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ABSTRACT PAGE 

The gas-phase proton affinities of several highly basic amino acids and diamines were 
determined using the extended kinetic method in an ESI-quadrupole ion trap instrument. The 
non-protein amino acid L-canavanine is structurally related to L-arginine with an oxygen 
substituted for the terminal methylene group of L-arginine and is highly toxic to humans. The 
proton affinity of L-arginine, a protein amino acid, was determined to be 1036 kJ mor\ whereas 
the proton affinity of L-canavanine was determined to be 1005 kJ mor1

. Thus, substitution of an 
oxyguanidino group for the guanidine group in L-arginine results in a large decrease in basicity. 
This decrease in basicity mirrors the solution behavior of these two amino acids in which the 
oxygen atom substitution causes a 5 pKa unit drop in basicity of L-canavanine relative to L­
arginine. In addition, the proton affinities of the NPAAs L-canaline and L-citrulline were 
determined to be 952 kJ mor1 and 990 kJ mor1

, respectively. The proton affinity values 
presented here for the NPAAs L-canavanine, L-canaline, and L-citrulline represent the first 
measurements for these compounds. Experiments were complemented by high-level hybrid 
density functional theory calculations. Theory values obtained for proton affinities were 
consistent with the theoretical findings except for L-arginine, which was higher than the 
experimentally determined value. This may be due to the small number of reference bases in the 
high basicity range used to determine the experimental value. 

The proton affinities of the highly basic diamines cis-1 ,5-diaminocyclooctane, 
tetramethylcadaverine, and hexamethylcadaverine were determined to be 1002 kJ mor1

, 1013 kJ 
mor1

, and 1031 kJ mor1
, respectively. These values are consistent with the theory that diamines 

display increased basicity due to the stabilization that intramolecular hydrogen bonding provides. 
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Chapter 1. Introduction 

Mass spectrometry IS a very powerful as well as a very useful analytical 

technique. It is one of many analytical techniques that can be used in a wide range of 

applications. For example, Cooks and co-workers are developing a portable device that 

would allow samples to be analyzed directly from the environment within a few seconds. 

They have used desorption electrospray ionization (DESI) to detect nanogram amounts of 

the explosives 2,4,6-trinitrotoluene (TNT), hexahydro-1 ,3,5-trinitro-1 ,3,5-triazine (RDX), 

octahydro-1 ,3 ,5, 7 -tetrani tro-1 ,3 ,5, 7-tetrazocine (HMX), and tetranitratepentaerythritol 

(PETN) on various surfaces, including human skin. This research will play an important 

role in securing public places such as airports. 1 In addition to the above application, mass 

spectrometry is also the most useful technique for determining fundamental 

thermochemical information for ions and neutrals alike. Recently, the Poutsma group has 

determined proton affinity values for several of the amino acids, including L-proline and 

its non-protein amino acid analogues, L-azetidine-2-carboxylic acid and L-pipecolic acid 

as well as for lysine and its homologues ornithine, 2,4-diaminobutanoic acid, and 2,3-

diaminopropanoic acid.2
•
3 In addition, they also determined the gas-phase acidities for all 

the of the twenty protein amino acids.4 These experiments were performed by infusing a 

slightly acidified (or basic) solution containing the compound of interest and a reference 

base (or reference acid) into an electrospray ionization quadrupole ion trap mass 

spectrometer. Final values for the various gas-phase thermochemical properties were 

determined by using the extended version of the kinetic method. 

All of the experimental data determined in this Thesis were obtained using the 
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extended version of the kinetic method. This approach, first proposed in 1977 by Cooks 

and co-workers5
, is based on the rates of competitive dissociation of mass-selected cluster 

ions and can be applied to any reaction in which the following proton-bound (or other ion 

bound) dimer is formed (Equation 1.1 ): 

B~---H+---B2 (1.1) 

The kinetic method can be used in a variety of applications such as in the determination 

of as proton affinities, metal ion affinities, ion structure determination, and the gas-phase 

basicities ofmutiply-charged biomolecules.6 Chapter 2 provides a more in-depth review, 

including examples and the advantages/disadvantages, of the kinetic method. 

As noted earlier, a recurring theme in the research performed in the Poutsma lab 

involves determination of fundamental thermochemical properties for amino acids. 

Amino acids play a vital role in the processes and functions of the human body. Single 

amino acids are linked together in various patterns to form proteins and peptides. 

