molecules from all the v 1, v2, and v3 vibrational levels 

produces infrared laser beams. Collision of the helium with C02 molecules helps in 

removing the excitation energy from the C02 to increase laser efficiency. Because of the 

high powers of C02 lasers, gold or silver mirrors and zinc selenides windows are often 

used. 

2.3.2. Free-Electron Laser (FEL) 

A free-electron laser (FEL) produces the widest tunable frequency range. FEL' s 

are different from conventional lasers. They consist of a relativistic electron beam 

moving through a magnetic field instead. These free electrons pass through a spatially 

periodic magnet called undulator in which the electrons are exposed to the Lorentz force 

obtaining a wiggle-like motion (Figure 2. 7) resulting in emission of synchrotron 

radiation.46
'
47 Since the emitted photons are in phase with the free electron beam passing 

through the magnetic field, they are added together to enhance the power of the laser. The 

laser beam is further amplified by oscillating between two mirrors at both ends of laser 

cavity. The emitted FEL beam can be tuned by adjusting magnetic field amplitude and 

period. 
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Figure 2. 7. A diagram of a free-electron laser (FEL ). Figure reprinted from Infrared Phys. 

Tech, 1995, 36, 297-308 with permission from Elsevier.46 

2.3.3. Optical Parametric Oscillators (OPO) 

Optical Parametric Oscillators (OPO) are parametric oscillators which convert a 

high energy laser beam, called pump wave, to two lower frequency beams.48
'
49 An input 

beam mp from a high energy laser, such as a Nd:YAG laser, is focused into a non-linear 

crystal, such as lithium niobate (LiNb03) or potassium titanyl phosphate (KTP) and is 

split into signal and idler beams of frequency ffis and Wi, where 

2.9 

Interaction of the waves in a laser cavity results in amplification of output frequencies if 

their phases match. 50 By adjusting angles of the crystal and pump wavelength a wide 

mid-infrared beam can be readily tuned. More amplification of the output laser beam can 

be obtained by placing several mirrors in the optical cavity which allows photons to be 
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sent back and forward through the cavity to stimulate laser emissions. The laser beam 

then is reflected and amplified by passing through a turning mirror into the ICR cell. 

2.3.4. Laser System at Memorial University (MUN) 

Figure 2.8. A picture of a bench-top laser system coupled with an FT-ICR mass 

spectrometer at Memorial University showing the beam paths for both a C02 laser beam 

(white line) and an OPO laser beam (red line). 

In MUN' s OPO laser, the 1064 nm Nd:YAG (Brilliant B Quante!) pumps light 

into a KTP crystal to produce signal and idler beams of 1.5 - 2.1 and 2.1 - 3.5 J..Lm, 

respectively. The signal frequency is discarded by passing through a filter and the idler 

frequency is amplified in an optical cavity composed of two dichroic reflecting mirrors. 

The output beam is focused through a CaF2 lens and then directed towards the ICR cell 

by passing through a BaF2 window (Figure 2.8). The energy of the output beam exited 

from the output mirrors changes as a function of frequency. The maximum laser 
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conversion efficiency lies at 2.6 ~m and significantly drops off at 3.5 ~m (Figure 2.9). 

This explains why the usable range of our OPO laser for spectroscopy experiments is 

limited to 3200-4000 cm-1
• All MUN laser systems have bench-top configuration which 

is advantageous for easy install in laboratory. 
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Figure 2.9. OPO Laser intensity as a function of waelength. Figure given by Dr. Andre 

Peremans. 

2.3.5. IRMPD Mechanism 

When infrared radiation is irradiated into the ICR cell, it is absorbed by trapped 

ions if the wavelength of radiation is resonant with one of the ion vibrational modes. 

Considering the accessible energy 5-48 kJ mor1 by a mid-infrared frequency range 400-
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4000 em-', an individual photon is not sufficient for dissociation of a covalent bond 

which typically requires greater than 100 kJ mor'. Therefore, many infrared photons are 

required to induce dissociation of an ion through its lowest energy channel. In a harmonic 

system for vibrational modes where spaces between modes are the same, incoming 

multiple photons resonant with v= 1 can cause subsequent transitions ( v=O--d - 2 

-3-... - n) until the dissociation level is reached. In a real system spacing between 

energy levels are different, called anharmonic vibrational modes, and decrease at higher 

levels; therefore multiple photon with the same frequency are not simply able to make 

subsequent transitions to reach the dissociation level. In this case, a photon resonant with 

v=0-1 is absorbed to excite the ion to first vibrational level, and then this energy is 

distributed throughout the rest of the molecule, a process called intramolecular 

vibrational energy redistribution (IVR).51
•
52 In this process, the vibrational excited state 

returns back to the ground state v=O allowing it to absorb another incoming photon. This 

process repeats itself to reach the threshold energy required for the ion's lowest 

dissociation pathway. A schematic of the IRMPD mechanism through an IVR process is 

shown in Figure 2.1 0. 

An IRMPD spectrum is obtained by plotting the IRMPD yield (Eq. 2.1 0) as a 

function of radiation wavenmber as the KTP/OPO is scanned between 3200-3800 cm-1
• 

Each functional group absorbs irradiated energy at a particular frequency and distributes 

this energy throughout the ion's structure inducing the IRMPD-activated ion to be 

dissociated through the lowest energy dissociation pathway. In order to determine the 
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IRMPD yield usmg Eq. 2.10, a FT-ICR mass spectrometer is used to monitor the 

intensity of the parent, Iparent, and fragment ion Irragment, over the frequency range. 

IRMPD Yield= -log
1
o( !parent ) 

I parent+ Li I fragment 
2.10 

-- · c++n 

I - Do 
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Figure 2.1 0. A diagram for intramolecular vibrational energy redistribution (IVR) in an 

IRMPD process. Figure reprinted with permission from Dr. Travis D. Fridgen (Memorial 

University). 

2.4. Electronic Structure Calculations 

The development of electronic structure calculations initiated a new chapter in the 

study of the gas phase chemistry of ions by providing information about structures, 
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relative stabilities, mechanisms for reactions, and product distributions of reactions. The 

two quantum mechanical methods used in this thesis for electronic structure calculations 

are density functional theory (DFT) and ab initio. These methods are employed to 

calculate geometries, energies, frequencies, and infrared spectra for the ions under study. 

Mechanisms of reactions were verified by examining relative energies of structures 

involved in reaction pathways including transition states, which are consistent with the 

product distributions observed by our experiments. 

2.4.1. Ab initio Method 

Ab initio is a Latin term for "from the beginning". Ab initio methods are 

mathematical approximations to solve the Schrodinger equation for systems containing 

more than one electron. 53 The most common types of ab initio methods are Hartree-Fock 

(HF) and Post-Hartree-Fock methods, MP2. HF is the simplest approximation technique 

for calculations of wave-functions of many body systems. The HF method solves a time­

independent Schrodinger equation for a multi-electron system using the central field 

approximation. In the central field approximation, it is assumed that the coordinates of an 

electron are independent of other electrons, so they move independent of each other. 53 As 

a result, an average electric field is considered instead of columbic electron-electron 

repulsion.53 The HF approximation results in a series of differential equations called 

Hmiree-Fock equations which can be solved using an additional approximation leading to 

a set of algebraic equations. It assumes that an N-electron molecule is made up from 
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many hydrogen atoms; therefore a molecular orbital consists of linear combinations of 

atomic orbitals or a basis set of wave functions. Energy calculated from the HF 

approximation (limiting Hartree-Fock energy) is larger than the exact energy resulting 

from the Schrodinger equation. The difference between the limiting Hartree-Fock energy 

and the exact energy is called correlation energy.53 This is because in the HF 

approximation an overall electric field is considered with the assumption that each 

electron feels a charge cloud of all other electrons, but in a real system the electrons' 

motions correlate with motion of other electrons leading to a reduction in electron 

repulsion energy as the correlation energy.53 The correlation energy may be significantly 

large for the calculation of relative energies of molecules in a reaction. However, the 

Hartree-Fock model is useful for geometry optimizations because they are less sensitive 

to correlation effects. A higher level model like M0ller- Plesset (MP2) takes correlation 

effects into account to obtain more accurate calculated energies. 54
'
55 MP2 calculates an 

energy close to the exact value by adding the perturbation parameter, V, to the Hartree­

Fock Hamiltonian as shown in Eq. 2.11. 

H exact = HHF + ltV 2.11 

where A is a dimensionless parameter. 

MP2 is one of the most accurate models for geometry optimization and reaction energy 

calculations, but this high level model significantly increases the time and cost required. 

For this reason, other models are used to calculate an initial approximate geometry that 

can be improved by MP2 calculations. 
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2.4.2. Density Functional Theory (DFT) 

Density functional theory has been developed based on the Hohenberg-Kohn 

theorem stating that the energy of many-electron molecules in their ground state are 

determined by an electron probability density, p. DFT models therefore solve the 

Schrodinger equation using a functional relation of electronic energy with electron 

probability density, written as E[p ], instead of a complicated set of molecular wave 

functions, E['¥.].56
-
58 A functional is function of another function since electronic energy 

is a function of electron density, and electron density is a function of position, p(r). A 

density-functional calculation is usually done in a self-consistent method. The first step in 

the DFT technique is an initial guess for calculation of the system's electron density. The 

simplest choice is to assume a molecule is formed of many individual homogeneous 

electrons in order to simply calculate the molecule's electron density using local density 

approximation (LDA).53
•
56

-
58 In the next step, an initial guess for the electron density is 

used to obtain an initial estimate of atomic orbitals; these initial orbitals are then used to 

obtain an improved value for electron probability density. The energy of the molecule is 

then computed by the electron density functional. This process is repeated until the 

calculated electron density and energy do not significantly change. One advantage of a 

DFT method is that some portion of electron correlation are considered in calculations to 

obtain accurate enough geometry optimization in lower computational cost and time 

compared to HF methods. Hybrid DFT methods such as B3L YP 59
'
60 are the most 

common and reliable method for ions geometry optimization especially ionized metal­

ligand complexes. It is called a hybrid method because it uses some functionals from HF 
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calculations to obtain more accurate results. However, there is not sufficient accuracy 

with DFT calculations for thermochememical data which are strongly sensitive to the 

correlation effects. This is the reason why we employed B3L YP functional level to 

compute an accurate geometry optimization, and then performed single-point M0ller­

Plesset second-order (MP2) perturbation theory on the optimized structures to obtain 

more accurate theremochemical values in an appropriate calculation time. Frequency 

calculations in order to obtain predicted IR spectra are performed using the B3L YP 

method as MP2 requires significantly longer time. 

2.4.3. Basis sets 

B3L YP and MP2 methods require a finite number of functions called basis sets to 

perform calculations. These are a linear combination of well-defined basis functions 

which are atomic orbitals to create ion's molecular orbital.53 The basis sets used in this 

thesis are 6-31+G(d,p) and 6-311++G(2d,2p). These are split-valence basis sets 

representing each valence orbital by more than one basis function (e.g. valence double, 

triple-zeta) where a fixed single basis function is used for linear combination of primitive 

Guasian functions.61 First number, 6, in the basis sets 6-31+G(d,p) and 6-311 ++G(2d,2p) 

refers to core atomic orbitals describing a single basis function formed by linear 

combination of six primitive Gaussian functions. The second set of numbers (31 and 311) 

is referred to valence atomic orbitals. For 6-31 +G(d,p), there is a single Guassian 

function for outer valence orbitals combined with three primitive Guassian functions for 
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inner valence orbitals. 53 In the case of 6-311 ++G(2d,2p), components of valence atomic 

orbitals are expanded to three sets of basis functions. Additional functions ( d,p) called 

polarization functions that allow distortion of electron distribution away from nucleus 

positions to produce more accurate molecular orbitals. 53 For example, 6-31 +G( d,p) 

provides a set of five d-type functions on main group elements, and a set of three p-type 

functions on hydrogen and helium. In the case of 6-311 ++G(2d,2p ), two sets of d and p­

type functions are added. Diffuse functions which are represented by notations + and ++ 

in the basis sets indicate some additional functions for considering long distance 

interactions such as van der Waals interactions.53 Diffuse interactions are very important 

in calculations of anions, ions with lone pairs, and structures involving hydrogen bonds. 

6-31 +G( d,p) adds diffuse s- and p-type functions on non-hydrogen elements, while an 

extra diffuse s-type function is added on each hydrogen atom in 6-311 ++G(2d,2p ). 53 

Finally, an effective core potential (ECP) basis set is used for larger atoms for which 

typical all-electron basis sets are not available. In this work, LANL2DZ with an ECP is 

used for ruthenium (studied in chapter 3-4), which is a common basis set employed for 

computations of systems containing atoms with a large number of electrons.62
•
63 

LANL2DZ provides a collective potential on the valence orbitals. This collective 

potential is a result of the effect of core electrons on valence electrons. As a result, 

LANL2DZ uses a relativistic core potential rather than a series of complicated functions 

resulted from inner shell orbitals. 

79 



2.4.4. Calculation Procedure 

The electronic energy calculations throughout this work were done by the 

following procedure. 

Hcorr and Gcorr are obtained from B3 L YP calculations as described by Eq .2.12 and 2.13. 

Hcorr = Etot + RT 

Gcorr = Etot + RT- TStot 

2.12 

2.13 

where Erot is the summation of translational, rotational, vibrational, and electronic which 

is calculated by B3L YP density functional (Eq. 2.14). 

Etot = Etran + Evib + Eelc 2.14 

-Higher level single point MP2 calculations were performed to calculate more accurate 

thermochemical values (~EMP2). 

-Enthalpy and free energy corrections were taken from B3L YP frequency calculations to 

be added to the MP2 calculated energy values to determine single point enthalpies and 

free energies values, respectively as defined by Eq.2.15 and 2.16. 

11Hmp2 = 11Emp2 + Hcorr(B3LYP) 

11Gmp2 = 11Emp2 + Gcorr(B3LYP) 
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Chapter 3. Kinetic and Mechanistic Studies of 

Low-pressure Ion-Molecule Association Reactions 

of Unsaturated Ru(II) Complexes with CO 

This work has been published in part as A. Gholami and TD. Fridgen. , Kinetic and 

mechanistic studies of low-pressure ion- molecule association reactions of unsaturated 

Ru(II) complexes with CO, International Journal of Mass Spectrometry., 2012, 313-316, 

192-198. This work has been done and written by me and under supervision of Dr. Travis 

D. Fridgen. 
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3 .1 . Introduction 

Radiative association reactions between ions and neutral molecules at very low 

pressures have been of extensive scientific importance. They are rarely studied in the 

laboratory despite their role in, for example, the chemistry and evolution of interstellar 

clouds.1
-
6 The focus of many radiative association studies has been to obtain binding 

energies of gaseous ion- molecule complexes by measuring pressure dependent 

association rate constants (kass) which can subsequently be used to obtain radiative 

association rate constants (kra), and more importantly, back dissociation rate constants 

(kb) of the chemically activated ion- molecule complexes. Comparison of experimental kra 

and kb values with the theoretically determined rate constants can result in good estimates 

of the binding energy of the ion-molecule complexes.7-
11 

In a large number of organic and biological systems, transition metal complex­

based enzymes can be activated by attachment to C0.12 In some proteins, carbon 

monoxide is a promotive ligand, activating transition metal-based enzymes, leading to 

many important biological reactions. On the other hand, CO can be harmful as it acts as a 

poisoning ligand since it strongly binds to hemoglobin. 12
'
13 In this regard, the reaction of 

CO with transition metals is very important and of considerable interest. 

Herman et al. have investigated gas phase reactions between Tt, v +, Fe+, Ni+, 

Cu +, Zn + and CO where the adduct complex M(COt was the only reaction product. 13 

The rate of addition of CO to these metals was found to be very slow, and the trend in the 

reactivity followed the trend in M- CO binding energy. The transition from bare ions into 

ligated ions increases reactivity, so finding proper ligated metal ions in catalytic 
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transformation processes, and understanding the influence of ligand on the reactivity is 

essential. 

The gas phase ion-molecule reaction of unsaturated 2,2'- bipyridine dication with 

molecular oxygen has been studied recently. 14
'
15 A series of divalent metal ion complexes 

[M(bipy)2]
2+ (M = Cr, Mn, Fe, Co, Ni, Cu, Ru, Os) were exposed to dioxygen under 

multiple collision conditions in the collision cell of a triple quadrupole mass 

spectrometer; the dioxygen product was observed only when M = Cr, Ru and Os. 15 Under 

low-pressure conditions, in a Fourier transform ion cyclotron resonance (FTICR) mass 

spectrometer, it was shown that the efficiency of the reaction between [M(bipy)2]
2+ (M = 

Cr, Ru and Os) and 0 2 was low, just a few percent of the gas-collision rate and 

independent of pressure which indicates the importance of radiative emission in the 

formation of the adduct complexes. 15 

In this chapter, we report on a mechanistic study of the reaction of [Ru(bipy)2]
2+ 

with carbon monoxide and oxygen in the gas phase. Also examined in this work is the 

comparison of the reactivity for three unsaturated ruthenium complexes [Ru(bipy)(X)f+ 

with carbon monoxide, where X = bipyridine, 2- (pyridin-4-yl)-1 ,3-benzothiazole, and 5-

aminophenathroline. This was done experimentally using the low pressure conditions of 

the FTICR mass spectrometer. The effect of different ligands on the kinetics of CO 

association to the ruthenium center is explored. Initially, the goal of this work was to 

determine binding energies of [Ru(bipy)(X)]2+1CO complexes using the experimental 

back dissociation rate constant and RRKM modeling of the unimolecular back 

dissociation as a function of binding energies. The radiative emission and unimolecular 
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dissociation rate constants, and dissociation energies of [Ru(bipy)(X)]2+/CO complexes 

are calculated to aid in the understanding of the mechanism of these association reactions 

at low pressures. 

3.2. Methods 

3.2.1. Experimental 

All experiments were performed using Bruker ApexQe 70 Fourier transform ion 

cyclotron resonance (FTICR) mass spectrometer with an Apollo II electrospray source. 

[Ru(bipy)3Ch] (bipy = bis(2,2'-bipyridine)) salt was purchased from Sigma- Aldrich. 