Although there are hundreds of naturally occurring amino acids, only twenty a-amino 

acids are used in human peptides and synthesis. Because of the role they play in the 

human body, they have been termed protein amino acids or P AAs. All of the a-amino 

acids have a general structure that consists of an amino group, a carboxyl group, a 

hydrogen atom and an R group that is bonded to a central carbon atom (Figure 1.1 ). 
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a-Carbon atom 

Amino group 
r 0 H,N-~-C-~-t 

; I "oH 
Carboxyl group 

H R 
Side-chain (R group) 

Figure 1.1. General structure of an a-amino acid. 

The R group is what distinguishes one amino acid from another. The side chains of 

the amino acids have been classified into four main groups - hydrophobic, aromatic, 

hydrophilic, and acidic. To form a peptide, two amino acids come together with loss of a 

water (Figure 1.2). 

Rt 0 
+ I ~ 

NH -c-c 
3 I 'o-

H 

+ 
R 
12 ...,o 

+H N-C-C" 
3 I '-o-

R 

R 0 R 0 
+ 1

1 
II 1

2 
11 

H N-C-C-N-C-C 3 I I I 'o-
H H H 

Figure 1.2. Peptide bond in which the carboxyl group of one amino acid forms a bond 
with the amino group of another amino acid with loss ofwater. 

In the body, amino acids that are not needed for peptide and protein synthesis are 

broken down and used in different metabolic pathways. After removing the a-amino 

group from the amino acid, the resulting carbon backbone is converted into various 

metabolic intermediates such as acetyl CoA and pyruvate. The excess a-amino groups 

are first converted to NH4 + and then to urea to be excreted. 7 
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In addition to the twenty P AAs, several nonprotein amino acids (NP AAs) exist in 

nature. NP AAs are naturally occurring amino acids that structurally resemble the P AAs; 

however, they are not used in human peptides and synthesis. NP AAs have many varied 

roles including nitrogen storage and defense from predation. 8 Their structural similarity 

to the P AAs can lead to the NP AAs being substituted for their P AA counterpart in the 

peptide chain. This substitution may cause defects in the protein due to changes in 

acid/base properties or in hydrogen bonding capability. For example, the neurotoxic 

compound, ~-N-oxalyl-L-a,~-diaminopropionic acid (BOAA) is structurally similar to 

glutamic acid and glutamine (PAAs). BOAA is found in the seeds of Lathyrus sativus (a 

legume), which is grown in certain parts of central India, and has been linked to the 

disease neurolathyrism.9 Another non-protein amino acid L-canavanine, L-2-amino-

4(guanidinooxy)butyric acid, is structurally related to L-arginine with an oxygen 

substituted for the terminal methylene group of arginine. Canavanine is synthesized by 

leguminous plants that are members of the Lotoidea, a subfamily of the Leguminosae. 

Plants located within the genus Canavalia may use about 3-4% of their dry seed matter 

for canavanine storage. 10 Because of its structural similarity to arginine it can compete 

with arginine in various biochemical pathways. This substitution may also cause defects 

in the protein due to changes in acid/base properties or in hydrogen bonding capability. 

The substitution effects or lack thereof may be due to interactions with the surrounding 

solvent molecules or they may be intrinsic properties of the molecules themselves. 

Therefore, it is interesting to study how these species behave in the absence of solvent. 
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In solution, the guanidine group of arginine has a pKa of 12.48, whereas the 

guanidinooxy group of canavanine has a pKa of 7.04. This lowered pKa value of 

canavanine is due to the electron withdrawing nature of oxygen. 11 The proton affinity of 

L-arginine and L-canavanine was determined to see if this trend holds true in the gas­

phase. The experimental and theoretical procedures for all studies are described in 

Chapter 3 and the results of this study are described in Chapter 4. 

In several of the experiments performed in the Poutsma lab, amines have been 

used as reference bases in the determination of the proton affinity for the amino acids. 

Thus, it is important to understand their behavior. There have been many studies on the 

basicity of amines both in solution and in the gas-phase. For example, dimethylamine is 

more basic than methylamine in solution; however, trimethylamine is less basic than 

dimethylamine (CH3) 3N < (CH3) 2NH > (CH3)NH2). Gas-phase basicity studies clarified 

this issue by showing the basicity order of methyl substituted amines as (CH3) 3N > 

(CH3) 2NH > (CH3)NH2 > NH3 .
12 This discrepancy in the solution data may be attributed 

to steric hindrance and to the effect of the number of N-H bonds available to participate 

in hydrogen bonding. 13 

Strain effects including angle strain and nonbonded interactions have also been 

shown to cause changes in basicity. In monoamines, these effects cause a decrease in 

basicity, while in diamines strain effects may cause an increase in basicity through 

stabilization. Several studies have shown that diamines that form an intramolecular 

hydrogen bond upon protonation in the gas-phase are much stronger bases than 

structurally similar monoamines. 14 However, this cyclization of the diamine causes a 

5 



large negative entropy change due to the constrained geometry (loss of freedom) of the 

newly formed cyclic diamine. 15 For example, 1,4-diaminobutane and 1,5-

diaminopentane exhibit an increased basicity in the gas-phase due to strong 

intramolecular hydrogen bonding which causes cyclization of the molecule. 16 Upon 

protonation, the enthalpy of cyclization increases with increasing ring size and the 

entropy of cyclization becomes more negative. 17 Chapter 5 presents the affinities of cis-

1 ,5-diaminocyclooctane, tetramethylcadaverine, and hexamethylcadaverine. The proton 

affinities of 1 ,4-diaminobutane and tetramethylputrescine were re-measured as a point of 

reference for the experiments. ODR results with experimental errors obtained from 

Monte Carlo simulations are also presented. In addition, qualitative data for both 1,6-

dimethyl-1 ,6-diazacyclodecane and 1 ,6-diazabicyclo[ 4.4.4 ]tetradecane is shown. 
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Chapter 2. Review of the Kinetic Method and Other Gas-Phase Thermochemical 

Techniques 

2.1. The Standard Version of the Kinetic Method 

Mass spectrometry can be used in a variety of thermochemical applications such 

as m the determination of as proton affinities, metal ion affinities, ion structure 

determination, and the gas-phase basicities of mutiply-charged biomolecules.6 In the 

following gas-phase protonation reaction (Equation 2.1 ), the proton affinity (P A) for the 

molecule (M) is defined as the negative of the enthalpy change (-~H) while the gas-phase 

basicity (GB) of molecule M is defined as the negative of the Gibbs free energy change(-

~G): 

(2.1) 

When both the entropy and the temperature are known, the gas-phase basicity and proton 

affinity can be interconverted using the Gibbs equation (Equation 2.2), 

~G=Ml-TM (2.2) 

Gas-phase thermochemical properties of ions such as proton affinity can be determined 

using a variety of techniques, including the equilibrium method, the bracketing technique, 

and the Cooks kinetic method. Generally, the equilibrium method provides the most 

accurate determinations. However, the reference compound must have a well-known 

basicity(< 8.4 kJ mort) and must be between 4.2- 8.4 kJ mort of the analyte of interest. 

In addition, the analyte must be volatile enough to be leaked in as a neutral. There are 

two different approaches used in the equilibrium method. In the first approach, high 

pressure mass spectrometers are used to establish equilibrium and measure ion 
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abundances. Ions of interest are reacted with neutral molecules at a known rate through 

various ion transfer reactions, including proton transfer reactions (Equation 2.3). 

AH+ + B ----+A+ BH+ (2.3) 

The equilibrium constant, and thus the Gibbs free energy, can then be calculated from the 

ion intensities and the partial pressures of the neutral reagent. In these experiments, the 

temperature can be varied; therefore, entropic contributions to the free energy can be 

calculated though a van't Hoff plot. However, the reactions need to be able to reach 

equilibrium within the given time frame of the experiment. 18 

In the second approach of the equilibrium method, rate constants are measured for 

forward and reverse reactions using flowing afterglow or ion cyclotron resonance (ICR) 

instrumentation. From the relative ion abundances, the forward reaction rate constant is 

obtained. The reaction is then repeated in the reverse direction, and the reverse rate 

constant is determined. From the rate constants, the equilibrium constant and the Gibbs 

free energy can then be calculated. As in the first approach, the temperature can be 

varied for some of these experiments, and en tropic contributions to the free energy can be 

estimated. Limitations include the need for a measurable reaction rate and a limited 

number of competitive reaction pathways. 18 

Brauman and Blair determined the relative gas-phase acidities of a senes of 

aliphatic amines by ICR and double resonance spectroscopy. The experiment involved 

monitoring the abundances of product ions while increasing the kinetic energies of the 

reactant ions and measuring both the forward and backward reactions. The order of 

acidity was determined to be diethylamine > neopentylamine > tert-butylamine > 
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dimethylamine > isopropylamine > n-propylamine > ethylamine > methylamine > 

ammonia. 19 

In cases where the equilibrium method is not viable, the bracketing technique can 

be used. In the bracketing technique, the gas-phase basicity (GB), and thus proton 

affinity (P A), of an unknown compound can be determined by reacting it with a reference 

compound with a known GB. It can be used when there is no suitable reference 

compound (i.e. one that has a gas-phase basicity between 4.2- 8.4 kJ mor1 of the analyte 

of interest) or if the analyte is non-volatile. The absence or presence of proton transfer 

between the two species upon collision determines whether the GB of the unknown lies 

above or below that of the reference compound. Using a large number of reference 

compounds, the PA of an unknown can be estimated within approximately 8-16 kJ mor1
• 