Two other complexes, [Ru(bipy)2(phen)Ch] (phen = 5-aminophenathroline) and 

[Ru(bipy)2(sn)Ch] (sn = 2-(pyridin-2- yl)-1,3 -benzothiazole) were synthesized and 

characterized by the Pickup group at Memorial University.16 

[Ru(bipy)2Xf+ ions were electrosprayed from 0.1 mM solutions of the respective 

ruthenium complexes in pure methanol. The coordinatively unsaturated ruthenium 

complexes were generated by loss of bipyridine (Scheme 3.1) in energetic collisions, 12-

40 e V lab frame (Ecm: 0.8- 2.6 e V), with Argon at 10-2 mbar in the hexapole collision cell 

of the mass spectrometer. Prior to being transferred to the ICR cell, ions were stored in 

the hexapole storage/collision cell for -2 s where they are cooled through numerous 

collisions ( -1 05
) with the Ar bath gas. The ions produced in the collision cell were then 

transferred to the ICR cell where they were trapped radially by a 7 T magnetic field and 

axially by a -1 V DC trapping potential. Following -1-2 s after the trapping event, the 
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[Ru(bipy)Xf+ ions were isolated in the ICR cell and their reaction with CO or 02 over 

varying periods of time was monitored. CO and 0 2 gases were introduced into the ICR 

cell through a heated precision leak valve. The pressure inside the ICR cell was measured 

via a calibrated ionization gauge and kept constant during the timeframe of the 

experiment. 

For temperature dependent experiments, the internal temperature of the ICR cell 

was increased using a heating jacket wrapped around the ICR cell and flight tube vacuum 

chamber. The temperature at the center of the ICR cell was calibrated to the outside 

temperature of the vacuum chamber. 

3 .2.2. Theoretical work 

The Gaussian 09 17 suite of programs was used in this work. Geometry 

optimizations as well as vibrational frequency and intensity calculations were done using 

the B3L YP hybrid density functional and 6-31 +G( d,p) basis set for all atoms except Ru, 

for which LANL2DZ basis set and effective core potential was used. Single point 

calculations were done on these B3L YP optimized geometries at the MP2(full) level of 

theory and the 6-31 +G( d,p) basis set on all atoms except Ru, for which the LANL2DZ 

basis set and effective core potential was used. MP2(full)/6-31 +G( d,p) electronic energies 

and the thermal contribution to free energies from B3L YP/6-31 +(d,p) calculations were 

then used to compute relative enthalpies and Gibbs energies. This method has been 
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abbreviated MP2(full)/6-31 +G( d,p )//B3L YP/6-31 +G( d,p) but it should be noted that the 

LANL2DZ basis set and effective core potential was used on Ru. 

All ion-molecule collision rate constants in this work were computed using the 

algorithm of ion-polar molecule collision rates determined by Su and Chesnavich. 18 Rate 

constants for radiative emission (kra) were modeled using Eq. 3.1 as described 

previously. 19
'
20 

3.1 

Briefly, the first and second summations are over the all the normal vibrational modes (i) 

and the number of vibrational levels (n) included for each mode which, for practical 

purposes, only 5-6 levels contributed significantly. Vibrational wavenumbers (v) and 

intensities (I) were obtained from the B3 L YP 16-31 +G( d,p) calculations and used without 

scaling. The canonical distribution of states, Pi(n,T), was calculated using Eq. 3.2. 

( hvnJ[ ( hv Jl f>;(n,T) = exp - k8~ 1- exp - k8~ 
3.2 

where h and k8 are Planck and Boltzmann constants, respectively, and the vi is the 

vibrational frequency in s - I. T represents the internal temperature of the ion and is 

determined as the solution to Eq. 3.3 

3.3 

where E1 is the threshold dissociation energy which was estimated using the (full)/6-

31 +G(d,p)//B3L YP/6-31 +G(d,p) calculations. RRKM energy dependent unimolecular 

dissociation rate constants (kuni) were calculated using Eq. 3.4.21 
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k .(E)= CY N"'(E- Eo) 
unr hp(E) 3.4 

where cr is the symmetry number and the sum ( N "' ) and density ( p ) of states were 

calculated using the Heyer-Swinehart direct count algorithm using the B3L YP/6-

31 +G( d,p) computed vibrational frequencies and rotational constants. The unimolecular 

rate constants reported in this work were averaged over a Boltzmann distribution of 

internal energies. Unimolecular dissociation rate constants were calculated at the 

dissociation energies as well as at ± 15 kJ mol- 1 values. These values were computed for 

both neutral and loose transition states. For the neutral transition states, the frequency for 

the reaction coordinate was eliminated from the transition state to compute the sums of 

states for the transition state producing an Arrhenius preexponential factor of about 1014 

s - I . For a loose transition state, the frequency for the reaction coordinate was eliminated 

and the five lowest vibrational frequencies were reduced to produce an Arrhenius 

preexponential factor of 1019 (!J.S* = 115 J Kr 1 molr1
). 
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3.3. Results and Discussion 

3.3 .1. Structures 

(a) (b) (c) 

(d) (e) (f) 

Figure 3.1. Optimized structures for the lowest energy of (a) [Ru(bipy)2]
2+, (b) 

[Ru(bipy)2(CO)f+, (c) [Ru(bipy)2(02)f+(note that the bulk of the bipy ligand has been 

removed for clarity), and schematic of (d) [Ru(bipy)2(C0)]2+, (e) 

[Ru(bipy)(phen)(CO)f+, and (f) [Ru(bipy)(sn)(C0)]2+. 

In Fig. 3.1 , the lowest energy structures for [Ru(bipy)2f+, [Ru(bipy)2(C0)]2+ and 

[Ru(bipy)2(02)]
2+ complexes are shown as well as a schematic of structures for 

[Ru(bipy)(X)(CO)f+ (where X = bipy, sn, and phen). In all complexes, the ground state 
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structure was found to be a singlet which has roughly octahedral geometry with one or 

two missing perpendicular sites as illustrated in Fig. 3.1a for [Ru(bipy)2]
2+. It was found 

that [Ru(bipy)(X)(C0)]2+ lies in a lower energy state with CO bound to the ruthenium 

through the carbon rather than oxygen, as expected (Fig. 3.1 b). The structure where 0 2 

coordinates in an 112 fashion (Fig. 3.1 c) with an 0-0 bond distance of 134 pm, 

characteristic of a superoxide, was found to be the most stable structure for 

[Ru(bipy)2(02)]
2+. Based on density functional calculations, Howe et al. found similar 

structures for [Cr(bipy)2]
2+ and [Fe(bipy)2]2+ binding to 0 2: 0 2 having an 112-bond 

superoxide structure . 22 Nielsen et a/. proposed superoxide or peroxo structures as the 

probable structures of [Cr(bipy)2(02)]
2+ and [Ru(bipy)2(02)]

2+ based on the mass 

spectrometric results. The low collision energy required for loosing 0 2 from 

[Cr(bipy)2(02)]
2+ or [Ru(bipy)2(02)]

2+ as well as the low efficiency resulted in the 

formation of these adduct complexes were the interpretation of the proposed structures. 15 

3.3.2. CID of [Ru(bipy)2(X)]2+ 

Electrospray mass spectra were virtually free of contaminants and showed only 

the [Ru(bipy)2(X)]2+ ions. The CID spectra of each precursor ion are shown in Fig. 3.2 

for a collision voltage of 14.5 eV (1.6-1.8 eV center of mass frame of reference). 

[Ru(bipy)3]2+ solely loses a bipy ligand upon CID (Fig. 2a). [Ru(bipy)2(phen)f+ also 

loses only a bipy ligand (Fig. 3.2c) which is experimental evidence of stronger binding of 

the phen ligand vs bipy. [Ru(bipy)2(sn)]2+ loses either the sn or the bipy ligand upon CID 
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(Fig. 3.2b) since both [Ru(bipy)zf+ and [Ru(bipy)(sn)]2+ are observed. Since both ligands 

are lost in virtually equal amounts and that there are two bipy ligands and only one sn, it 

can be concluded from the experiments that bipy is probably slightly more strongly 

bound than sn. Calculations of the ligand dissociation energies for the [Ru(bipy)z(X)]2+ 

are listed in Table 3.1 and the values are consistent with the conclusions from experiment 

in that phen is more strongly bound than bipy, by 21 kJ mol- 1
• However, calculations also 

show that bipy is more strongly bound than sn, by about 19 kJ moC1
• It is reasonable that 

since there are two bipy ligands and at the high internal energy of the species undergoing 

CID, that the rate constant for bipy loss might be similar to the loss of sn which is why 

losses observed are both bipy and sn. 

Table 3.1. Calculated gas phase MP2/6-31+G(d,p) 0 K dissocition energies of 

[Ru(bipy)2X]2+ complex ions. 

Reaction 

[Ru(bipy)2 (phen)]2+ ~ [Ru(bipy)(phen)f+ + bipy 

~ [Ru(bipy)2 f + + phen 

[Ru(bipy)2 (sn)]2+ ~ [Ru(bipy)(sn)]2+ + bipy 

~ [Ru(bipy)2 ]
2+ + sn 
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Do I kJ molr1 

453 

450 

471 

461 

442 



207.1 

285.2 

1 .. 

313.2 

235.1 

226.7 

\ 

200 240 260 280 
m/z 

Figure 3.2. CID mass spectra of (a) [Ru(bipy)3]2+, (b) [Ru(bipy)2(sn)f+, and (c) 

[Ru(bipy)2(phen)]2+ excited to 14.5 eV lab frame collision energy (1.6-1.8 eV center of 

mass frame) with argon as the target gas. 
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Figure 3.3. Mass spectra recorded at various reaction times, with CO, following isolation 

of [Ru(bipy)2]2
+. 

3.3.3. Association of02 or CO with [Ru(bipy)2(X)]2
+ 

The reactions of both 0 2 and CO with [Ru(bipy)(X)]2
+ occurs solely by addition. 

Addition of only one 0 2 molecule was observed and this is consistent with previous 

studies. 15 However, up to two CO molecules were found to bind to [Ru(bipy)(X)]2
+ as is 
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shown in Fig. 3.3 for the reaction of [Ru(bipy)2f + at 3.1 and 6.1 s following isolation of 

[Ru(bipy)2]2
+. 

The reaction of [Ru(bipy)(X)]2
+ with CO occurs by two sequential CO additions 

as shown in Eq. 3.5 

[Ru(bipy)(X)f+ [CO]kapp_, > [Ru(bipy)(X)(CO)f+ [COJkaw.2 ) [Ru(bipy)(X)(C0)2f + 3.5 

where kapp,l and kapp,2 are the apparent (experimental) second order rate constants for 

addition of the first and second CO molecules. An example of the time dependence of the 

ion intensities for [Ru(bipy)2]2
+ in a background of CO gas is shown in Fig. 3.4. It is also 

seen from Fig. 3.4 that there is an onset of about 2-3 s before normal first-order decay of 

the reactant ion signal is observed. This onset is pressure dependent; the higher the 

pressure, the shorter the onset time. The onset is most likely due to translational 

excitation of the reactant ion due to the axial trapping potential ( ~ 1 V). 
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Figure 3.4. Normalized intensity as a function of time for the association of CO to 

[Ru(bipy)2]
2+ at P = 8.0 x 10-9 rnbar and 293 K. The solid lines are an exponential fit 

used to determine the pseudo first-order rate constants. 
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The pseudo-first order rate constants were obtained by fitting the later intensity 

vs time data to an exponential fit as shown in Fig. 3.4. The second order rate constants 

were obtained by dividing the pseudo-first order rate constants by the number density of 

neutral reactant in the ICR cell. It can be seen in Fig. 3.5a that the second order rate 

constants are independent of pressure which is consistent with a radiative mechanism for 

stabilization of the ion- molecule addition complexes. We will have more to say about the 

mechanism for formation of the addition complexes below. The same pressure 

independence for 0 2 addition was also observed and consistent with previous results. 15 

The rate constants were also determined for a range of temperatures from 293 to 340 K 

and are shown in Fig. 3 .5b. There is a slight negative temperature dependence that is also 

characteristic of radiative association reactions as the rate constant for dissociation of the 

nascent complex increases slightly. The small negative temperature dependence is due to 

the small increase in internal energy with increasing temperature with respect to the large 

amount of internal energy of the nascent complex obtained by forming a strongly bound 

association complex with CO (vida infra). 
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Figure 3.5. Plots of the (a) pressure and (b) temperature dependence of the reactions of 

[Ru(bipy)X]2
+ and [Ru(bipy)XC0]2

+ with CO. 

101 



The established mechanism for ion-molecule association reactions m a low 

pressure ICR cell, for the reaction between CO and [Ru(bipy)2]2+ is shown in Scheme 

3.1. 

kt k 
[Ru(bipy)2]

2+ +CO H [Ru(bipy)2C0]2
+* + M __.; [Ru(bipy)2C0]2+ + M 

kb 

kra . 2+ 
--? [Ru(b1py)2CO] + hv 

Scheme 3.1. The mechanism for ion-molecule association reaction in a low pressure ICR 

cell. 

The nascent ion-molecule complex ([Ru(bipy)(X)(COi+J*) is assumed to be formed at 

the ion molecule collision rate (kr). During the lifetime of [Ru(bipy)(X)(COi+J* it can be 

stabilized either by one collision (kc) with a third body (M, most likely the background 

gas, CO) or by emission of an infrared photon (kra) (IR-chemiluminescence). Failing 

collisioinal or radiative stabilization, [Ru(bipy)(X)(COi+J* can eventually redissociate 

(kb), in the present case to lose CO. In this mechanism we have assumed that one 

collision with, or emission of one photon from [Ru(bipy)(X)(COi+J* will decrease the 

internal energy of the complex and increase the lifetime of the complex so that 

redissociation does not occur. 

By applying the steady state approximation to the intermediate, 

[Ru(bipy)(X)(CO)f+*, a bimolecular apparent rate constant for the addition of CO to 

[Ru(bipy)(X)]2+ is given by Eq. 3.6 
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3.6 

By performing a Taylor series expansion about [M] 0 to first order m [M], the 

association rate constant in Eq. 3.6 can be expressed as 

3.7 

Over the pressure regime studied in these experiments the association rate constant for 

CO or 0 2 addition was shown to be independent of pressure. Eq. 3.7, therefore, can be 

simplified to eliminate the pressure dependent term, 

3.8 

The independence of pressure is understandable at the low pressures that these 

experiments are conducted, third-body collisions are simply too rare. 

In Table 3.2, the experimental second order rate constants (averaged over 

pressure) for association of 0 2 and CO to the unsaturated [Ru(bipy)(X)f+ complexes at 

293 K are summarized along with the calculated collision rate constants, kf. It is 

interesting to compare the rate constant for 0 2 addition to [Ru(bipy)2]
2+ determined here 

(2.5 x 10- 10 cm3 s- 1
) and that determined by Nielsen et a/. 15 more than an order of 

magnitude smaller at 1.5 x 10- 11 cm3 s - I. The difference in these rate constants can be 

explained based on how [Ru(bipy)2f + is formed in the two experiments. In the present 

experiments, [Ru(bipy)]2+ were formed by CID in and stored in a region of high pressure 

( -10-2 mbar) where there will be many collisions that will dissipate the excess internal 

energy of the product ions. In the previous experiments 15 
, [Ru(bipy)]2+ were formed in 
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the ICR cell by SORI-CID under low pressure conditions and in the absence of collisions 

to remove the excess energy imparted to the product ions in the CID process. Besides the 

larger rate constants determined in the present experiments, evidence for cooler ions in 

the present work may also be that the onset times are much shorter in our experiments -3 

sat -10-8 mbar vs -20 sin the previous experiments at -10-7 mbar. 

The rate constant for 0 2 association to [Ru(bipy)2]2
+ is only about 20-25% ofthe 

collision rate constant. From the expression for the apparent rate constant (Eq. 3.8), this 

means that the ratio kralkb + kra is between 0.2 and 0.25, which in turn means that kb and 

kra are similar in magnitude. 

The binding energy of the [Ru(bipy)2]
2+/0 2 association product is determined to 

be 97.5 kJ mol- 1 using B3LYP/6-31G(d)//MP2/6- 31G(d). The computed kra values for 

the nascent [Ru(bipy)20 2f + complex is 3.5 s- 1 while kb is calculated to be 2.3 x 10-5 s- 1 

for the neutral transition state and 0.41 s - I for the loose transition state (see Fig. 3.6a). 

The computed values of kra and kb quite similar in magnitude as expected based on the 

efficiency of collisions resulting in association product formation. The values for kra and 

kb computed at the dissociation threshold, however, do not provide the exact efficiency, 

nor would we expect such crude estimates of the rate constants to be quantitative. The 

computed rate constants are determined using computed vibrational frequencies and 

intensities which obviously have some error associated with them and there is also 

probably some error associated with the dissociation energy used, which is also a 

computed value. Plots of kb vs dissociation energy are provided in Fig. 3.6a. It is also 
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interesting to compare the results of the kb calculations for 02 association to that for the 

CO association reactions. 
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Figure 3.6. Plots of the base I 0 logarithm of the computed back dissociation rate 

constants as a function of dissociation energy for (a) the nascent [Ru(bipy)202]2+ complex 

and (b) the nascent [Ru(bipy)2C0]2+ as well as (c) the logarithm of the back dissociation 

rate constant vs internal energy [Ru(bipy)2(C0hf+. 
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Table 3.2. Experimental and collision rate constants (kapp and kr, respectively) for 

association of the first and second CO to [Ru(bipy)2]
2+, [Ru(bipy)(sn)]2+, and 

[Ru(bipy)(phen)]2+, and association of 0 2 to [Ru(bipy)2]
2+ at 293 K. 