In addition, while the experiment should be performed in both directions so that a proton 

transfer reaction is not missed, it is not necessary. 18 

The kinetic method is a third method in which various gas-phase thermochemical 

properties can be measured. It can be used when the analyte of interest is not volatile 

enough for the equilibrium method and gives a more accurate value than the bracketing 

method. It was first proposed in 1977 by Cooks and co-workers 5 and is based on the 

rates of competitive dissociation of mass-selected cluster ions. As shown in Equation 

2.4, it can be applied to any reaction in which the following proton-bound (or other ion 

bound) dimer is formed: 
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(2.4) 

where k and k, represent the rate constants for dissociation from the dimer to B1H+ with 

an unknown thermochemical property (such as proton affinity) and B2H+, one of a series 

of reference bases with a known thermochemical property, respectively.6
•
20 The rate 

constants from the above dissociation reactions can be treated statistically (Equation 

2.5)18 

(kT)L Q* 
k = h 

1 

Y ex (- c
10 J 

I L Q p RT 
I If 

(2.5) 

where Q is the partition function for the internal modes of the ion, Q * is the 

corresponding partition function for the activated complex, c0 is the critical energy of 

activation per mol at the absolute temperature T, k is the Boltzman constant, R is the ideal 

gas constant, h is Planck's constant, and i and j denote the initial and the final states. 

Since the ratio of the partition functions, [LJQ *1,/LJQI,J], may be expressed as the ratio of 

the partition functions of internal vibrations, the rate constant may be determined from 

Equation 2.6, while the ratio of the rate constants, k1/k2, may be determined from 

Equation 2.7. Also, it can be assumed that LJQ1J and LJQ2J cancel since both B1H+ and 

B2H+ are formed from the same dimer ion. 18 
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(2.6) 

(2.7) 

The proton-bound dimer undergoing dissociation can be classified in terms of each of the 

protonated species. The two activated monomer complexes can be distinguished by the 

vibrational frequencies of the remaining bonds to the proton [v*(B 1--H+) for k1 and 

v*(B2--H+) for k2] (Equation 2.8). 

[ {
-hv*(B -H+)}] 1-exp 1 

5._ = kT (exp (cg -&?)J 
k2 [ {-hv*(B -H+)}] RT 1-exp 2 

kT 

(2.8) 

This case becomes important when entropy effects are considered. The frequency factors 

cancel if the frequencies of the hydrogen bonds are equal [v*(B 1--H+) ;:::c v*(B2--H+)], and 

the ratio of the rate constants become: 

(2.9) 

Since s0 
= H0

- PV = G0
- PV + S0T, in which H0

, G0
, S0 are the standard enthalpy, free 

energy, and entropy, and P and V are the pressure and the volume, the standard form of 

the kinetic method can be obtained (equation 2.10): 18 
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ln(!5__J = 11(Ml) = PA(B2 )-PA(B1) 

~ RT RT 
(2.10) 

If B1 and B2 (from equation 2.4) are structurally similar and if the dissociation reactions 

have zero or very small reverse activation energies, then the difference in the relative 

activation energies will equal the difference in proton affinities. 21 Plotting ln (k1/k2) 

versus P A(B2) gives a straight line with a slope equal to 1/R T eff and an intercept of -

P A(B 1)/R T eff· The proton affinity of the unknown can then be determined by the ratio of 

the negative value of the intercept to the slope. 20 

In the original 1977 experiment, proton bound dimers of sec-butylamine and n-

propylamine were formed using chemical ionization (CI). Peaks in the resulting mass 

analyzed ion kinetic energy spectrum (MIKES) corresponded to protonated sec-

butylamine (m/z = 60), n-propylamine (m/z = 74), both of the homodimers (m/z = 119 

and 147 respectively), and the heterodimer (m/z = 133). The ion of interest, or the 

heterodimer ion (PrNH2 ..• H+ ... NH2Bu), was isolated and underwent spontaneous 

fragmentations (characteristic of metastable ion reactions) to yield a fragmentation 

spectrum. The two peaks present in the spectrum corresponded to the two protonated 

monomers with the sec-butylamine peak being more intense. From the ratio of the 

relative abundances of the two peaks, it was determined that sec-butylamine had a greater 

proton affinity. The authors also studied 3-amino-pentane and sec-butylamine and 

pyridine and sec-butylamine. In each of the pairs, the authors were able to correctly 

identify the compound with the greater proton affinity (3-amino-pentane and pyridine 

respectively) by measuring the abundances of the fragmentation peaks. The authors 

concluded that because each of the competitive ion reactions (k1 and k2) have nearly the 
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same frequency factors, their rates are controlled by their relative activation energies.5 

A subsequent study by Cooks and co-workers further explored the theory behind 

the standard kinetic method and applied it in the determination of gas-phase acidities, 

hydride affinities, and metal ion cation affinities. For example, Cooks and co-workers 

determined that the proton affinity of p-chlorobenzoate is less than the proton affinity of 

p-hydroxybenzoate. In addition, the proton affinity of phenylethylamine was determined 

to be 218.7 kcal mor1 by pairing it with n-hexylamine and sec-butylamine.21 

In addition to proton affinities, the kinetic method has also been used to determine 

gas-phase acidities. O'Hair, Bowie, and Gronert determined the gas-phase acidity for 19 

of the a amino acids using Cook's kinetic method. MIKE (mass-analyzed ion kinetic 

energy) spectra were taken using a Vacuum Generators ZAB 2HF mass spectrometer 

operating in negative ion chemical ionization mode. A 1: 1 mixture of the acids AH and 

BH were introduced into the ion source by a direct insertion probe. Glycine was chosen 

as an anchor point (BH) to which all other acids (AH) were referenced. A calibration line 

was established by measuring the intensities of the product ion A- and B- for alanine, 

sarcosine, and a series of substituted benzoic acids of known acidity. A plot of the 

logarithm of the ratio of these intensities versus their gas-phase acidities resulted in a 

straight line. This line was then used to determine the unknown acidities of the amino 

acids relative to glycine by measuring the ratio of A- and s-. It was determined that 

glycine was the least acidic with ~Gacid = 1402 kJ mol-1
, while histidine was the most 

acidic with ~G acid= 1356 kJ mol-1
• 

22 

In an experiment performed by Boand, Hourlet, and Gaumann, the gas-phase 
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acidities of aliphatic alcohols containing up to nine carbon atoms were studied using a 

double-sector mass spectrometer of reverse geometry equipped with a high-pressure 

chemical ionization (CI) source. It was observed that the various positions of methyl 

groups in the alcohol compounds played a role in the gas-phase acidities. The 

stabilization effect on the alkoxide anions was largest when the methyl group was in the 

. . ~ . 1 h 1 23 a-position 10r pnmary a co o s. 

In the determination of nucleoside proton affinity, S. Alves et al used an ion trap 

mass spectrometer equipped with an external electrospray ionization (ESI) source to form 

cluster ions. The electrospray solutions containing nucleosides were diluted to 40 

pmoiiJ.lL - 1 in a 50:50 acetonitrile:water 0.1% acetic acid solution. All ESI spectra were 

recorded in positive ion mode with an ion injection time of 500 ms. In MSn mode, the 

ions were excited by collision- induced dissociation and isolated by broad-band ejection 

with an isolation width of 10 Th. The authors proposed a qualitative proton affinity scale 

for the nucleosides to be U<5IdU<dU<5MeU<dT. The authors determined that this PA 

order was consistent and independent of the reference bases used based on the 

observation that the presence of different basic sites and different types of hydrogen did 

not alter the P A order. Also, entropic effects due to the presence or absence of hydroxyl 

or thiol side chains on the nucleosides did not occur. The authors concluded that this is 

due to the spectator characteristics of the nucleoside side chain end group. Although the 

calculated P A values obtained differed from the literature values, a similar trend was 

observed. The differences may be due to varied experimental conditions or to the 

reference bases used. 24 
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The kinetic method may also be used to differentiate between diastereomers and 

enantiomers. This was demonstrated by Cooks and co-workers in their study of 2,3-

butanediol. The experiment was performed in a Finnigan triple quadrupole mass 

spectrometer by evaporating a mixture of reference base with 2,3-butanediol into the ion 

source. The proton-bound dimers of interest were mass selected in the first quadrupole 

and fragmented in the second quadrupole with argon as the collision gas. The 

abundances of the dissociation products were mass analyzed by scanning the third 

quadrupole. The gas-phase basicities of (2R,3R)-butanediol and meso-butanediol were 

determined to be 801.24 kJ mor1 and 799.98 kJ mor\ respectively. 