Complex 

[Ru(bipy)2f+ [Ru(bipy)(sn)f+ [Ru(bipy)(phen)f+ 

kapp,t(CO) I cm3 s-1 3.1± 0.8x l0-9 3.4± 0.8x10-9 3.4± l.Ox l0-9 

kapp,2(CO) I cm3 s-1 2.1±0.6x0-9 1.6± 0. 7x 1 o-9 1.7± 0.5x10-9 

kr(CO) I cm3 s-1 1.9x 1 o-9 1.9x10-9 1.9x 1 o-9 

kass0 2 I cm3 s-1 2.5± o.s xo-'0 

kr 02 I cm3 s-1 1.1 x 1 o-9 

The [Ru(bipy)(X)f+ICO association reactions all occur at the collision rate (Table 

3.2). This means that each collision results in an association complex observed in the 

mass spectrometer. In order for this to be true, according to the radiative association 

mechanism the back dissociation rate constant, kb, must be significantly smaller than the 

radiative association rate constant, kra so that Eq_ 3.8 simplifies to kapp = kr. The binding 

energy of the [Ru(bipy)(X)]2+1CO complexes are all calculated to be about 169 kJ mol- 1
• 

That the binding energies are virtually identical to each other might also explain why the 

association rate constants for all three [Ru(bipy)(X)]2+1CO reactions are the same. Due to 

the strong binding energy the back dissociation rate constants are calculated to be 

significantly lower than for the nascent [Ru(bipy)(X)]2
+

10 2 complexes: 2.3 x 10- 12 s - t for 
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[Ru(bipy)2f + and 1 x 10- 13 s- 1 when x = sn or phen for the neutral transition state. For the 

more realistic loose transition state, the kb values increase to between 10- 7 and 10-9 s - I 

(Fig. 3.6b). The kra values for the CO association complexes are between 8 and 13 s- 1 and 

are significantly larger than the computed kb values resulting in kapp = kr, as observed 

experimentally. 

3.3.4. Association of a Second CO to [Ru(bipy)(X)COf+ 

Based on the estimated rate constants, radiative emission life-times are on the 

order of seconds and decrease as the internal energy decreases. Experimentally, 

collisional stabilization is also an inefficient means of removing energy. It would be 

expected then that the observed [Ru(bipy)(X)C0]2+ are internally quite hot, or chemically 

activated species. That the rate constant for the second addition of CO to 

[Ru(bipy)(X)C0]2+ is smaller, by two thirds to one half that for association of the first 

CO may be evidence of this. So, the back dissociation rate constant for the nascent 

[Ru(bipy)(X)C0]2+/CO association complex must be similar to the radiative rate constant 

(Table 3.3). 
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Table 3.3. Computed binding energies, calculated radiative rate constants and 

unimolecular dissociation rate constants of [Ru(bipy)2(02)f+, [Ru(bipy)2(C0)]2+, 

[Ru(bi py )(ph en)( CO) f +, and [Ru(bi py )( sn )(CO) ]2+. 

Rate constant Ru(bipy )2C02+ Ru(bipy)(sn)C02+ Ru(bipy )(phen)C02+ Ru(bipy )202 
2+ 

2.3 x i0-12 I. I x I o-13 9.5 x I0-14 2.3x I o-s 
kb I s- 1 

--------------------------------------------------------------------------
1.6x l0-7 3.2x I o-Y 3.9x l0-9 0.41 

8.3 7.6 13 3.5 

Do l kJ mor1 I68.7 169.8 I69.2 97.5 

The dissociation energy of the second CO to [Ru(bipy)2COf+ is calculated to be 

higher than the first CO, 184 kJ mol- 1. Assuming an internal energy of 

[Ru(bipy)2(C0)2]
2+ is the sum of the energy of association of both CO additions, 353 kJ 

mol- 1, the radiative emission rate constant is estimated to be 32 s - J. At this internal 

energy the back dissociation rate constant is 3 x 104 s- 1 (Fig. 3.6c), much larger than kra, 

so that the observed rate constant should be orders of magnitude lower than the collision 

rate. It is reasonable to assume, that some of this internal energy may be dissipated 

radiatively, with the higher kra· At an internal energy of approximately 285 kJ mol- 1 the 

back dissociation rate constant is computed to be similar in value to kra, and will reduce 

the efficiency of the association reaction to slightly below unity. The energy difference 
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between 353 kJ mol- 1 and 285 kJ moC 1 corresponds to about three infrared photons at the 

frequency of the CO stretch (2150 cm- 1
). 

3.4. Conclusions 

The mechanism for the association reactions between [Ru(bipy)(X)]2+ (X = bipy, 

sn, phen) and either 0 2 or CO were investigated at low pressure in a FTICR cell. This 

study showed that both CO and 0 2 addition occurs close to the collision rate meaning 

almost every ion- molecule collision leads to the observed association product. Using 

MP2(full)/6-31 +G(d,p) calculations on B3LYP/6-31 +(d,p) computed structures 

(LANL2DZ on Ru), the binding energies were determined to be 169 kJ mol- 1 for 

[Ru(bipy)(X)(C0)]2+ and 97.5 kJ mol- 1 for [Ru(bipy)z02]
2+ which is equal to the internal 

energy of nascent ion- molecule complex. Assuming loose transition states, unimolecular 

back dissociation rate constants for [Ru(bipy)(X)(C0)]2+ were determined to be 10- 7 to 

10-9 s - I. The very small values of kb for [Ru(bipy)(X)(C0)]2+ are attributed to the large 

size of ion- molecule complexes and the very large binding energies. The small back 

dissociation rate constants are responsible for the reaction occurring at the collision rate. 

For the [Ru(bipy)z02]
2+ complex kb is 0.4 s - I , similar in magnitude to kra resulting in less 

than unit efficiency for [Ru(bipy)/ +10 2] collisions. The addition of a CO to 

[Ru(bipy)2COf+ is experimentally determined to be slightly less efficient than addition 

of the first CO. The rate constants, kra and kb, are determined to be similar in magnitude 

after emission of about three photons from the CO stretching vibration. In the next, we 
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used these chemically activated ion-molecule complexes to perform chemical reactions 

(i.e. dehydrogenation) which might not be possible with the ground state species. 
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Chapter 4. Gas-Phase Dehydrogenation and 
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This work has been published in part as A. Gholami and TD. Fridgen. , Dehydrogenation 

and demethanation of 2-methylpropane and propane in the gas-phase by the 16-electron 

complex [Ru(bipy)2(C0)]2
+ * chemically activated by the association of [Ru(bipy)2]2

+ and 

CO,. Dalton Transactions, 2013, 42(11), 3979-3985. This work has been done and written 

by me under supervision of Dr. Travis D. Fridgen. 

4.1. Introduction 

Catalytic reforming of hydrocarbons is an important aspect of research for the 

petroleum industry. Activations of C-H and C-C bonds are two reactions that occur in the 

hydrocarbon reforming processes which consequently lead to dehydrogenation and 

cracking of hydrocarbons. For example, the conversion of normal alkanes into olefins or 

aromatic hydrocarbons, and cracking paraffin into smaller molecules are the common 

catalytic reforming processes which produce essential materials for synthesis of plastics, 

rubbers, fibers, and detergents. 1
'
2 The C-H bond is one of the least reactive bonds of 

organic compounds and its cleavage is an endothermic reaction which typically requires 

very high temperatures.3 On the other hand, high temperature processes also lead to 

cracking of C-C bonds and production of undesired products.4 Transition metals have 

gained a great deal of attention in the development of catalysts for dehydrogenation of 

alkanes.5-
11 Hence, our goal is to provide insights which could aid in the design of a 

catalytic reaction for C-H or C-C cleavage of alkanes. 
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Due to solvation effects, ion pamng, or aggregation it is often difficult to 

understand the elementary steps of C-H or C-C activation by transition metal complexes 

in large scale solution-phase processes. In this respect, gas phase experiments can help us 

to understand the elementary steps of catalytic activation of alkanes under well-controlled 

conditions. 12·13 In an ion cyclotron resonance (ICR) mass spectrometer, ions are isolated 

inside the cell, and are allowed to react with a neutral gas of interest at very low 

pressures, 10-10 - 10-7 mbar. Numerous studies have been devoted to determining the 

products and mechanism of activation of hydrocarbons by bare metals in the gas phaseY-

22 Freiser et al. studied gas phase reactions between a wide range of singly and doubly 

charged transition metals and alkanes using the ICR MS. 13
•
17·21 In their work, metal ions 

were formed using highly energetic sources such as laser ablation, thermal vaporization, 

fast atom bombardment, and secondary ion techniques. These sources produced metal 

ions that were mostly in electronically excited states when they reacted with alkanes. The 

major elimination products were H2, 2H2, CH4, and C2H6 in these reactions.21 

Despite the large amount of work in this area, studies of the reactions between 

hydrocarbons and ligated transition metal complex ions have been limited. The U ggerud 

group investigated the mechanism for C-H bond activation of ethylene by 18e- Rh(III) 

and 16e- Rh(III) complexes inside the ICR cell in which H2 elimination was observed in 

the reaction of ethylene and Cp-Rh(C2~-1..1Ht complexes.23 DFT calculations showed 

that vinylic C-H bond activation is an energetically unfavorable process. Rather, it was 

shown that vinylic C-H activation is possible if a collision between C2H4 and [Cp­

Rh(C2~-~J.H)t forms an energy rich-adduct product, Cp-Rh(C2H4-11H)(C2H4t*, which 
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undergoes the vinylic C-H cleavage. The same group also studied the gas phase ion­

molecule reactions between [Ru(bipy)2]2+ and alkenes (propene and butene)?4 The 

[Ru(bipy)2(C2H3)(alkene)]2+ and [Ru(bipy)2(C3H5)(alkene)]2+ products were indicative of 

C-C bond activation of alkenes catalyzed by the Ru(bipy)22+ complex. 

Recently the kinetics for the association reaction between [Ru(bipy)2f+ and CO 

at low pressures in a FTICR cell was studied.25 The association reaction was found to 

occur at the collision rate. An RRKM estimation of the rate constant for back dissociation 

of the nascent ion molecule complex, [Ru(bipy)2COf+*, revealed that due to the high 

binding energy and the size of the complex, it has a very long lifetime to dissociation. 

Due to the low pressures in the ICR cell the only method to alleviate energy is the rather 

inefficient radiative mechanism. Therefore, much of the energy of association (some 180 

kJ mor1
) could be available to help perform chemical reactions. 

In this work, the reactions of [Ru(bipy)2]
2+ and [Ru(bipy)2C0]2+* with 2-

methylpropane, propane, and propene are investigated and compared. Computational 

methods are also used to help deduce the mechanism for the observed dehydrogenation 

and demethanation reactions. 

4.2. Methods 

4.2.1. Experimental. 

All experiments were performed using a Bruker ApexQe 70 FTICR MS with an 

Apollo II electrospray source. Tris(2,2'-bipyridine) ruthenium perchlorate salt was 
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purchased from Sigma-Aldrich. [Ru(bipy)2f + ions were electrosprayed from 0.1 mM 

solutions of ruthenium complexes in pure methanol. The coordinatively unsaturated 

ruthenium complexes were generated by loss of bipyridine in energetic collisions, 12-40 

eV lab frame (Ecm:0.8-2.6 eV), with Argon at 10-2 mbar in the hexapole collision cell of 

the mass spectrometer. Prior to being transferred to the ICR cell, ions were stored in the 

hexapole storage/collision cell for ~2 s where they undergo cooling through numerous 

collisions with the Ar bath gas. The ions produced in the collision cell were then 

transferred to the ICR cell where they were trapped radially by a 7 T magnetic field and 

axially by a ~ 1 V DC trapping potential. The [Ru(bipy)2]
2+ ions were isolated in the ICR 

cell and allowed to react with ms pulses of 2-methylpropane, propane, or propene. 

Alternatively, a pulse of CO was allowed in the ICR cell followed by isolation of 

[Ru(bipy)2COf+ after which 2-methylpropane was pulsed into the ICR cell. The pulse 

sequences for these experiments are shown in Fig. 4.1. 
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Figure 4.1. Pulse sequences for experiments conducted on the reaction of a) [Ru(bipy)2]
2+ 

and b) [Ru(bipy)2C0]2
+. 

Infrared multiple photodissociation (IRMPD) was used as an activation technique 

to help characterize the products of the various ion-molecule reactions. The source of 

infrared radiation was a standard pulsed C02 laser of 25 W at full power. 

4.2.2. Computational. 

The Gaussian 0926 suite of progran1s was used for the computational part of this 

work. Geometry optimizations as well as vibrational frequency and intensity calculations 
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were done using the B3L YP hybrid density functional and the 6-311 +G( d,p) basis set for 

all atoms except Ru, for which LANL2DZ basis set and effective core potential was used. 

Single point calculations were done on these B3L YP optimized geometries at the 

MP2(full) level of theory and the 6-311 +G( d,p) basis set on all atoms except Ru, for 

which the LANL2DZ basis set and effective core potential was used. MP2(full)/6-

311 +G( d,p) electronic energies and the thermal contribution to enthalpies from the 

B3L YP/6-311 +( d,p) calculations were then used to compute relative enthalpies and 

Gibbs energies. This method has been abbreviated MP2(full)/6-311 +G(d,p)//B3L YP/6-

311 +G( d,p) but it should be noted that the LANL2DZ basis set and effective core 

potential was used on Ru. 

4.3. Results and Discussion 

4.3.1. 2-Methylpropane 

Interestingly, there is a significant difference in the products of the 

[Ru(bipy)2]2+/2-methylpropane and the [Ru(bipy)2COf+/2-methylpropane reactions, 

where [Ru(bipy)2C0]2+ was produced by association of carbon monoxide to [Ru(bipy)2]
2+ 

in the ICR cell. Spectra for 10 pulses of 2-methylpropane with [Ru(bipy)2]
2+ (mlz 207) are 

shown in Figure 4.2. The reaction of 2-methylpropane with [Ru(bipy)2]
2+ ions leads only 

to the adduct ion-molecule product [Ru(bipy)2(C,JI10)]
2+ (mlz 236) according to Scheme 

4.1. 
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- hv or [M] 

Scheme 4.1. The reaction between 2-methylpropane and [Ru(bipy)2]
2

+ in the ICR cell. 

Stabilization of the nascent ion/molecule complex could occur either radiatively 

and/or by third-body collision. However, even at the pressures of a gas pulse ~ 1 o-7 mbar 

which last on the order of microseconds, third-body collisions are rare so radiative 

stabilization is most likely the main mechanism for stabilization of the nascent 

intermediate. 
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207 [Ru(bipyhJl+ 

l 

180 200 220 240 260 

a 

285 
[Ru(bipyhJ2+ 

... 1. 

b 

c 

280 m/z 

Figure 4.2. Mass spectra following a) CID of [Ru(bipy)3]
2
+ b) isolation of 

[
102Ru(bipy)2]

2
+, c) reaction between [Ru(bipy)2]

2
+ and 2-methylpropane 
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221 [Ru(bipy)2COJ'+ 

[Ru(bipyMCO)(HzO)j2+ 230 

[Ru(bipy)l H20)2]1+ 

[R .. (bipyh(H,o)]H A, 
2f6 I 

a 

249 [Ru(bipyMCO)(C4H8)j2+ 

'*' • , ... "'"• •" .. . ....... "' .. ' ~ ............... J . "' """"'''".. .. .... " ........ '""' .... :. 

160 180 200 220 240 260 280 300 m/z 

Figure 4.3. Mass spectra following a) isolation of [102Ru(bipy)2C0]2
+ , b) reaction of 

[Ru(bipy)2C0]2
+ with 2-methylpropane (10 pulses) c) isolation of dehydrogenation 

product, m/z 249, d) C02 laser IRMPD of mlz 249 rn/z for 2 sec at 20 % laser power and 

e) at 50 % laser power. 

When a pulse of carbon monoxide gas is introduced to the ICR cell, the product 

[Ru(bipy)2C0]2+ at m/z 221 was produced. The mass spectrum following isolation ofrn/z 

221 can be seen in Fig. 4.3a. Following its isolation, [Ru(bipy)2C0]2
+ was allowed to 

react with 2-methylpropane, and the result after 10 pulses can be seen in Fig. 4.3b. 
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Among the products are the association complex, [Ru(bipy)2(CO)(C4H10)]2+ at m/z 250, is 

observed as is the substitution complex, [Ru(bipy)2(C4H 10)]
2+ at m/z 236. These products 

are formed according to the mechanism suggested in Scheme 4.2. 

- hv or [MJ [Ru(bipy)2CO(C4 H 10 )]
2
+ 

m I z 250 

[Ru(bipy)2 (C4 H10)f+ + CO 

m / z 236 

Scheme 4.2. The mechanism suggested for the reaction between i-butane and 

[Ru(bipy)2COf+* inside the ICR cell. 

Since CO is far more strongly bound than 2-methylpropane (vide infra), the substitution 

product is further support that [Ru(bipy)2COf+ (m/z 221) is still internally excited, as 

suggested previously,25 due to the inefficient mechanisms to alleviate the energy of CO 

association. If mlz 221 was internally cool, loss of CO would not be observed. It was 

previously shown that m/z 221 is not translationally excited due to the ~ 1 V axial 

trapping potential; the translational energy was shown to be released prior to association 
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221 [Ru(bipy)2CO]'+ 

[Ru(bipy),(CO)(H20)]l+ 230 

[Ru(bipy)2(C,H8)]'+ 

235 

I 
[Ru(bipy)2(CO)(C3H6)]'+ 

[Ru(bipy),(CO)(C,H8)]l+ 
249 

242 250 [Ru(bipy)2(CO)(C,H10)J'' 

"" 

a 

4 pulses of i-butane 

m/z ratio 
221 72.9 
230 100 
235 12.5 
242 33.9 
249 45.8 
250 31.1 

b 

Figure 4.4. Mass spectra following the isolation of a) [102Ru(bipy)2COf+ and b) its 

reaction with 2-methylpropane on a day where water impurities were low. 

Products of the elimination of H2 forming [Ru(bipy)2(CO)(C4Hs)f+ at m/z 249 

and [Ru(bipy)2(C4H8)]
2+ at m/z 235 were also observed as well as the product of CH4 

elimination, [Ru(bipy)2(CO)(C3H6)]
2+, at mlz 242. C02 laser-IRMPD fragmentation of 

rnlz 249 resulted in the loss ofC4H8 (20% laser power) and loss of the original CO (50 % 

laser power) as seen in Figs. 4.3d and e. The recovery of reactants from laser irradiation 

of mlz 249 as well as the appearance of m/z 235 loss of CO following dehydrogenation 

suggests that m/z 249 and m/z 242 are not a result of direct reaction between Ru-bound 
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CO and 2-methylpropane. These results indicate that [Ru(bipy)z(CO)(C4Hs)]z+ and 

[Ru(bipy)z(CO)(C3H6)]z+ are the products of dehydrogenation and demethanation, 

respectively, in the [Ru(bipy)z(CO)]z+/2-methylpropane reaction. The absence of Hz or 

CH4 eliminations in the [Ru(bipy)z]z+/2-methylpropane reaction means that ligation of the 

ruthenium complex with CO is necessary for activation of the hydrocarbon to the two 

elimination reactions of 2-methylpropane. The mechanisms for Hz and CH4 eliminations, 

summarized in scheme 4.3, will be discussed in more detail below. 

c.H,o > [Ru(bipy)
2
CO(C4H10 ) ]

2+* ~ [Ru(bipy)2CO(C4H8)f+ + H2 

m I z 250 m I z 249 

~ [Ru(bipy)2CO(C3H6 )]
2
+ + CH4 

m l z 242 

Scheme 4.3. Dehydrogenation and demethanation of i-butane by [Ru(bipy)zCO]Z+*. 

Also observed were products such as those at m/z 216, 230, and 236 

corresponding to [Ru(bipy)z(HzO)f+, [Ru(bipy)z(CO)(HzO)]z+, and [Ru(bipy)z(HzO)z]z+, 

respectively, which are due to presence of water inside the ICR cell. An example of a 

reaction between [Ru(bipy)z(CO)f+ and 2-methylpropane (4 pulses) on a day when HzO 

impurities were significantly less can be seen in Figure 4.4. 

The question then becomes, why does ligation of CO result in significant changes 

m reaction pathways? To explain this, the potential energy surfaces for possible 

mechanisms of dehydrogenation of 2-methylpropane by [Ru(bipy)z]z+ and 

[Ru(bipy)z(CO)]z+ have been explored. In the pathway of alkane dehydrogenation via 

bare or M+n metal centers, it is believed that the metal inserts into the C-H bond to form a 
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H-M-alky1.5
'
16

'
17 This oxidative addition is followed by a reductive elimination of H2 

leaving the M-alkene complex. This mechanism of H2 loss via bare metal is summarized 

in Scheme 4.4.5
'
16

'
17 

oxidative 

_;....:..add'-'it-'-'ion~) H _ M _ C 
4 
H

9 

reductive 
elimination 

- H, 

Scheme 4.4. Dehydrogenation of i-butane by bare metal via oxidative addition/reductive 

elimination. 

In the case of the 16e- [Ru(bipy)2COf+, ruthenium has only one vacant 

coordination position so it is impossible for oxidative addition to occur unless another 

site is made vacant by losing one Ru-N bond. In Figure 4.5, a potential energy diagram 

determined for the mechanism is proposed where one of the f12 -bipy ligands becomes f1 1 

prior to the oxidative addition step. All stationary states of this potential energy diagram 

were computed except the oxidative addition transition state and product, as well as the 

reductive elimination transition state. The two transition state energies were estimated 

from the oxidative addition and reductive elimination transition states for Co2+/isobutane 

reactions.27 The oxidative addition product relative energy was taken to be the same as 

that for the non-CO bound potential energy surface (Figure 4.6). The large positive 

barrier (36 kJ mor1
) estimated for this mechanism makes it unlikely to be responsible for 

the dehydrogenation that is observed in the reaction between [Ru(bipy)2C0]2+ and 2-

methylpropane. Without CO association, the energy barrier is in excess of 90 kJ mor1 

(Fig. 4.6). 
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[Ru(bipy)z]Z+ 
+co 
+ i-butane 

~ 

0 
E 

H H 
(bipy)zRu2+ -1 I 

I C- C- CH ,,. • I 3 
CO H H CH3 

CH3 
I 
C- CH3 

(bipy)z(CO)Ru2+- \\ 

C- H +H2 
I 
H 

Figure 4.5. Computed potential energy diagram for the dehydrogenation of 2-

methylpropane by [Ru(bipy)2C0]2+ via an oxidative addition/reductive elimination 

mechanism following the partial dissociation of an Ru-N bond. The energy of the 

oxidative addition product (a) is estimated from the non-CO-associated complex (a) 

(Figure 4.6) and the two main transition state energies (b) are estimated from the 

oxidative addition and reductive elimination transition states for Co2+/isobutane 

reaction.27 
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[Ru(bipy)z]2+ 

+ i-butane 

0 

50 H 
. 2+/ 

(b1pyhRu H 

2+ H H 
(bipyhRu- 1 I 

.C- C- CH 
"' l I 3 

H H CH 
3 

\ I 
.C- C- CH 

H"-l I 3 
H CH3 

IH3 
C- CH3 

(bipyh Ru2
+_ \\ 

C- H +H2 
I 

-48 H 

Figure 4.6, Calculated potential energy diagram for the dehydrogenation reaction of 2-

methyl propane with [Ru(bipyhf+ via an oxidative addition/reductive elimination 

mechanism. The two main transition state energies were estimated from the 

Co2+1isobutane reaction. 27 

A mechanism that does not include oxidative addition is shown in Scheme 4.5. In 

this mechanism, activation of the C-H bond is through a a-bound complex in which 

ruthenium is coordinated with both carbon and hydrogen of C-H.28
'
29 This a-bound 

complex then undergoes a concerted H2 elimination where the second H comes from the 

~ C-H bond. 
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co 

H H 

(bipy)2(CO)Ru2 ' *~~ ~~ 
H2C-C(CH3) 2 

-t [Ru(bipy)2 (CO)(C~H8 )t + H 2 

Scheme 4.5. Dehydrogenation of i-butane by [Ru(bipy)2C0]2+* via a concerted 

mechanism. 

The B3LYP/6-311+G(d,p) optimized structure of the complex featuring an agostically-

complexed 2-methyl propane with [Ru(bipy)2C0]2
+ is shown in Figure 4.7a). The Ru-H 

bond length and Ru-H-C angle were found to be 2.00A and 135.5°, respectively, which 

are consistent with an agostic interaction. 30
•
3 1 The distance between hydrogen and carbon 

in Ru-H-C was found to be 1.13 A which is slightly longer than the usual C-H bond 

length. The strength of this agostic interaction is computed to be 100 kJ mor1 (see Fig. 

4.8) which is 14 kJ mor1 stronger than when there is no CO ligand (Fig. 4.9). 
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Figure 4.7. Computed structures for a) the cr-bound complex [Ru(bipy)2CO(C4H10)]2
+ 

complex and b) the transition state for concerted elimination of H2. 

In Figure 4.8, the calculated potential energy surface for the mechanism of 

Scheme 4.5 is shown (solid line). The energy barrier for H2 loss for this mechanism is 

estimated to be about 68 kJ mor 1 less than for the oxidative addition/reductive 

elimination mechanism of Figure 4.5. More importantly, the transition state energy is 

below that of the unassociated reactants. Inherent in this mechanism is that no significant 

loss of the energy of association of both CO and 2-methylpropane can occur prior to H2 

loss. 
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[Ru(bipy)z]2+ 
+co 
+ i-butane 
0 

[Ru(bipy)zC0]2+ 
+ i-C4Hlo 

H H 
(bipy)2Ru2·-l 1 

I C-C-CH -282 ""\ l 3 
CQ.i H 

CH
3 

2+ t;t - - -~H3 
(bipy}z(CO)Ru-i i 

.t.- c- H 
~-· 1 I 

H H CH 
3 

H3C 

I 
C-CH 

(bipy)2(CO)Ru2·-11 
3 

C-H 
+Hz I 

-253 H 

-285 H --- ) 
2+ C- CH3 

(bipy}z(CO)Ru-- 11 
C- H 
I 
H 

Figure 4.8. Computed potential energy diagram for the concerted dehydrogenation (solid 

line) and demethanation (dashed line) reactions of 2-methylpropane by 

[Ru(bipy)2C0]2+*. 

Primarily, it is the strong binding energy of CO that drives the reaction, dumping 

180 kJ mor1 of internal energy into the complex. This is the reason that dehydrogenation 

is not observed for the bare [Ru(bipy)2f+ complex (see Figures 4.2 and 4.9). Indeed 

association of ethylene, N2, or 0 2 (bound by only 72, 98, and 107 kJ mor1
, respectively) 

prior to reaction with 2-methylpropane resulted only in the substitution and addition of 2-

methyl propane. Association of these to [Ru(bipy)2f +, and assuming the same 
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mechanism as in Scheme 4.5, the energy barrier to Hz loss would be positive by over 40 

kJ mor1
• It is also interesting to note that the energy barrier for Hz loss is calculated to be 

250 kJ mor1 (Figure 4.8) for the CO-associated concerted transition state but almost 40 

kJ mor1 more (289 kJ mor1
, Figure 4.9) without CO. 

[Ru(bipy)2]2+ 

+ i-butane 

0 

H······H f\ 
(bipy)2Ru2-• - ! . 203 / 

c-c-cH3 I 
H·""l I 

H CHJ I 
I 
I 
I 
I 
I 
I 
I 
l 

212 

~ 
\ 
\ 
\ 
\ 
\ 
\ H

1
C 

\ b-cH 
1
(bipy)2Ru2'-ll 3 

\~ +H2 

\ -48 
\ H 

\ ! 
\ 2+ C-CH3 

(bipy)zRu---JJ 
\ C- H 

' +CH. I 
........ -154 H ---

Figure 4.9. Computed potential energy diagram for the dehydrogenation (solid line) and 

demethanation (dashed line) reactions of 2-methylpropane by [Ru(bipy)z]z+ via a 

concerted mechanism. 

Without this real lowering of the energy barrier-catalysis- the transition state energy 

would be above the energy of the reactants and dehydrogenation would not likely be 

observed. Furthermore, the barrier to concerted dehydrogenation of 2-methylpropane 
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was calculated to be 483 kJ mor1 (Figure 4.1 0), showing the very strong effect of the cr-

bound complexation of metal with C-H bond in activating the dehydrogenation process. 

.... 
0 
E 

0 

t+·····H . . 
t+--0----0----cHJ 

I I 
H CH

3 

Figure 4.1 0. Computed potential energy diagram for the concerted dehydrogenation of 2-

methylpropane. 

A similar explanation for the observation of methane loss is proposed given the 

very similar potential energy surface calculated for the concerted loss of methane, shown 

in the dashed lines in Figures 4.8 and 4.9. The calculations show that the energy barrier 

for methane loss is slightly higher than that for dehydrogenation, in agreement with the 

observed, relatively smaller amount of methane loss product observed. 
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180 

[Ru(bipyhJ2+ 

207 

l 

200 220 

229 

240 260 

a 

[Ru(bipy hF+ 

,,,l, 

b 

c 

280 300 m/z 

Figure 4.11. Mass spectra following a) CID of [Ru(bipy)3]
2+ b) isolation of 

[
102Ru(bipy)2]2+, and c) reaction between [102Ru(bipy)2]

2+ and propane. 

4.3.2. Propane and Propene. 

Similar to 2-methylpropane, the reaction of [Ru(bipyhf+ (mlz 207) with propane 

led only to the association of one molecule of propane to form [Ru(bipy)2(propane)]2+ 

(m/z 229, Figure 4.11). The reaction of [Ru(bipy)2(CO)f+ with propane was found to 

result m dehydrogenation, demethanation, 

[Ru(bipy)2(CO)(C2H4)]
2+; as well as association and substitution (Figure 4.12). In 

134 



addition, a small amow1t of product resulting from both demethylation and 

dehydrogenation, [Ru(bipy)z(CO)(C2H2)]
2
+ was observed at m/z 234. This product could 

be the result of sequential loss of H2 and CH4, or vice-versa, since product formation can 

leave the resultant ions, [Ru(bipy)z(CO)(C3H6)]2
+ or [Ru(bipy)2(CO)(C2&)]2

+ with an 

excess of internal energy. It is not understood why these sequential reactions were not 

observed in the 2-methylpropane reactions. 

In contrast to propane and 2-methylpropane, dehydrogenation and demethylation 

were not observed in the reaction of propene with [Ru(bipy)2(C0)]2
+ (Figure 4.13). 

Rather, in this reaction, only addition and substitution of CO was observed. 
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160 180 

[Ru(bipy)2(CO)(H20 )]2+ 230 

229 [Ru(bipyh(C,H8)J'' 

[Ru(bipyhf+ 

207 

200 220 

235 [Ru(bipy)2(CO)(C2H•)]'+ 

I [Ru(bipy),(CO)(C2H2)]'+ 

~ [Ru(bipy),(CO)(C3H6) ] 2• 

243 [Ru(bipy),(CO)(C,H8) ) ,. 

240 260 280 

a 

b 

c 

d 

300 320 m/z 

Figure 4.12. Mass spectra following a) reaction of [102Ru(bipy)2]2
+ with CO then isolation 

of C02Ru(bipy)2C0]2
+, b) the reaction of C02Ru(bipy)2C0]2

+ with propane (10 pulses of 

propane) c) isolation of dehydrogenation product, m/z 242, and d) C02 laser-IRMPD of 

rn/z 242 for 10 sec at 20 % power. 
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[Ru(bipyhF+ 

a 

b 

c 

180 200 220 240 260 280 300 m/z 

Figure 4.13. Mass spectra following a) the isolation of [102Ru(bipy)2f +, b) its reaction 

with a pulse of CO and isolation, and c) the reaction of [102Ru(bipy)2(C0)]2
+ with 

propene. 

4.4. Conclusion 

The reactions of [Ru(bipy)2]
2+ and [Ru(bipy)2C0]2

+ with 2-methylpropane, 

propane, and propene have been investigated. [Ru(bipy)2]
2
+ reactions resulted solely in 

addition of the hydrocarbon. Interestingly, for the reactions of 2-methylpropane and 

propane with [Ru(bipy)2C0]2+, dehydrogenation as well as demethanation were 

137 



observed. These reactions were further investigated by computational means and it was 

concluded that both dehydrogenation and demethanation occur by a concerted 

mechanism, resulting in an energy barrier that is lower than the unassociated reactants 

[Ru(bipy)2]2+, CO, and 2-methylpropane (or propane). Furthermore, that the elimination 

reactions do not occur without CO shows that the intermediate [Ru(bipy)2COf+* must be 

chemically activated, maintaining much of the ~180 kJ mor1 of internal energy acquired 

upon association of CO with [Ru(bipy)2]
2+. 

In contrast with the reactions of propane and 2-methylpropane, propene simply 

associates with or replaces CO in its reaction with [Ru(bipy)2C0]2+. The energy barrier 

for concerted dehydrogenation or demethanation is undoubtedly too high as a result of 

the sp2 hybridization and of the preferred binding of propene through its B electrons 

rather than C-H cr-bound complexation. 
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Chapter 5. Structures and Unimolecular 

Reactivity of Gas Phase[Zn(Proline-H)]+ and 

[Zn(Proline-H)(H20)]+ 

This work has been published in part as A. Gholami and TD. Fridgen. , Structures and 

Unimolecular Reactivity of Gas Phase [Zn(Proline-H)t and [Zn(Proline-H)(H20)t,. 

Journal of Physical Chemistry B, 2013, DOl: 10.1021/jp404697g. This work has been 

done and written by me under supervisioin of Dr. Travis D. Fridgen. 
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5.1. Introduction 

Studying complexes of metal ions and amino acids is very important since these 

studies can provide information on the nature of binding of metal ions to larger biological 

systems. Zn2+ is known to affect protein activities by inducing conformational changes 

through coordinate bonding. 1
-
6 For example, the tumor suppressor p53 is a proline 

enriched protein which shows anticancer activity when bound to DNA. It is understood 

that tumor suppressor p53 binds to DNA via a wild-type folded conformation stabilized 

by chelating with zinc. 1 ,7,s Furthermore, binding of zinc to pep tides or proteins could be 

one of the factors contributing to the development of Alzheimer's disease.9 Zinc was 

reported to induce abnormal aggregation of proteins in vitro through its interactions with 

several proteins resulting in Alzheimer or Parkinson's diseases.9 Obtaining knowledge 

about binding sites of Zn2+ and amino acids, protein building blocks, could provide 

useful insight into the mechanism of biological processes, and lead to new methods for 

treatment of these diseases. 