2.2. The Extended Kinetic Method 

One of the main drawbacks to the standard versiOn of the kinetic method 

(Equation 2.1 0) is the requirement that all of the reference bases and the unknown have to 

be structurally similar to each other in order to eliminate the entropic effects of the two 

rate constants. In 1993, Fenselau and co-workers realized that it would be difficult to 

find reference bases that were structurally similar to and in the same proton affinity range 

as the peptides they were studying. To examine the effect of entropy on proton bound 

dimer dissociation, they studied various proton bound dimers using monoamines as the 

reference bases. They determined that as long as the reference bases remained 

structurally similar to each other but different than the unknown, the entropy term would 

remain constant. 25 

This point was also demonstrated by Cerda and Wesdemiotis while studying the 

alkali metal ion affinities of the nucleobases guanine, cytosine, adenine, thymine, and 
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uracil. In their experiment, metal ion bound dimers were generated by fast atom 

bombardment (F AB) by using either glycerol or a 5:1 mixture of dithiothreitol and 

dithioerythritol as matrices. Solutions containing the appropriate nucleobase, reference 

base, and alkali metal salt were transferred onto the F AB tip. Ion affinities were 

determined based upon the dissociations of [NB + Bi]M+ ions, where Bi is a reference 

base with known affinity. However, due to the limited number of reference compounds, 

two different series of compounds were used, with each series being chemically similar to 

one another. For the above nucleobases, the M+-nucleobase bond energies were 

determined to be (in kJ mor1
): 239, 232, 226, 215, and 211 (Lt); 182, 177, 172, 144, 

and 141 (Na+); 117, 110, 106, 102, and 101 (K+).26 As in Fenselau's study, Cerda and 

Wesdemiotis proposed that if the reference bases are structurally similar to each other, 

but not to the unknown compound, the entropic term should remain constant. Values for 

the effective temperature and apparent gas-phase basicity can be obtained from the slopes 

and intercepts of the linear regressions from plotting ln(k/k) versus P A(Bi) (Equation 

2.11). 

6(65) 

R 
(2.11) 

To determine the proton affinity and reaction entropy difference, a second plot is 

constructed by plotting the negative intercepts versus the slopes obtained at different 

activation amplitudes. 20 

A few years later, Armentrout pointed out that the regression coefficients from the 

second plot of several experiments were all nearly unity. This was due to the covariance 

between the slope and y-intercept.27 Plotting In (k/k) versus APA-(Bi), the difference in 
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PAs of the reference bases and the average value ofPA(Biavg), will remove the covariance 

between the slope and the intercept from the first plot (Equation 2.12). 20 

ln(/81 J :o::: MfBI -Mfavg _ MfB2 -Mfavg +(MEl _I!.SB2) 

J B 2 RTeff RTeff R R 
(2.12) 

Tabet and co-workers used the extended kinetic method to determine the gas-

phase acidities of aspartic acid, glutamic acid, and 2-aminoadipic acid. A 1: 1 mixture of 

the amino acid and an acidic reference were directly infused into an electrospray 

ionization triple quadrupole mass spectrometer. The gas-phase acidity of aspartic acid 

was found to be 1340 kJ mor1
, with an entropy of -27 J mor1 K 1

, which were in good 

agreement with the values obtained by Poutsma's group (1345 ± 14 kJ mor1 for gas-phase 

acidity and -14 ± 14 J mor1 K-1 for entropy). However, when studying glutamic acid, 

two different slopes, which gave gas-phase acidities of 1350 J mor1 and 1366 mor1
, were 

observed in the kinetic method plots. These two different slopes were obtained because 

two different ranges of effective temperatures were acquired. However, Tabet and co-

workers also noted that when plotting the same data using the conventional form of the 

extended method two distinct slopes were not observed. The gas-phase acidity value 

obtained by Poutsma and co-workers for glutamic acid was similar to the lower effective 

temperature range. This makes sense since the effective temperatures in the ion trap 

instrument employed in the study are expected to be in the range of 300K to 400K. It 

was concluded that at low collision energies deprotonated glutamic acid breaks away 

from the cluster in a cyclic form. At higher collision energies, deprotonated glutamic 

acid does not rearrange to its preferred conformation during dissociation and that the 

17 



observed values correspond to a zwitterion-like conformation preferred in the cluster.4
•
28 

Also using the extended version of the kinetic method, Cooks and co-workers 

analyzed isomeric peptides that differed in amino acid sequence or had leucine/isoleucine 

substitutions (same mass substitutions). The experiment was carried out in a Finnigan 

LCQ quadrupole ion trap mass spectrometer with an ESI source. All ESI spectra were 

recorded in positive mode with a spray voltage of 5.00 kV, a capillary voltage of 3 V, and 

a heated capillary temperature of 150°C. By exciting the mass-selected cluster ions with 

a supplementary as signal, the trimeric complex [Cun(ref)2(A) - Ht, where A is the 

analyte, normally a dipeptide, and ref is a reference compound), undergoes collision 

induced dissociation. The trimeric complexes competitively dissociate to form the 

dimeric complexes [Cuii(A)(ref) - Ht and [Cuii(ref)2 - Ht (loss of a neutral reference 

compound or loss of the analyte ). Differences in the product ion abundances are a result 

of the differences in stability of the fragment ions, which is due to the two isomeric 

configurations of the analyte. R1so is the term used to describe the efficiency of isomeric 

distinction, and the more the R1so values differs from one, the higher degree of isomer 

separation. These trimeric complexes were observed to lose a neutral ligand to form 

dimeric cluster ions. The branching ratio, R, was determined to be 0.66 with A was pure 

Ala-Leu and 1.9 when A was pure Leu-Ala. When A was a mixture ofboth Ala-Leu and 

Leu-Ala, R was determined to be 1.1, while R1so equaled 2.9. When the same reference 

base was used, these values indicated that the branching ratio is dependent upon the 

regiochemistry of the peptide, A.29 
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2.3. The Entropy Corrected Kinetic Method 

In another advancement made by Cooks and co-workers, the entropy corrected 

kinetic method allows for the use of dissimilar reference bases and is shown in Equation 

2.13: 

In (IBl)-IB2 
(2.13) 

If the definition of gas-phase basicity is then applied (GB = PA + T .dS), the above 

equation takes the form (Equation 2.14): 

In ki _ (lls(Bi) ::::::: PA(Bi) 

k R RTetf 

GB(B) 

RTetf 
(2.14) 

A plot of the entropy corrected term versus P A(Bi) will yield a straight line with slope 

equal to 1/RTeff and an intercept of -GB(B)/RTeff· By varying the collision energy, a 

second plot can be made by plotting the negative value of the intercept GB(B)/RTerf 

versus the slope 1/Teff· This plot gives the gas-phase basicity of the analyte of interest. A 

third plot of GB versus the Terf then yields the proton affinity and the reaction entropy 

.dS(B). In the experiment, urea, a compound that was well characterized, was used with a 

variety of different chemical compounds to test the validity of this approach. The 

experiment was performed in a ThermoFinnigan triple quadrupole mass spectrometer by 

leaking in the volatile liquid samples though a leak valve and reacting it with urea that 

was introduced by means of a direct evaporation probe. The ions of interest were mass 

selected in the first quadrupole and fragmented at different activation energies in the 

second quadruple using argon. The dissociation products were then mass analyzed by 

scanning the third quadrupole. Using a set of dissimilar reference compounds with 
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known protonation entropies, Cooks and co-workers obtained values for the proton 

affinity, gas-phase basicity, and protonation entropy of urea that were in good agreement 

with previously determined values.20 
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Chapter 3. Experimental and Theoretical Methods 

3.1. Determination of Proton Affinity 

It is important to study molecules in the gas-phase to gain a better understanding 

of their behavior in the absence of solvent. Once in the gas-phase, many fundamental 

properties can be determined including proton affinity (PA) and gas-phase basicity (GB). 

For the following gas-phase protonation reaction (Equation 3.1 ), the proton affinity for 

the molecule (M) is defined as the negative of the enthalpy change (-~H) while the gas­

phase basicity of molecule M is defined as the negative of the Gibbs free energy change 

(-~G): 

(3.1) 

When both the entropy and the temperature are known, the gas-phase basicity and proton 

affinity can be interconverted using the Gibbs equation (Equation 3.2), 

~G=Ml-TM (3.2) 

Proton affinity values were obtained for the P AA L-arginine and the NP AAs L­

canavanine, L-citrulline, and L-canaline. In addition, the proton affinities for the highly 

basic diamines cis-1 ,5-diaminocyclooctane, tetramethylcadaverine, and 

hexamethylcadaverine were determined. All experiments were performed using a 

Finnigan® LCQ Deca™ quadrupole ion trap equipped with an external electrospray 

source (ESI). Mass spectra were viewed and the different parameters tuned using the 

LCQTunePlus ™ program. In earlier studies, fragmentation data was taken at three to 

four different activation amplitudes, and the resulting data was analyzed through the Qual 

Browser™ window of Xcalibur™ and copied into a Microsoft® Excel™ spreadsheet 
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where the experimental proton affinity and entropy of dissociation were determined using 

the extended kinetic method. In more recent studies performed in the lab, an activation 

amplitude scan was performed from 0% to 100%. The resulting intensity values were 

copied directly into a Microsoft® Excel™ spreadsheet and the proton affinity and entropy 

of dissociation were determined. 