Recently, a large amount of research has been focused on the characterization of 

structure and binding sites of gas phase metal-amino acid or peptide complexes. 10
-
24 

Atkins et al. determined the structure of the deprotonated Pb2+/glycine complex using 

IRMPD spectroscopy and density functional calculation.25 The presence of a carboxylic 

acid 0-H stretching band around 3540 cm-1 revealed that the complex is deprotonated at 

the amine group, leaving the carboxylic acid group intact, and that Pb2+ was coordinated 

to the deprotonated-amine nitrogen and carbonyl oxygen?5 The structures of [Pb(Pro-
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H)t and [Pb(Pro-H)(H20)] (proline = Pro) were also characterized by comparing gas 

phase IRMPD spectra and computed IR spectra. The amine-deprotonated structure which 

involves Pb2
+ in coordination with the amine nitrogen and carbonyl oxygen (A type 

structure in Figure 5.1) was concluded to be the structure responsible for the IRMPD 

spectrum. For the monohydrated complex, IRMPD suggested a structure with intact 

water bound to the carboxylate oxygens and is also strongly hydrogen bound to the amine 

nitrogen resulting in one 0-H stretch at about 3700 cm·1
• It was suggested that during the 

hydration process [Pb(Pro-H)(H20)t complexes isomerize from the structure with Pb2
+ 

bound to the amine Nand carbonyl 0 (A-type) to the one with Pb2
+ placed between the 

two carboxylate oxygens (C-type).22 

' 2+ M 
I 

e H 

~ OH r ;--< 
--.N ,0 

e ._ 

H lype A typ 13 type C type 

Figure 5.1. 4 types of [M(Pro-H)t conformers (M=Zn2+ and Pb2+). Conventional 

nomenclature of the three isomers (i.e. A, B, and C) used by Burt et a/.22 

IRMPD spectroscopy was also employed in conjunction with electronic structure 

calculations to study the gas-phase structure of [Zn(His-H)t (histidine= His).26 The 

proton lost in [Zn(His-H)t was found to be from the carboxylic acid group. The structure 

most consistent with the IRMPD spectrum was that in which histidine coordinated in a 
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tridentate fashion with Zn2
+ bound to the carbonyl, Nl of imidazole, and the a-amino 

group (CO, Nl ,Na).26 

The Zn2+ complex with the conjugate base of amino acids has also been studied 

using gas phase fragmentation techniques. Ohanssien and co-workers have done a series 

of studies to determine the structures and fragmentations of deprotonated glycine-Zn(II) 

complex in the gas phase.27
-
30 Accurate ab initio calculations were used to obtain three 

types of structures including complexes deprotonated at the amine group, carboxyl acid 

or deprotonated at the a-carbon among the lowest energy structures of [Zn(Gly-H)t 

(glycine= Gly).27 The energetically most favourable structure in the gas phase was found 

to be one where nitrogen is deprotonated and where H is transferred from the a-carbon to 

Zn2+ effectively forming a complex between dehydrogenated Gly and ZnH+.27 

The focus of this work was to characterize the structures of deprotonated zinc­

proline complexes. Proline is the only naturally occurring amino acid with a secondary a ­

amine group. Here, the structures of the bare and monohydrated complexes, [Zn(Pro-H)t 

and [Zn(Pro-H)(H20)t have been elucidated using collision induced dissociation, CID, 

and IRMPD spectroscopy in combination with electronic structure calculations. 
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5.2. Methods 

5.2.1. Experimental 

The [Zn(Pro-H)t complex was electrosprayed from a solution containing 0.1 mM 

ZnCh and 0.1 mM amino acid in a 90110 mixture of methanol/water using an Apollo II 

ion source of a Bruker Apex Qe 7 T FTICR MS. The [Zn(Pro-H)t ions were allowed to 

accumulate in a hexapole collision cell for 2s before being transferred to the ICR cell. To 

prepare the hydrated complex of [Zn(Pro-H)t, water is introduced to the collision cell 

via a vapour inlet line.31 For IRMPD experiments, [Zn(Pro-H)tor [Zn(Pro-H)(H20)t 

were isolated in the ICR cell and irradiated with a KTP OPO laser coupled to the FT-ICR 

for 7 sec over the range of 3200-3800 cm·1 at intervals of 1.5 cm-1.22 The IRMPD 

spectrum was obtained by plotting the negative of the natural logarithm of the normalized 

precursor ion intensity, IRMPD efficiency, as a function of OPO radiation frequency. 

SORI/CID was also used to perform tandem mass spectrometry inside the ICR 

cell. The isolated ions were fragmented by energetic collisions, 1.1-7.8 eV lab frame or 

0.19-1.4 e V in the center of mass ( c.o.m.) frame, with a pulse of argon to a pressure of 

10·8 mbar in the ICR cell ofthe mass spectrometer. 

5.2.2. Computational 

Calculations were performed using the Gaussian 09 software package. 32 Many 

possible structures with different deprotonation sites and zinc coordination were 
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optimized, and frequency calculations for each optimized structure were done using 

B3L YP density functional theory with the 6-31 +G(d,p) basis function. The vibrational 

frequencies were scaled by factor of 0.955 to compare with the experimental IRMPD 

spectra. Single point energy calculations were also performed at the MP2 level of theory 

using 6-311 ++G(2d,2p) basis set. The relative enthalpies and Gibbs energies reported are 

a combination of the MP2 electronic energies and the 298 K thermochemistry from the 

B3L YP calculations called MP2(full)/6-311 ++G(2d,2p)//B3L YP/6-31 +G(d,p). 

5.3. Results and Discussion 

5.3.1. IRMPD spectra of [Zn(Pro-H)t and [Zn(Pro-H)(H20)( 

Upon resonant absorption of the OPO laser [Zn(Pro-H)t the only fragmentation 

observed was loss of neutral zinc to produce an ion at mlz 114. A small amount of m/z 68 

was also observed and is formed by subsequent [2H,C,20] from [Pro-Ht. No other 

dissociation products were observed. The slow activation by the OPO laser results in 

dissociation pathway with the lowest energy requirement to be accessed; in the present 

case loss of neutral Zn. 

In the case of the hydrated complex, [Zn(Pro-H)(H20)t (mlz 196), the fragment 

wns were observed mlz 178 and m/z 114 which are losses of H20 and H20+Zn, 

respectively. 
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Figure 5.2. Comparison of IRMPD spectra of [Zn(Pro-H)t, [Zn(Pro-H)(H20)t, [Pb(Pro­

H)t, and [Pb(Pro-H)(H20)t in the 3200-3800 cm-1 range. IRMPD spectra of [Pb(Pro­

H)t, and [Pb(Pro-H)(H20)t adapted with permission from J. Phys. Chern. B, 2011, 115, 

11506-11518.22 

The IRMPD spectra of [Zn(Pro-H)t and [Zn(Pro-H)(H20)t in the 3200-3800 

cm-1 range are compared with the previously reported IRMPD spectra of [Pb(Pro-H)t 

and [Pb(Pro-H)(H20)t in Figure 5.2. The IRMPD spectrum of [Zn(Pro-H)t exhibits a 

single absorption at 3557 cm-1 in the 0-H stretching region, and there is no absorption 

observed in the N-H stretch region. A similar IRMPD spectrum was observed for 
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[Pb(Pro-H)t, a single band assigned to the carboxylic acid 0-H stretch.22 This implies 

that the (Zn(Pro-H)t complex is amine deprotonated similar to the (Pb(Pro-H)t 

complex, having an intact carboxyl group.22 

The IRMPD spectrum of the singly hydrated complex, (Zn(Pro-H)(H20)t, 

contains an absorption in a similar position to the one observed in the bare complex at 

3562 cm-1 and can be assigned to the carboxylic acid 0-H stretch. There is also a 

stronger absorption at 3 718 em -I which can be attributed to the stretching of a free 0-H 

group attached to zinc. The absence of two water bands, the symmetric and 

antisymmetric water stretching absorptions, rules out a water molecule being bound to 

zinc and free from other interactions. The absence of the symmetric stretch could be 

explained by one of the water hydrogens involved in an intramolecular hydrogen bond. 

The band assigned to the MO-H stretch was similarly observed for IRMPD spectrum of 

[Pb(Pro-H)(H20)t. However, the carboxyl 0-H stretch band observed in the bare 

complex (Pb(Pro-H)t was absent in the IRMPD spectrum of [Pb(Pro-H)(H20)( 

Instead, a band assigned to an N-H stretch was present, suggesting that [Pb(Pro­

H)(H20)t is deprotonated at the carboxylic acid, due to an isomerization that occurred 

during solvation. 
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5.3.2. Computed structures and spectra of [Zn(Pro-H)t and [Zn(Pro-H)(H20)t. 

.J •"" •"' J 

.j 
.J 

Pro-Hii .j 
Pro-Hi 11.5(10.2) 

12.8(11.6) 
Pro-Hiii 
18.7(12.9) 
28.8(23.0) 

Pro-B 

139.5(142.6) 
114.2{117.8) 

..J 

Pro-A 

161.6(163.1) 
146.9{148.4) 

J 

.J 

Pro-C 

J 173.9(167.1) 
221.2{214.4) 

ProW-Hi 
41.1(34.0) 
71.4{64.3) 

/ 

J 

.,J 

ProW-Ai 

J 

ProW-Hii 
47.5(40.4) 
80.7(73.7) 

.J 
• .,J ProW-B 

51.1(46.6) 
43.3{38.9) 

.J 

.J. 

"" 

.J ))..J 

J j 

ProW-Hiii 
41.3(25.2) 
72.8{56.7) 

83.6(78.0) ~ 
77.4{71.8) 

J 

:.IProW-Ci 

98.7 (90.5) 
102.3{94.1) .4-

ProW-Cii 
2.5(-3.3) 
9.3{3.4) 

Figure 5.3 . Computed structures for [Zn(Pro-H)t and [Zn(Pro-H)(H20)t complexes. 

The 298 K enthalpies and Gibbs energies (in parentheses) are reported at the B3L YP/6-

3l+G(d,p) and MP2(full)/6-31l ++G(2d,2p)//B3LYP/6-31+G(d,p) (in bold) and are in kJ 

mor'. 

Many [Zn(Pro-H)t and [Zn(Pro-H)(H20)t structures as well as their relative 

enthalpies and 298K Gibbs energies are shown in Figure 5.3. The lowest energy 
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structure of [Zn(Pro-H)]+, Pro-Hi, was found to be one in which a hydrogen is transferred 

from the C5 group to zinc, and Zn2+ is bound to the deprotonated amine nitrogen and the 

carbonyl oxygen of the carboxyl group. Pro-Hii is a similar H-type structure, where 

hydrogen is transferred from C2 to the zinc atom. Effectively, these structures are 

dehydrogenated proline bound to ZnH+. The MP2 and B3L YP calculations predict the 

Hii structure to be higher in Gibbs energy than the Hi structure by 12.8 and 11.5 kJ mol­

l , respectively. A third H-type structure, Pro-HC still higher in energy, is carboxylate de­

protonated with ZnH+ bound to the carboxylate group. 

Pro-B involves metal chelation between the amine nitrogen and one carbonyl 

oxygen of carboxylic acid deprotonated proline, and is higher in energy by more than l 00 

kJ mor1 than Pro-Hi. The relative energies are similar to those seen for the Hand B type 

isomers of [Zn(Gly-H)t.27 They suggested that the B-type structure of [Zn(Gly-H)t is 

the solution phase complex and during desolvation it isomerizes to the H type structure.27 

In Pro-A the zinc atom is bound between the deprotonated amine group and the carbonyl 

oxygen of the intact carboxylic acid group. The Pro-A structure is higher in Gibbs energy 

than Pro-B by 30.6 kJ mor1
, and higher by 148.4 kJ mor1 in Gibbs energy than the 

lowest energy H type structure. Pro-Cis carboxylic acid-deprotonated with Zn2
+ between 

the two carboxylate oxygens and is in excess of 150 kJ mor1 higher in energy than the 

global minimum energy structure. In contrast, the H type structure is significantly higher 

in energy, 32 kJ mor1
, than the lowest energy structure computed for [Pb(Pro-H)t. The 

amine- and carboxylic acid-deprotonated structures for [Pb(Pro-H)t were computed to 

be the lowest in energy and virtually isoenergetic, with Pb2
+ coordinated between the 
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carbonyl 0 and amine N.22 The significant difference between Pb2+ and Zn2+ can be 

largely rationalized by the higher affinity of Zn2+ for hydrogen.37 The reported values of 

the metal-hydrogen bond energy, D298(~-H), for Zn2+ and Pb2+ are 241 kJ mor1 and 175 

kj 1-1 . 1 37 mo , respective y. 

Computed structures for [Zn(Pro-H)(H20)t resulting from attaching water to the 

[Zn(Pro-H)t structures are depicted on the right side of Figure 5.3. Simply adding water 

to Zn of Pro-A produces ProW-Ai, but a hydrogen transfer from water toN produces the 

lowest energy structure, ProW-Aii, which can be described as proline bound to ZnOH+. 

ProW-Ai is 72 kJ mor1 higher in Gibbs energy than ProW-Aii. In ProW-Hi and ProW-

Hii water is bound to Zn and inserts into the Zn- N bond bridged to N by an OH 

hydrogen bond. ProW-Hi and ProW-Hii are 64 and 74 kJ mor1
, respectively, higher in 

Gibbs energy than the lowest energy structure. ProW-B and ProW-Ci result from the 

attachment of intact water to Pro-B and Pro-C, which are 40 and 94 kJ mor1 higher in 

Gibbs energy than ProW-Aii, respectively. Another interesting C-type structure, 

effectively results from a proton transfer from water to N. In ProW-Cii proline is a 

zwitterion, stabilized by a ZnOW moiety bound to the deprotonated oxygen. There is 

also a hydrogen bond between the carbonyl oxygen and one of the hydrogens of the 

protonated amine group. Finally, two solvated HC structures, one with two free 0-H 

bonds and one which has one of the 0-H bonds of water is hydrogen bonded to a 

carboxylate oxygen are also presented in Figure 5.3. 
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Figure 5.4. Comparison of the IRMPD spectrum with the B3L YP/6-31 +G(d,p) computed 

spectra for some of the structures depicted in Figure 3 for a) [Zn(Pro-H)t and b)[Zn(Pro­

H)(H20)( 
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In Figures 5.4 a) and b) and Figure 5.5 the computed IR spectra for some of the 

structures in Figure 2 are compared with the experimental IRMPD spectra for [Zn(Pro­

H)t and [Zn(Pro-H)(H20)t complexes, respectively. The IRM.PD spectrum of [Zn(Pro­

H)t can rule out the high energy structures Pro-B, Pro-C, and Pro_HC as the main 

contributors to the IRMPD spectrum due to the absence of the carboxylic acid OH stretch 

in their computed IR spectra which was the only feature observed in the experimental 

spectrum. The N-H stretch of Pro-C is predicted to occur at a higher wavenumber 

position and with more intensity than predicted for other proline complexes and observed 

in solvated [Pb(Pro-H)] complexes.22 The Pro-H and Pro-A complexes both reproduce 

the COO-H stretch in the observed spectrum, both do not have an N-H bond, and cannot 

be distinguished by the IRMPD spectrum in the 3200-3800 cm-1 region. However, using 

both B3L YP and MP2 methods, Pro-A is calculated to be about 148 kJ mor1 higher in 

Gibbs energy than the Pro-Hi structure. The Pro-H type structures, N-deprotonated with 

H transferred from C2 or C5 to Zn, are both consistent with the IRMPD spectrum, and 

are also the lowest energy structures. 
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Figure 5.5. Comparison of the IRMPD spectrum with the B3L YP/6-31 +G(d,p) computed 

spectra for some ofthe structures depicted in Figure 3 for a) [Zn(Pro-H)t and b)[Zn(Pro­

H)(H20)t. 

The IRMPD spectrum of the hydrated complex has two bands in the OH stretch 

region, were assigned to the ZnO-H and carboxylic acid OH stretch based on their 

positions. Comparing the IRMPD spectrum and computed spectra of the hydrated 

complexes, Fig. 3 b), rules out the structure ProW -Aii, where intact water is added to 

Pro-A because its computed IR spectrum contains three OH stretch bands, water 

symmetric and antisymmetric stretch as well as the carboxylic acid OH stretch. 
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It is true that N-H stretching vibrations are weak in intensity for metal-amino acid 

complexes, however, in systems where there is an N-H stretch there is always at least a 

small amount of dissociation observed. In the solvated complexes, the N-H stretching 

vibrations are always observed with significant intensity (see for example the spectrum of 

[Zn(Pro-H)(H20)t in Figure 5.2). There is no action whatsoever in the N-H stretch of 

the experimental IRMPD spectrum of [Zn(Pro-H)(H20)t, therefore ProW-Ai, which is 

the lowest energy structure, cannot explain the experimental spectrum. In addition, the 

IRMPD spectrum can rule out structures ProW-B, and the ProW-C structures (see also 

Fig. 5.5), which are also predicted to have a band in the N-H stretch region. The ProW­

He structures also will have an N-H stretch and can be ruled out (see also Fig. 5.4). The 

high energy ProW-Hi and ProW-Hii structures, where water is added to the H-type 

structures of [Zn(Pro-H)t and are intramolecularly hydrogen bonded to the amine site, 

are the best matches for the IRMPD spectrum of [Zn(Pro-H)(H20)t. Furthermore, loss 

of neutral Zn following water loss when [Zn(Pro-H)(H20)t absorbs the OPO laser 

suggesting a structure similar to the [Zn(Pro-H)t complex. 
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5.3.3 . Unimolecular Reactivity of Activated [Zn(Pro-H)t . 
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Figure 5.6. Electrospray mass spectra of [Zn(Pro-H)t following a) isolation of m/z 178, 

b) SORI-CID ofmlz 178 at 0.53 eV (c.o.m.), c) isolation of mlz 114 formed from 

SORI_CID ofmlz 178, and d) SORI-CID of m/z 114 at 1.17 eV (c.o.m.). 
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In Figure 5.6 is the MS/MS spectrum of [64Zn(Pro-H)t using SORI-CID (Fig. 5.6 

b), followed by isolation of m/z 178 inside the ICR cell (Fig. 5.6a). The main primary 

fragmentation product is mlz 114 assigned to [Pro-Ht and corresponds to loss of Zn (64 

Da). In order to verify that the fragment ion mlz 114 comes from the loss of neutral zinc, 

the [66Zn(Pro-H)t precursor ion (m/z 180) was isolated and submitted to SORI-CID. 

The product ion remained at m/z 114, a loss of 66 Da this time which clearly confirms the 

loss of neutral Zn. Minor fragmentation products are also observed in the CID spectrum 

at mlz 160, m/z 150, and mlz 134, which are easily identified as losses of H20 , CO, and 

C02, respectively. A peak at mlz 132 was also observed which corresponds to either a 

secondary loss of CO following loss of H20 (or vice versa), or loss of formic acid 

(HCOOH), vide infra. 

Other ions in the SORI-CID spectrum of mlz 178 were observed at mlz 68, 86 and 

96. SORI-CID experiments conducted on the isolated m/z 114 fragment ion produced by 

SORI-CID of m/z 178, and the result is shown in Figure 4d. The fragment ions observed 

were, again, mlz 96 (loss of H20), m/z 86 (loss of CO), and m/z 68 (loss of H20 and CO) 

showing that these ion in the SORI-CID of mlz 178 are most likely secondary 

fragmentations following the loss of neutral zinc. Shoeib et al. previously observed 

similar fragment ions at mlz 114 and mlz 68 following CID of the [Ag-Prolinet 

complex.33These ions were identified as [Pro-Ht formed by loss of neutral AgH and 

C4H6~ formed by secondary concurrent loss of H20 and CO fragmentations of [Pro-Ht. 

Effectively [Pro-Hf is protonated dehydrogenated proline and was identified as the 

immonium ion similar to that which znl-( is bound to in structure Pro-Hi. 
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Dissociation of collisionally activated [Zn(Gly-H)t showed three parallel primary 

dissociation pathways, loss of C02, loss of CO, and loss of H20 (followed by loss of 

C0).30 However, unlike [Zn(Pro-H)t, [Zn(Gly-H)t does not lose neutral Zn. SORI­

CID performed on [Pb(Pro-H)t (m/z 322), resulted primarily in the loss of water (mlz 

304) and no loss of neutral metal. 

Kretschmer et al. discovered this novel leaving group, neutral atomic metal, for 

the SN2 reaction between M(CH3t (M=Zn, Cd, Hg) and ammonia in the gas phase.34 

This type of reaction did not take place for the first-row transition metals other than Zn.34 

The different behaviour of the zinc triad elements, Cd, Zn, and Hg, is correlated with 

their relatively high ionization energy (IEs) in turn due to their closed-shell electron 

configurations.35 With the help of calculations a pathway was proposed for C-N 

coupling, leading to the liberation of neutral metal involving coordination of NH3 to the 

carbon of the methyl group. A pathway with ammonia coordinated to the metal center 

was ruled out for energetic reasons. Furthermore, the rate coefficients and the 

efficiencies for the elimination of neutral metal were observed to increase over the series 

Cd>Zn>Hg, which is consistent with the trend of the sum of the first and second 

ionization energies.34
•
35 On this basis, the presence of liberation of neutral metal in 

activation/fragmentation of [Zn(Pro-H)t in the present experiment and its absence in the 

case of [Pb(Pro-H)t can also be correlated with the higher ionization energy of Zn 

compared to Pb.36 

In order to determine the ongm of hydrogen atoms lost in the SORI-CID 

experiments, activation was conducted on complexes composed of two deuterium 
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isotopomers of proline. The results of the SORI-CID esperiments on [Zn(Pro-H)t where 

Pro was 2-dl-proline or 2,5,5-dJ-proline are shown in Figure 5.7 a) and b), respectively. 

As expected, the peaks in the CID spectrum of normal [Zn(Pro-H)t (Fig. 5.4) at m/z 114, 

134, and 150 due to loss of Zn, C02, and CO, respectively, shift to m/z 115, 135, and 

151, respectively for single deuterium substitution and to mlz 117, 137, and 153 for the 

triply deuterated complex. 
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Figure 5.7. SORI-CID mass spectra of [Zn(2-d1-Pro-H)f (m/z 179) following its isolation 

and [Zn(2,5,5-d3-Pro-H)f (mlz 181) following its isolation. 

For [Zn(2-d1-Pro-H)f the mlz 160 peak associated with loss of water becomes two peaks, 

loss of 18 and 19 Da at m/z 161 and 160, respectively, suggesting two different routes to 

loss of H20, one involving the C2 hydrogen. For [Zn(2,5,5-d3-Pro-H)f, the water loss 

peak is observed solely at m/z 162, a loss of 19 Da. This result shows that there are two 

routes to the loss of water, one involving a hydrogen on C2 and one involving a hydrogen 
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on C5. From the results of the IRMPD spectroscopy experiments, showing an intact 

carboxyl group, it is safe to assume that H20 loss also involves the carboxyl OH group. 

The loss of 46 Da from [Zn(Pro-H)t does not change with deuterium substitution 

at C2 or CS. Therefore, this fragmentation does not involve loss of water followed by 

loss of CO otherwise there would be a shift in this peak similar to that observed for the 

water-loss peak. These results show that the mlz 132 peak likely results from a fifth 

primary fragmentation channel, loss of 46 Da, which is most likely the carboxylate group 

and a hydrogen from C3 or C4. 

5.3.4. Fragmentation pathways. 

The main fragmention channel observed by IRMPD or CID for [Zn(Pro-H)t was 

the loss of neutral Zn, whereas the only fragment ion produced by absorption of OPO 

laser by [Pb(Pro-H)t was loss ofH20.22 Moreover, the fragmentation channels observed 

by CID of [Zn(Gly-H)t were loss of C02, loss of CO, and successive loss of CO and 

H20.30 Shoeib et al. investigated the mechanism of fragmentation of [Ag(Pro)t complex 

leading to the loss of AgH. 33 They showed that H transfer occurs from C5 to Ag + to fom1 

a structure containing AgH bound to deprotonated proline. AgH was then eliminated to 

form deprotonated proline observed at mlz 114. It was determined above that the lowest 

energy structure, and one consistent with the IRMPD spectrum for [Zn(Pro-H)t is an H 

type structure resembling Z~ bound to dehydrogenated proline where proline is 

dehydrogenated at Nand C5. 
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Figure 5.6. Energy profile in kJ mor1 (unbolded values are enthalpies and bolded values 

are Gibbs energies) for the loss of neutral zinc and Pro-H2 from [Zn(Pro-H)t complex. 

Thermochemistries were computed using MP2(full)/6-311 ++G(2d,2p)//B3L YP/6-

31 +G(d,p). 

Armed with the experimental data provided above, electronic structure 

calculations can provide some more insight into the primary fragmentation channels 

observed for [Zn(Pro-H)t. For example, calculations will be used to explain why the 
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fragmentation channel leading to the loss of neutral zinc was observed rather than the loss 

of dehydrogenated proline producing znH+. The energy profiles for loss of Zn and loss 

of dehydrogenated proline from Pro-Hi are provided in Figure 5.8. The hydrogen of ZnH 

is transferred to nitrogen and neutral Zn is lost to give deprotonated proline at mlz 114 

through a transition state with a Gibbs energy barrier of 213 kJ mor 1, and the products 

are 91 kJ mor1 higher in Gibbs energy than Pro-Hi. On the other hand, the energy 

required for dissociation of dehydrogenated proline to produce ZnH+ was calculated to be 

335 kJ mor'. This large dissociation energy explains why an ion ZnH+ at m/z 65 was not 

observed. 

In Figure 5.9 is the energy profile for the loss of water from Pro-Hi. The first step 

is rotation around the carboxyl C-C2 bond such that the OH oxygen is complexed to Zn. 

The next step is a transfer of hydrogen from Zn-H to the carboxyl carbon and transfer of 

the OH to Zn. This step is followed by a transfer of the H from the now carbonyl C to the 

OH group. In this mechanism, the H that was on Zn in Pro-Hi originally stemmed from 

C5 which is consistent with the deuterium isotope experiments which show that one of 

the hydrogens on water was deuterated. A similar mechanism and potential energy 

profile for the Pro-Hii complex, where the H on Zn originates from C2, is shown in 

Figure 5.10. The deuterium substitution experiments are consistent with both isomers, 

Pro-Hi and Pro-Hii, being present since when only 2-d1-proline is used, both H20 and 

HDO loss is observed but when 2,5,5-d3-proline is used only HDO loss is observed. Note 

that a thorough search for a mechanism where H was transferred from Zn was conducted. 

No attempts resulted in a transition state where H was transferred directly from Zn to the 
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OH group. The threshold for water loss is also computed to be significantly higher than 

that for loss of Zn, >296 compared to 213 kJ mor1 in agreement with the Zn loss being 

the most abundant product ofSORl-CID and IRMPD. 
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Figure 5.9.Energy profile in kJ mor1 (unbolded values are enthalpies and bolded values 

are Gibbs energies) for the loss of water from [Zn(Pro-H)t complex, Pro-Hi. 

Thermochemistries were computed using MP2(full)/6-311 ++G(2d,2p)//B3L YP/6-

31 +G(d,p). 
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In Figure 5.11 is the energy profile for loss of formic acid. The threshold for this 

pathway, a transfer of H from C3 to the carboxyl-C, is 390 kJ mor1
, again significantly 

higher than for loss of neutral Zn. Furthermore, this mechanism is consistent with the 

results that no deuterium was observed to be lost when C2 or C5 were labeled with 

deuterium. 
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Figure 5.11. Energy profile in kJ mor1 (unbolded values are enthalpies and bolded values 

are Gibbs energies) for the loss of formic acid from [Zn(Pro-H)t complex, Pro-Hi. 

Thermochemistries were computed using MP2(full)/6-311 ++G(2d,2p)//B3L YP/6-

31 +G(d,p). 
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The energy profile for loss of CO from Pro-Hi is shown in Figure 5.12. The first 

step is a tautomerization from Zn to C5 forming Pro-A with an energy requirement of 

250 kJ mor1
• From Pro-A, there are two pathways displayed to loss of CO. The lowest 

energy route is a rotation about the carboxyl C-C(2) bond followed by OH transfer to Zn 

and then a facile CO loss. This lowest energy path for CO loss, like those for loss of H20 

and loss of HCOOH, has a considerably higher energy requirement than for loss of Zn. 

Finally, the energy profile for loss of C0 2 from Pro-Hi is displayed in Figure 

5.13. The first step is rotation about the carboxyl C-C(2) bond with a minimal energy 

requirement. This is followed by what is effectively a rotation about the C-0 bond and a 

replacement of ZnH with H at the nitrogen. The largest energy requirement for loss of 

C02 is a replacement of C02 with Zn-H at C2. This 219 kJ mor1 of Gibbs energy 

required for C02 loss is only about 6 kJ mor1 higher than that required for loss of Zn, 

however, it is still consistent with the latter being the most abundant product. 
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Figure 5. 12. Energy profile in kJ mor1 (unbolded values are enthalpies and bolded values 

are Gibbs energies) for the loss of carbon monoxide from Pro-Hi through the Pro-A. 

Thermochemistries were computed using MP2( full)/6-311 ++G(2d,2p )/ 183 L YP /6-

31 +G(d,p). 
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computed using MP2(full)/6-31 1 ++G(2d,2p)//B3L YP/6-31 +G(d,p)_ 

5.4. Conclusion 

CID and IRMPD spectroscopy in the 3200-3800 cm-1 range in combination with 

computational chemistry helped to elucidate the structures of [Zn(Pro-H)t and [Zn(Pro-

H)(H20)t complexes in the gas phase. By comparing the IRMPD spectrum with the 

predicted IR-spectra of the lowest energy structures, it was confirmed that [Zn(Pro-H)t 

complex is deprotonated at the amine moiety, and a hydrogen from either C2 or C5 
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migrated to Zn2+. In this H-type complex, Zn2+ was chelated between the amine nitrogen 

and the carbonyl oxygen. For the singly-hydrated complex, [Zn(Pro-H)(H20)t, IRMPD 

spectroscopy confirms the structure with water added to the H type structure and 

intramolecularly hydrogen bonded to the deprotonated amine site. 

The main fragmentation product by CID and OPO laser-IRMPD was loss of 

neutral zinc for [Zn(Pro-H)t and successive loss of H20 and neutral Zn for [Zn(Pro­

H)(H20)t. The potential energy surface revealed that the loss of neutral zinc is 

energetically more favourable than the loss of dehydrogenated proline leading to ZnH+ 

product. Computed energy profiles for all five primary decomposition routes, all 

beginning with the lowest energy structure, revealed that loss of Zn has the lowest energy 

requirement, consistent with it being the most abundant product of unimolecular 

dissociation following collisional or IR multiphoton activation. 

It is interesting to contemplate on how the observed H-type structure (Pro-Hi) is 

formed since it has been pointed out that these types of species are unlikely to exist in 

solution.27
'
28 The computed energies of the hydrated species also suggests that even if the 

deprotonated species exist, it is the A-type structure that may be most likely in solution 

since single solvation, greatly lowers the energy of the A-, B-, and C-type structures with 

respect to the H-type (Figure 2). Ragalewicz et al. 28 showed that isomerization to the 

lowest-energy gas-phase structure (H-type) from the B-type structure has a lower energy 

requirement than the final desolvation step, so these H-type complexes can be formed 

during electrospray. It was also speculated that they could be formed from the 
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deprotonated Zn2
+ bound dimer of glycine.30 We will address this possibility m a 

forthcoming article on the [Zn(Pro-H)(Pro )t complex. 
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Chapter 6. Structures and Fragmentations of 

[Zn(Proline-H)(Proline)]+ in the gas phase: H2 

Elimination of [Zn(A-H)(A)]+ Complexes When A 

is a Secondary Amine 
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6.1 . Introduction 

Interactions between metal ions and amino acids or peptides play important roles 

in biological systems. Gas phase studies can provide an opportunity to understand the 

intrinsic binding properties and structures of metal-amino acid and peptide complexes 

without the added complexity of solvent as is the case for the condensed phase. 1 

Knowledge about binding sites between metal ions and amino acids can be the primary 

step to understand the mechanism of biological processes?-4 Zinc can induce 

conformational changes in proteins, playing a role in promoting age-related diseases such 

as Alzheimer and Parkinson5
-
12

. For example, it is possible for zinc to bind to Amyloid 

precursor proteins to induce conformational changes to produce Amyloid beta, which 

yields unfavourable aggregation of proteins m vitro which in turn causes the 

neurodegeneration processes in Alzheimer disease.9
•
10

•
13 Understanding the interactions 

between metal cations and amino acids involved in Amyloid protein structure can be 

helpful for the development of new therapies for Alzheimer disease. 

Even though zinc has significant biological importance, there are limited studies 

on zinc-bound amino acids or peptides. In the gas phase, Zn2
+ has been shown to form 

deprotonated dimer complexes with histidine, phenylalanine and glycine, [Zn(AA-H)t, 

which is consistent with ability of zinc(II) to deprotonate a water molecule when bound 

to a protein. 14
-
17 In these experiments, ZnCh and amino acids were electrosprayed from a 

methanol/water mixture to produce [Zn(A-H)(A)t as the most abundant ion in the gas 

phase. 16 Ohanssien and coworkers have done a series of studies to explore the mechanism 
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for fragmentation of [Zn(Gly-H)t by CID experiments.16
'
18

'
19 The fragmentation 

pathways of [Zn(Gly-H)t were loss of carbon dioxide, loss of carbon monoxide, and 

successive losses of water and carbon monoxide. These fragmentation results were 

interpreted by calculating the energy required for rearrangement of the structures leading 

to the observed fragments. 18
•
19 

IRMPD spectroscopy was also employed in conjunction with electronic structure 

calculations to study gas phase structure of [Zn(Phe-H)(Phe) t (Ph en = pheny !alanine). 14 

Two fragmentation products loss of water and loss of phenylalanine were observed upon 

IRMPD. The experimental IRMPD spectrum agreed well with the computed IR spectrum 

of the lowest energy structure predicted by calculations. In the lowest-energy structure 

the carboxylic acid is deprotonated, and zinc has tetrahedral coordination, bound to the 

amine N and a carbonyl 0 of both the deprotonated and the intact phenylalanine. 

The focus of the present work was to study the structures and fragmentation 

mechanisms of [Zn(Pro-H)(Pro )t. Proline is a five membered cyclic a-amino acid with 

unusual protein structural conformation and properties? 0 Different from other amino 

acids, proline cannot be found in a regular a-helix or !3-sheet secondary structure because 

proline is a secondary amine, so there is no hydrogen bound to nitrogen in the amide 

bonds.20
-
22 As a result, a helix structure is bent in the vicinity of proline and produces 

kinks in the protein structure due to lack of a hydrogen bond. Cyclic nature of proline 

also limits motion and flexibility of proline residue in protein secondary structures. 

Shoeib et al. investigated the fragmentation reactions of Ag +-proline complex by 

means of CID experiments.23 The fragmentation products, elimination of AgH and a 
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neutral H2 molecule, were observed as the most abundant products. They proposed a 

mechanism for these fragmentation reactions which involves the migration of a proton 

from a-CH2 group toward silver.23 

In this work, the activation/fragmentation techniques such as SORI/CID and 

IRMPD, have been combined with deuterium labeling experiments, and computational 

techniques have been employed to study the unimolecular chemistry and structures of 

[Zn(Pro-H)(Pro)t. Similar complexes with other amino acids such as glycine (Gly), 

alanine (Ala), and sarcosine (Sar), are compared with the proline results to better 

understand the structures and decomposition pathways of [Zn(Pro-H)(Pro )t. 

6.2. Methods 

6.2.1. Experimental 

[Zn(A-H)(A)t ions were electrosprayed from solution containing 0.1 mM ZnCh 

and 0.1 mM amino acid in a 90/10 mixture of methanol/water using an Apollo II ion 

source of a Bruker Apex Qe 7 T FTICR MS. [Zn(A-H)(A)t ions were allowed to 

accumulate in hexapole collision cell for almost 2s before being transferred to the ICR 

cell. 

IRMPD activation usmg a continuous 25 W C02 laser was used as the 

activation/fragmentation technique to identify fragmentation pathways of the ions trapped 

inside the ICR cell. The ions isolated in the ICR cell were irradiated with a C02 laser to 
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induce dissociation. The C02 laser power and IR pulse length were between 20-50% of 

maximum power (25 W), and 0.1-2 sec, respectively. SORI/CID was also used to 

energize the complex ions. The isolated ions were fragmented by energetic collisions, 

1.8-8.1 eV lab frame (Ecm:0.2-0.95 eV), with a pulse of argon to a pressure of 10-8 mbar 

in the ICR cell of the mass spectrometer. For IRMPD experiments, ions were isolated in 

the ICR cell and irradiated with a KTP OPO laser coupled to the FT-ICR for 7 sec over 

the range of 3200-3800 cm-1 at intervals of 1.5 cm-1
• The IRMPD spectrum was obtained 

by plotting the negative of the natural logarithm of normalized precursor ion intensity as 

a function ofOPO radiation frequency. 

6.2.2. Computational 

Calculations were performed using the Gaussian 09 software package? 4 Many 

possible structures with different deprotonation sites, zinc coordination with proline, and 

conformers were optimized, and frequency calculations for each optimized structure were 

done using B3 L YP density functional theory with the 6-31 +G( d,p) basis function. The 

vibrational frequencies were scaled by factor of 0.955 to compare with the experimental 

IRMPD spectra. Single point energy calculations were also performed at the MP2 level of 

theory usmg the 6-311 ++G(2d,2p) basis set called MP2(full)/6-

31l++G(2d,2p)//B3LYP/6-31+G(d,p). The relative enthalpies and Gibbs energies 

reported are a combination of the MP2 electronic energies and the 298K thermochemistry 

from the B3L YP calculations. 
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6.3. Results and Discussion 

6.3.1. C02 laser-IRMPD Fragmentation of [Zn(Pro-H)(Pro)t 

6.3 .1.1. Non-labeled [Zn(Pro-H)(Pro )t 

Interestingly, all methods of excitation leading to fragmentation of [Zn(Pro­

H)(Pro )t in the ICR cell resulted in primarily loss of H2. The IRMPD mass spectrum of 

[Zn(Pro-H)(Pro )t is presented in Figure 6.1. The main fragmentation products for 

[Zn(Pro-H)(Pro)t are observed at m/z 291, m/z 289, m/z 180, m/z 178, and m/z 116 

corresponding to elimination of H2, 2H2, Pro-H2, Pro, and Zn+Pro-H2, respectively. 

Minor fragmentation products are observed at m/z 275, m/z 273, m/z 247, m/z 245, and 

mlz 229 corresponding to losses equal to the mass of H20, H2/H20, H2/C02, 2H2/C02, 

H2/H20/C02, respectively. The fragment ion at m/z 229 corresponding to the elimination 

of m/z 64 from m/z 293, is not the loss of neutral zinc since IRMPD of [66Zn(Pro­

H)(Pro)t, m/z 295, also resulted in the loss of 64 mass units to form m/z 231. The ion 

mlz 229 is most likely from a loss of H2 followed by elimination of H20 and C02. 

Isolation of m/z 291 formed by IRMPD of m/z 293 and subsequent IRMPD activation of 

the ion m/z 291 (see Figure 6.lb) resulted in a spectrum absent ofm/z 11 6, m/z 180, and 

mlz 275, m/z 247 fragment ions corresponding to the losses of Zn+Pro-H2, Pro-H2, and 

H20 (Figure 6.1 b) indicating that these ions are born from mlz 293. The presence of m/z 

229 in the IRMPD is confirmation that it is due to loss of H2 followed by C02 and H20 

loss from mlz 293. 
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Figure 6.1. Mass spectra of C02 laser-IRMPD with the laser power 40 % of maximum 

power and 1 sec pulse length for a) [Zn(Pro-H)(Pro)t (m/z 293) followed by isolation 

and b) m/z 291 formed by IRMPD ofm/z 293 followed by isolation. 

The mass spectra of IRMPD and SORI-CID of [Zn(Pro-H)(Pro)t is compared in 

Figure 6.2. As seen in Figure 6.2b, SORI-CID of m/z 293 resulted in a spectrum absent of 

mlz 289, m/z 273, m/z 247, and m/z 229 corresponding to elimination of 2H2, H2/H20 , 

SORI-CID and IRMPD for the excitation of ions in the ICR cell. In IRMPD, isolated ion 

and fragment ions born from the isolated ion all can absorb infrared photons, and 

consequently be excited, but in SORI-CID, the collisional energy is deposited only into 

the isolated ion. As a result, the secondary fragment ions born from the primary fragment 

ions, called grand-daughter ions (i.e. m/z 289 born from m/z 291 ), are absent in SORI-
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CID spectrum. Appendix 2 shows that isolation of m/z 291 formed by SORI-CID of m/z 

293, and subsequent SORI-CID of m/z 291 resulted in elimination of 2Hz, Hz/HzO, 

Hz/C0 2 and H2/H20 /C02 which is once again a confirmation that these ions are born 

from m/z 291. 
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Figure 6.2. Mass spectra obtained by activation/fragmentation of [Zn(Pro-H)(Pro)t (m/z 

293) using a) IRMPD with the laser power 40 % of maximum power and 1 sec pulse 

length and b) SORI/CID with 0.21 ev (c.o.m). 
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Figure 6.3. (C02 laser-IRMPD) activation/fragmentation of [Zn(Pro-H)(Pro)t and its 

deuterated compotmds using the laser power 40 % of maximum power and 1 sec pulse 

length for a, b. and c, and 1.5 sec pulse length for d. 

6.3.1.2. [Zn(Pro-H)(Pro)t Deuterated with D20 in the Gas phase 

Deuterium labeling experiments were performed by exchanging all the 

exchangeable hydrogens of proline by reacting [Zn(Pro-H)(Pro)t with D20 vapour in the 
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hexapole accumulation cell which is external to the ICR. D20 was added to the collision 

cell through the vapour inlet by opening a micro-valve to exchange all labile hydrogens 

in [Zn(Pro-H)(Pro)r complex.25 A total of three hydrogens were found to exchange to 

produce m/z 296, leading to the conclusion that there are 3 labile hydrogens (i.e. a total of 

three amine or hydroxyl H's in [Zn(Pro-H)(Pro)t ). 

The IRMPD activation/fragmentation experiments were repeated for deuterated 

[Zn(Pro-H)(Pro)t (m/z 296) as seen in Figure 6.3b. Isolation and IRMPD activation of 

mlz 296, resulted in loss of HD producing m/z 293. This result shows that the loss of H2 

contains one of the labile hydrogens (N-H or 0-H group) since no D2 loss was observed. 

The m/z 296 ion also loses 20 Da to form m/z 276 showing that the loss of H20 contains 

two labile hydrogens. Furthermore m/z 296 loses 67 Da to form m/z 229 which is loss of 

H2/H20/C02 that includes three labile hydrogens, one for loss of HD and two for loss of 

0 20. 

Loss of 114 Da from m/z 296 forms m/z 182, which was m/z 180 in the non­

labeled proline experiments identified as loss of dehydrogenated proline and in the 

deuteration experiments means that the fragment ion retains two labeled hydrogens and 

that loss of Pro-H2 includes only one labeled hydrogen. This suggests that the 

deprotonated proline moiety, which has only one labile hydrogen (either an OH or an NH 

group), transfers a non-labile hydrogen to the intact proline and is lost. However, a 

second possibility is that H2 is formed from the intact proline but instead of leaving the 

ion-molecule complex, m/z 182 is produced by loss of the remaining part of the intact 

proline. MS/MS experiments show that m/z 293 formed by loss of HD from m/z 296 also 
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loses 114 Da to f01m m/z 179, which is consistent with loss of HD from the intact proline 

and successive loss of remaining part of the intact proline 

The fragment ion at m/z 119 was also observed, mlz 116 in the non-deuterated 

experiments, which is consistent with this product ion being protonated proline formed 

by transfer of the labile proton from the deprotonated proline moiety to the intact proline 

side and loss of neutral (ZnPro-H2). 

6.3.1.3. [Zn(Pro-H)(Pro )t with 2-d Labeled Proline 

The IRMPD experiments were repeated with [Zn(2-d-Pro-H)(2-d-Pro)t, m/z 295, 

which was isotopically labeled with deuterium at C2 (see the structure in Figure 6.3c). 

The results of the IRMPD activation experiments are shown in Figure 6.3c. The parent 

ion at m/z 295 loses H2 and 2H2, to form m/z 293 and 291, respectively. Fragment ions at 

mlz 292 and 290, corresponding to the losses of HD and HD/H2 (or H2/HD), were also 

observed, but were significantly less abundant than those formed by loss of H2 and 2H2. 

In this experiment the fragment ions corresponding to the loss of Pro-H2 and the 

loss of H2/Pro-H2 are at m/z 181 and 179. That Pro-H2 has a mass of 114 Da means that 

one label remains with the ion and one is lost. The ion at m/z 117 corresponds to the 

protonated proline with one label and is consistent with losing Zn plus Pro-H2 after 

transferring the labile proton (non-labeled) from the Pro-H moiety to intact proline as 

discussed above. The fragment ions corresponding to the loss of H20 and H2/H20 , 

indicating that all the hydrogens involved in these losses are non-labeled. Furthermore, 
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the ions at m/z 246 and m/z 230 corresponding to the loss of 2H2/C02 and H2/H20 /C02 

are also presented that include one labeled hydrogen each for loss of HD. 

6.3.1.4. [Zn(Pro-H)(Pro)t with 2,5,5-dJ Labled Proline 

The complex ion formed from 2,5,5-d3 proline, where C2 and C5 of both pro lines 

in [Zn(Pro-H)(Pro)t are deuterated (see Figure 6.3d) formed an ion at m/z 299 consistent 

with three deuterium labels for each proline. The results of IRMPD activation are shown 

in Figure 6.3d and clearly shows that the most abundant primary fragmentation route is 

loss ofHD to produce m/z 296 which loses a second HD to produce m/z 293, and that the 

losses of HD are exclusive in that there is no loss of H2 . This result clearly shows that H2 

loss from the deprotonated Zn2
+ bound proline dimer certainly includes one of C5 

hydrogens as does the second loss of H2. The fragment ion at m/z 184 includes four 

labels and is consistent with the proposal that H2 from the intact proline is formed, one 

non-labeled hydrogen (either from N, 0, C3, or C4) and labeled hydrogen from C5, and 

then the remaining part of intact proline is lost. It is also consistent with the second 

possibility with loss of Pro-H2 after transfer of one labeled hydrogen from C5 of Pro-H 

moiety to intact side. Once again, m/z 1 81 comes from loss of HD from the intact proline 

followed by loss of the dehydrogenated proline. 

The ion corresponding to protonated proline is at rn/z 1 19 consistent with a 

transfer of the remaining labile W from the deprotonated proline moiety to intact and 

triply labeled proline. The ion corresponding to the loss of H2/H20 is at m/z 278 which 

includes only one label confirming again that hydrogens involved in H20 loss are non-
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labeled since H2 loss includes one labeled hydrogen. The fragment ions at m/z 249 and 

labeled hydrogens, respectively, that include one labeled hydrogen for each HD loss. 

6.3.2. Computed Structures of [Zn(Pro-H)(Pro )t 

N1 
0/0 
0/0 

OS 

35.4/22.9 
57.3/44.8 

04 
2.1/-6.7 
14.3/5.4 

N4 

50.3/47 .6 
51 .7/49.0 

02 
24.5/17.4 
37.1/30.0 

Zi-1 

50.5/ 40.7 
72.3/ 62.5 

Figure 6.4. Computed structures of the [Zn(Pro-H)(Pro)t complex. 298 K 

enthalpies/Gibbs energy (kJ mor1
) seen are computed using B3LYP/6-31+G(d,p) and 

MP2(full)/6-3 11 ++G(2d,2p)//B3L YP/6-31 +G(d,p) (bold). 

A subset of twenty computed structures for [Zn(Pro-H)(Pro )t as well as their 

relative enthalpies and 298K Gibbs energies computed using MP2 and B3L YP methods 

are shown in Figure 6.4. All twenty structures and their relative energies are presented in 
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Appendix 3. In all the structures, deprotonated proline is seen on the left side and intact 

proline on the right side of each structure. Many possible isomers for [Zn(Pro-H)(Pro)t 

were computed. First, we tried to compute a number of structures which a proline is 

added upon the most stable structure computed for [Zn(Pro-H)t (H-type structure). In 

our previous work, the lowest energy structure of [Zn(Pro-H)t was determined to be the 

one with hydrogen transferred from a-CH2 group to zinc, where Zn2
+ is bound to the 

deprotonated amine N and the carbonyl 0. Zi-1, where Zn2
+ is bound to amine N and 

carbonyl 0 of intact side, was determined to be the most stable structure among 

complexes with a ZnH group, but 72.4 kJ mor' in Gibbs energy (at the MP2 level of 

theory) higher than the lowest energy structure found (N I). In contrast to the bare 

monomer complex which was found to be amine-deprotonated, the lowest energy 

structure of [Zn(Pro-H)(Pro)t was determined to be carboxylic acid-deprotonated with 

Zn2
+ bound to the amine N and carbonyl 0 in both sides. In the 04 structure, Zn2

+ is 

bound to the amine N and carbonyl 0 of deprotonated proline and to both oxygens of 

intact proline, is only 5.5 kJ mor' higher in Gibbs energy than the lowest energy 

structure. The intact proline in this structure is zwitterionic with a strong NH- 0 

intramolecular hydrogen bond. The 04 structure is similar to the lowest energy structure 

in deprotonated proline side. Comparison of these two lowest energy structures reveals 

that there is only a small preference, 5.4 kJ mor ' in Gibbs energy, for Zn2
+ coordinated to 

amine N and carbonyl 0 versus the carboxylate oxygens of zwitterionic proline. The 

other structures were computed to be at least 20 kJmor' higher in energy than the lowest 
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energy structure (see Appendix 3). Structures including Znz+ with three-coordination 

were computed to be considerably higher in energy. 

6.3.3. Fragmentation Mechanism of [Zn(Pro-H)(Pro)t 

Experiments confirmed that the main primary fragmentation pathway of [Zn(Pro­

H)(Pro)t is loss of Hz that includes one hydrogen from the C5 carbon and one from the 

amine or carboxylic acid group. The potential energy surface for Hz loss involving an H 

from NH and OH were calculated and compared. As seen in Figure 6.4, the 

fragmentation pathway for loss of Hz involving the amine H has a significantly lower 

energy requirement (more than 50 kJ mor1
) than the pathway involving H from the 

carboxylic acid group. It shows that the loss of Hz involving an H from C5 and from the 

amine is the preferred fragmentation channel. 
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Figure 6.5. Energy diagram in kJ mor 1 for H2 loss from [Zn(Pro-H)(Pro)t complex 

where one H comes from either N (black) or 0 (red) using MP2(full)/6-

311 ++G(2d,2p)//B3L YP/6-31 +G(d,p) (unbold values are enthalpies and bold values are 

Gibbs energies). 
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IRMPD spectroscopy of [Zn(Pro-H)(Pro)-H2t (m/z 291) also helped to confirm 

the H loss from amine moiety. The IRMPD spectrum of the ion m/z 293 and m/z 291 

both contain a single carboxylic acid OH stretch band. Considering the computed lowest 

energy structure of [Zn(Pro-H)(Pro)r having only one carboxylic acid group in the 

structure, the presence of a COO-H stretch in the IRMPD spectrum for the m/z 291 

confirms that carboxylic acid OH has remained intact after H2 loss (see Figure 6.6). In 

addition, the carboxylic acid OH band observed in IRMPD spectrum of [Zn(Pro-H)(Pro)­

H2t shows a significant red shift compared to the band observed in the IRMPD spectrum 

of [Zn(Pro-H)(Pro)r. In figure 6.6 the B3L YP/6-31 +G(d,p) computed IR spectrum of the 

lowest energy structure of [Zn(Pro-H)(Pro)r is compared with the computed IR spectra 

of [Zn(Pro-H)(Pro)-H2t, in which H2 is lost involving a hydrogen from the deprotonated 

or the intact proline. Comparing the computed IR spectra shows that the OH stretch band 

is predicted to red-shift to lower wavenumber position if H2 is lost from the intact proline, 

but no shift would be expected for the structure where H2 lost from the deprotonated side. 

All these results discussed above consistently confirm that H2 loss observed in 

activation/ fragmentation of (Zn(Pro-H)(Pro)r complex comes from the intact proline 

where one of hydrogens is from NH and the other one is from C5. 
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Figure 6.6. A) IRMPD spectra of [Zn(Pro-H)(Pro )t complex and the ion produced from 

the loss of H2, [Zn(Pro-H)(Pro )-H2t in the 3500-3600 cm-1 region. B) The B3L YP/6-

31 +G( d,p) computed IR spectmm of the lowest energy structure of a) [Zn(Pro-H)(Pro )t 
and b) [Zn(Pro-H)(Pro)-H2t with H2 lost in deprotonated and c) intact proline sides. C) 

Representation of corresponding computed structures. 

The suggested mechanism involves two transition states. (Figure 6.5), The first 

one involves hydrogen migration from C5 of the intact proline to Zn2
+ to produce 

[Zn(Pro-H)(H) (Pro-H)t, and the second one is a concerted reductive elimination. 

Scheme 6.1 shows the pathway suggested for the fragmentation of [Zn(Pro-

H)(Pro)t to m/z 180 and m/z 178, which are the two other main fragment ions. In order 

for the formation of m/z 180, the deprotonated proline moiety, transfers a hydrogen from 
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C5 to the intact proline and then is lost. The fragment ion at m/z 178 is formed from the 

loss ofH2 from the intact proline followed by loss of dehydrogenated proline. 

0·c~o • + 

c~" 
m/z 178 

m/zl80 

Scheme 6.1. The mechanism suggested for loss of H2, Pro-H2 and Pro from [Zn(Pro-

H)(Pro)t. 

The energy diagrams of fragmentation pathway suggested for Pro-H2 is computed 

and compared with the H2 loss pathway in Appendix 4. In the suggested mechanism for 

Pro-H2 loss, hydrogen transfers from C5 of the deprotonated proline to Zn2
+ to produce 

[Zn(Pro-H2)(H)(Pro)t, and then Pro-H2 is simply expelled from the complex. The energy 

required for loss of Pro-H2 is calculated to be 179 kJ mor1 in Gibbs energy and 225 kJ 

mor1 in enthalpy which are 9 and 48 kJ mor1 higher in enthalpy and Gibbs energy, 

respectively, than the highest barrier energy computed for H2 loss. It can explain why H2 

loss channel is primary fragmentation in IRMPD activation (Figure 6.2). The notable 

difference between IRMPD and SORI-CID (Figure 6.2) spectra is the intensity of m/z 

180 ion. IRMPD is a soft activation process so that the energy irradiated per photon is 
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approximately 10 kJ mor1
, whereas 50 kJ mor1 is deposited per collision in SORI-CID. 

Despite the higher energy requirement for the loss of Pro-H2 compared to H2 loss, the 

Pro-H2 loss occurs with a greater rate constant due to its looser transition state?6 In 

SORI-CID the sufficient energy required for both H2 and Pro-H2 losses is rapidly 

deposited into the ion, therefore, the loss of Pro-H2 occurs more abundant than the loss of 

H2 due to the greater rate constant ofPro-H2 loss. 
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6.3.4. Fragmentation of [Zn(Sar-H)(Sar)t, [Zn(Gly-H)(Gly)t, and [Zn(Ala-H)(Ala) 

[Zn(Pro-H)(Pro)r 

1 
[Zn(Sar-H)(Sarr 

110 

[Zn(Giy-H)(Giyr 

140 

100 150 

223 

H20 Los 

195 

H20 Loss 

213 

200 

241 

241 

250 

H2 Loss 293 

291 

300 m/z 

Figure 6.7. (SORI-CID) spectra of [Zn(A-H)(A)t where A is Pro, Sar, Ala, and Gly at 

0.21 eV, 0.81 eV, 0.67 eV, and 0.85 eV (c.o.m), respectively. 

The SORI/CID mass spectrum of [Zn(Sar-H)(Sar)t (rnlz 241) is shown in Figure 

6. 7b. SORI/CID or IRMPD of rnlz 241 following the isolation of rnlz 241 resulted in 

similar fragmentation pattern to that observed for [Zn(Pro-H)(Pro)t. The main fragment 

ions observed were at rnlz 239, 223, 154, and 152 corresponding to losses equal to the 
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masses of H2, H20 , Sar-H2, and Sar, respectively. It should be noted that the loss of 

second H2 is absent in activation/fragmentation of [Zn(Sar-H)(Sar)t, 

The activation/fragmentation of [Zn(A-H)(A)t complexes either by means of 

IRMPD or SORI-CID, when A is a primary amine such as glycine and alanine, resulted 

in losses of H20 and A-H2 as shown in Figure 6.7. No dehydrogenation product was 

observed even at higher C02 laser power (Appendix 5) or higher collision energies in 

SORIICID experiments, in contrast to when A was a secondary amine, sarcosine or 

proline. The results show that the presence of a secondary amine in the complex [Zn(A­

H)(A)t is the reason for directing the reaction toward the H2 elimination pathway. 

The notable difference between IRMPD and CID spectra in both [Zn(Gly­

H)(Gly)t and [Zn(Ala-H)(Ala)t is different intensities of fragment ions formed by 

losses of H20 and A-H2. In the IRMPD spectra m/z 154 for [Zn(Ala-H)(Ala)t and m/z 

140 for [Zn(Gly-H)(Gly)t corresponding to the loss of Ala-H2 and Gly-H2, respectively, 

are the most abundant fragment ions (see Appendix 5), whereas m/z 223 and m/z 195 

corresponding to the loss of H20 from [Zn(Ala-H)(Ala)t and [Zn(Gly-H)(Gly)t are the 

major products by CID (see Figure 6.7). MS/MS experiments show that isolation ofm/z 

19 5 formed by CID of m/z 213 and subsequent CID of m/z 195 resulted in elimination of 

55 Da to produce m/z 140, indicating that m/z 140 can come from both m/z 213 and m/z 

195. Therefore, the precursor ion at m/z 213 and the fragment ion at m/z 195 formed by 

loss of H20 from m/z 213 simultaneously undergoes the fragmentation channels to form 

mlz 140 in IRMPD experiment, since all the ions present in the ICR cell can absorb 

infrared photons. In SORI-CID, the collisional energy is deposited only into the isolated 

197 



ion, rnlz 213. This is why the intensity of rnlz 195 is significantly lower in IRMPD 

spectrum than that in CID spectrum. There is also same reason for having the most 

abundant fragment ion at m/z 154 in the IRMPD activation of [Zn(Ala-H)(Ala)t. The 

fragment ion at m/z 223 is smaller than rnlz 154 in IRMPD spectrum, because rnlz 223 

dissociates to form rnlz 154, simultaneously with the dissociation of rnlz 241 to mlz 223. 
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Figure 6.8. Energy diagram in kJ mor1 for H2 loss from [Zn(Pro-H)(Pro)t complex in 

comparison with that from [Zn(Gly-H)(Gly)t using MP2(full)/6-

3ll++G(2d,2p)//B3LYP/6-3l+G(d,p) (unbold values are enthalpies and bold values are 

Gibbs energies). 

Catalytic dehydrogenation of amines to imines has been of research interest in 

synthetic organic chemistry.27 For example, transition metal complexes such as iridium 

PCP pincer has been reported to catalyze the transformation of amines to irnines.28 This 
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dehydrogenation reaction is made possible by catalytic activation of a C-H bond adjacent 

to the N-H group followed by reductive elimination of H2. In the present experiments, an 

intramolecular catalytic dehydrogenation occurs so that Zn2
+ activates the C-H bond of 

the intact proline or sarcosine chelated to zinc resulting in hydrogen transfer to zinc. 

Hydridic hydrogen (H0
) on zinc then absorbs the protic hydrogen (H0+) on nitrogen to 

form a hydrogen molecule which would be subsequently expelled. 

The energy diagram for proposed pathway for H2 elimination from [Zn(Pro­

H)(Pro )tis shown in Figure 6.8, and is compared to the energy diagram for H2 loss from 

the [Zn(Gly-H)(Gly)t complex. The enthalpy and free energy requirements for the two 

transition states on route to dehydrogenation are 70-100 kJ mor1 lower for the [Zn(Pro­

H)(Pro)t than for the [Zn(Gly-H)(Gly)t complex. Furthermore, the H2 elimination 

reaction for [Zn(Pro-H)(Pro)t is 48 kJ mor1 endothermic whereas the dehydrogenation 

of [Zn(Gly-H)(Gly)t is 112 kJ mor1 endothermic. 

The energy diagram for dissociation of H20 from [Zn(Pro-H)(Pro)t and [Zn(Gly­

H)(Gly)t were computed and displayed in Figure 6.9 a and bin comparison with the H2 

elimination potential energy profiles. IRMPD and CID experiment for deuterated glycine 

and proline complexes showed that both hydrogens involved in H20 loss are labile 

hydrogens. On this basis, in the proposed mechanism for H20 loss, hydroxyl group 

transfers from carboxylic acid to zinc via TSl, in which OH migrating away from 

carboxylic acid group to attach Zn and remained carbonyl would be bound to carboxylic 

0 of deprotonated amino acid to form a stabilized structure. In following step, NH 

hydrogen shifts to OH attached to zinc to form a new H-0 bond via TS2. This 
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intermediate structure then eliminates H20. As seen in Figure 6.9a, in the case of 

glycine, elimination of H20 is the energetically preferred fragmentation pathway. In 

contrast, H2 elimination is the lower energy fragmentation pathway compared to H20 loss 

for [Zn(Pro-H)(Pro)t (Fig. 6.9b). This accounts for why H2 elimination does not occur 

for [Zn(Gly-H)(Gly)t. 
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Figure 6.9. Energy diagram in kJ mor1 for H2 loss in comparison with H20 loss from a) 

[Zn(Gly-H)(Gly)t (black for H20 loss red for H2 loss) and b) [Zn(Pro-H)(Pro)t (black 

for H2 loss and red for H20 loss) complex using MP2(full)/6-311 ++G(2d,2p)//B3L YP/6-

3l +G(d,p) (unbold values are enthalpies and bold values are Gibbs energies). 

Different between energy barriers of glycine and proline complexes and 

consequently their fragmentation products can be explained by looking into the transition 

state structures computed for H2 and H20 losses. For the first transition state of H2 loss 
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from [Zn(Pro-H)(Pro)t, in which hydrogen transfers from C5 to zinc, the ring ofproline 

undergoes a rotation so that C5 places close to zinc. As a result of this rotation a 

hydrogen bond is formed between carboxylic acid H of intact proline and carboxylic 0 of 

deprotonated proline. This intramolecular hydrogen bond can have in stabilizing the 

transition state structure. This hydrogen bond is not seen in [Zn(Gly-H)(Gly)t TSl 

because the carbon that transfers its hydrogen to zinc is close enough to zinc and there is 

no rotation required for this process. In addition, NH2 moiety in glycine transition state 

has moved away from zinc which probably destabilizes the transition state structure. This 

is not seen in proline because NH group is part of ring so it cannot freely move which is 

the case for glycine. In addition, more distance of amine moiety from zinc increases the 

second barrier energy of H2 loss as well because the NH2 hydrogen has to be aligned with 

the hydrogen attached to zinc for dehydrogenation process. As seen in dehydrogenation 

pathway for proline complex, amine H is close and aligned with ZnH in the intermediate 

structure before TS2. As a result, proline complex would require less rearrangement, and 

the barrier to the H2 loss process would be lower in energy than H2 elimination of glycine 

complex. 

6.4. Conclusion 

The fragmentation reactions of [Zn(Pro-H)(Pro)t complex was probed usmg 

activation/fragmentation techniques such as IRMPD and SORI/CID. Elimination of H2, 

interestingly, was the major fragmentation product of [Zn(Pro-H)(Pro)t. Using tandem 
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mass spectrometry of deuterium labeled complexes in conjunction with DFT calculations 

concluded that Hz loss includes NH hydrogen and a hydrogen from a-CHz group. 

Furthermore, comparing fragmentation products of deprotonated proline, sarcosine, 

glycine, and alanine dimer complexes with Znz+ showed that Hz loss is a favourable 

fragmentation channel for secondary amines such as proline and sarcosine, which is not 

the case for primary amines such as glycine and alanine. HzO elimination was the main 

fragmentation product for [Zn(Gly-H)(Gly)t and [Zn(Ala-H)(Ala)t . The potential 

energy profiles for Hz and HzO loss revealed that in contrast to proline, HzO loss is 

energetically preferred fragmentation channel for glycine. 
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Chapter 7. Summary and Outlook 
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The goal of this thesis was to use mass spectrometry to obtain insight about reactions and 

structures of metal ion complexes in the gas phase. Ion cyclotron resonance mass 

spectrometry is a powerful tool to study ion-molecule reactions. It provides a low 

pressure environment in which elementary steps and mechanism of ion-molecule 

reactions can be investigated. In chapter 3 reactions between 14 electron unsaturated 

ruthenium complexes, [Ru(bipy)(X)]2+, where (X = bipyridine, 2-(pyridin-4-yl)-1 ,3-

benzothiazole, and 5-aminophenathroline), with CO and 0 2 were studied at low pressures 

using a FTICR MS. For all three ruthenium complexes, ion-molecule association 

reactions were the only reaction observed in FT-ICR cell. For the mechanism of an ion­

molecule association reaction, we know that the ion reacts with neutral molecule to 

produce a nascent adduct product, which is internally excited. This internally excited 

product can be stabilized either by third body collisions or by infrared radiative emission 

to produce a cooled adduct product. In our experiments, all observed bimolecular 

association rate constants were found to be independent of pressure, in a range of 

pressure between 1 o-8 -1 o-9 mbar, indicating that collisions within the ICR were not 

responsible for cooling of the initially formed excited adducts. Radiative association rate 

constants were also calculated to be small values, so the energy of association cannot 

efficiently be dissipated by radiative means. There is the other possibility for a nascent 

complex to be back dissociation to its reactants. However, the strong binding energies for 

[Ru(bipy)(X)]2+/0 2 and [Ru(bipy)(X)]2+/CO , which are determined by computational 

studies, hinders the back dissociation of nascent adduct complexes. These results 

reasonably explain why experimental rate constants for the association of CO and 0 2 to 

210 



[Ru(bipy)(X)]2+ complexes were determined to be very similar to the theoretical 

ion/molecule collision rate constants, concluding that ion-molecule reactions in the ICR 

cell occur at the collision rate producing a nascent ion-molecule complex which is 

observed in the mass spectrometer. Therefore, the observed adduct complexes were 

hypothesized to be internally hot or chemically activated species. In chapter 4, we 

employed these chemically activated ion- molecule complexes to perform 

dehydrogenation and demethanation reactions of hydrocarbons in the gas phase. The 

nascent adduct complex [Ru(bipy)2COf+* was formed by addition of CO to [Ru(bipy)2]
2+ 

in the ICR cell, and allowed to react with propane and 2-methyl-propane leading to 

dehydrogenation and demethanation products. On the contrary, in the reaction of 

[Ru(bipy)2f + with propane or 2-methyl-propane the association of the hydrocarbon was 

the only product observed. 

In all chapters of the present thesis, computational chemistry plays a 

complementary role to obtain information about the structures, mechanism and energetic 

of reactions. The relative enthalpies and Gibbs energies of structures involved in the 

dehydrogenation and demethanation calculated usmg the MP2(full)/ 6-

311 +G( d,p )/ /B3 L YP /6-311 +G( d,p) level of theory for all atoms except Ru, for which 

LANL2DZ basis set and effective core reasonably explained the results. The significant 

changes in reaction pathway resulting from ligation with CO were attributed to the 

internal energy of the hot intermediate complex, [Ru(bipy)2(CO)f+*. The 

dehydrogenation and demethanation can occur in the case of [Ru(bipy)2(C0)]2+* since the 

barrier energies required can be supplied by the internal energy of the newly formed 
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complex. Further, it was concluded the reactions occur via a concerted mechanism rather 

than oxidative addition/reductive elimination. In the future it would be important to study 

reactions between inorganic complexes containing different metals (i.e. Pt2+, Pd2+) and 

alkanes, since it was previously reported that Pt(II) and Pd(II) complexes are active 

catalyst for C-H bond activation of methane in the solution phase.1
•
2 Different transition 

metal complexes involving Ir(III), such as Ir(H)2(Me2CO)(PPh3)2 or (PCP)Ir(H)2 [PCP= 

YJ
3 -C6H3(CH2PBut'2)2t were found as active catalysts for dehydrogenation of alkanes in 

the solution phase. 3-
5 It would be interesting to study these reactions in the gas phase. 

The structures and fragmentation reactions of zinc-amino acids complexes were 

examined in chapters 5 and 6, using IRMPD and SORI-CID techniques. It was observed 

that amino acids such as glycine, alanine, sarcosine, and proline form deprotonated 

complexes with Zn2
+ to produce [Zn(A-H)t A=amino acid. Using MP2(full)/6-

311 ++G(2d,2p)//B3L YP/6-31 +G(d,p) theory, the lowest energy structure for [Zn(Pro­

H)t was computed to be one (H-type structure) in which a hydrogen is transferred from 

the C5 group to zinc, and Zn2
+ is bound to the deprotonated amine nitrogen and the 

carbonyl oxygen of the carboxylic acid group. The B3L YP/6-31 +G(d,p) infrared 

spectrum of H-type structure was the best match with the IRMPD spectrum confirming 

the structure. It was interesting that Zn2
+ and Pb2

+ showed different behavior in 

interaction with proline. The amine- and carboxlic acid-deprotonated structures for 

[Pb(Pro-H)t were computed to be the lowest and responsible for the IRMPD spectrum, 

with Pb2
+ coordinated between the carbonyl 0 and amine N. The structure [Zn(Pro-H)t 

with a single water molecule added was also examined, and the analogous structure, in 
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which water is simply added to the H-type structures of [Zn(Pro-H)t and 

intramolecularly hydrogen bonded to the amine site was found to be the best match for 

IRMPD spectrum. This chapter illustrated the significant influence of metal ions on the 

structure of small biological molecule like amino acids, which would be interesting for 

further studies of different transition metal that are important in biological systems, such 

as Cu2+, Fe2+, or Co2+. In chapter 6, fragmentation of deprotonated Zn2+/amino acid dimer 

complexes ([Zn(A-H)(A)t where A=Pro, Sar, Ala, and Gly) were investigated using 

IRMPD and SORI-CID. Interestingly, the fragmentation reaction of ([Zn(A-H)(A)t was 

found to be different for when A was a secondary amine such as proline or sarcosine than 

when A was a primary amine such as glycine and alanine. Dehydrogenation of amines to 

imines was found to be primary fragmentation reaction for proline and sarcosine 

complexes, whereas this reaction was absent for glycine and alanine complexes and loss 

of water was the dominant fragmentation reaction. The dehydrogenation and dehydration 

pathways were compared for glycine and proline by means of computational studies, 

indicating that the energetically preferred fragmentation pathway is loss of H2 for 

[Zn(Pro-H)(Pro)t, but is loss of H20 for [Zn(Gly-H)(Gly)t. This study gives insight into 

the structures, binding sites and interactions of zinc-deprotonated di-amino acids 

complexes, and keeps the door open to find out more about the structures of these 

complexes. 

For future work, it would be interesting to study interaction of Zn2+ with alkyl 

amines or alkanoamines and investigate whether dehydrogenation of amines across C-N 

bond can occur. Catalytic dehydrogenation of amines to imines by means of metal 
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complexes is of high scientific interest in synthetic organic chemistry. For example, it 

was previously found that the Irridium PCP princer complex can catalyze 

dehydrogenation of tetramethyldibutylamine to the corresponding imine.6 Analogous to 

the interamolecular dehydrogenation of Zn2
+

1 dimeric amino acid complexes observed in 

our experiments, zinc would be expected to similarly catalyze dehydrogenation in a 

variety of organic compounds involving C-N bonds. 
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Appendix 1. Computed structures for [Zn(Pro-H)t and [Zn(Pro-H)(H20)t complexes. 

The 298 K enthalpies and Gibbs energies (in parentheses) are reported at the B3L YP/6-

31 +G(d,p) and MP2(full)/6-311 ++G(2d,2p)//B3L YP/6-31 +G(d,p) (in bold) and are in kJ 
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Appendix 2. SORI-CID spectra with a SORI power of 0.24 ev (c.o.m) for a) [Zn(Pro­

H)(Pro)t (mlz 293) and b) rnlz 291 formed by SORI-CID ofrnlz 293. 
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Appendix 3. Computed structures of the [Zn(Pro-H)(Pro)t complex. 298 K 

enthalpies/Gibbs energy seen are computed using B3L YP/6-31 +G( d,p) and MP2(full)/6-

311 ++G(2d,2p)//B3L YP/6-31 +G(d,p) (bold). 
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Appendix 4. Energy diagram in kJ mor' for Pro-H2 loss in comparison with H2 loss from 

[Zn(Pro-H)(Pro )t using MP2(full)/6-311 ++G(2d,2p )//B3L YP/6-31 +G( d,p) (unbold 

values are enthalpies and bold values are Gibbs energies). 
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Appendix 5. (C02 laser-IRMPD) activation/fragmentation of [Zn(A-H)(A)t where A is 

proline, sarcosine, glycine, and alanine using the laser power 40 % of maximum power 

and 1.5 sec pulse length. 

224 