3.2. Solution Conditions 

3.2.1. Arginine Analogs 

Stock solutions were made for arginine, for the arginine analogs, and for each of the 

reference bases. To allow for protonation, the solutions were made in an acidified (1% 

acetic acid) 49.5:49.5 methanol:water solution. Concentrations of the solutions ranged 

from lxl0-4 
- 5x10-5 M. Heterodimer solutions that contained both the compound of 

interest and a reference base with known proton affinity were directly infused into the 

electrospray ionization source using a 500 J..LL Hamilton syringe. A mass spectrum was 

observed and the peaks analyzed in a Finnigan® LCQ Deca™ quadrupole ion trap. 

3.2.2. Constrained Diamines 

Stock solutions for the diamines with unknown proton affinities and for each of the 

reference bases were made under slightly different conditions. The solution conditions 

varied from 49.5:49.5 methanol:water to 99% methanol with 1% acetic acid added to 

allow for protonation. Concentrations of the diamine solutions ranged from 5x10-3 
-

5x10-4M. Heterodimer solutions that contained both the compound of interest and a 

reference base with known proton affinity were directly infused into the electrospray 
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ionization source and analyzed in the mass spectrometer. Solutions were stored in the 

freezer to prevent degradation of the diamines. 

3.3. Instrument Parameters 

The heterodimer solutions were directly infused through the capillary tubing using a 

500 J.!L syringe mounted on an external syringe pump. The solution flows through the 

capillary tubing to the tip of the ESI needle where 5000V are applied. Flow rates of the 

solutions ranged between 5 - 25 J.!Limin. Lower flow rates allow for less of the dimer 

solution to be used. This is especially important for compounds that are expensive or for 

the synthesized diamines that were in limited quantities. In addition, lower flow rates 

lead to a cleaner mass spectrum (i.e, less noise). Higher flow rates have been observed to 

allow for more intense peaks in the mass spectrum. Conditions were optimized to afford 

the maximum ion count for the proton-bound heterodimer using the LCQTunePlus TM 

program by varying different parameters such as the capillary temperature and sheath gas 

flow rate. The capillary temperature can be varied from oo to 350° C; however in the 

experiments presented here the capillary temperature was varied from 90° to 175°C. 

Lower capillary temperatures tend to reduce the amount of noise in the mass spectrum. 

Higher capillary temperatures increase the intensity of a peak of interest; however, high 

temperatures also result in a noisier spectrum. In these studies, a sheath gas (nitrogen) of 

20 arbitrary units allowed for a clean mass spectrum. This parameter was varied in order 

to maximize ion count. A higher sheath gas setting allows for more ions to get into the 

trap. Once a set of values was found that maximized heterodimer ion production, a 

method was saved so that the parameters could be retrieved for future use. The proton-
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bound heterodimers were isolated at qz = 0.250 unless one of the fragment ions of interest 

had a mass-to-charge ratio that was located below the lower limit of the mass range, 

which is a function of the isolation q. In those instances, a qz value of 0.200 was used. 

The mass width of the isolated heterodimer was adjusted between 4.0 and 10.0 amu to 

maximize the ion signal of the isolated heterodimer, while still maintaining isolation. 

The isolated heterodimer was then allowed to go undergo collision-induced dissociation 

with the background helium gas at various collision energies, determined by the 

activation amplitude parameter. The ratio of the protonated arginine analog (or 

protonated diamine) to the protonated reference base was obtained by performing a 

normalized collision energy scan from 0 to 100% in steps of two percentage units. In the 

earlier studies, data was taken at four different activation amplitudes- 15%, 35%, 50%, 

and 85%. However, the normalized collision energy scan gave a better overall view of 

what occurs in the ion trap. All plots are clearly marked as to which activation amplitudes 

are depicted. Between three and six replicate measurements were obtained on different 

days. When taking data at four different activation amplitudes, the ratio of the intensities 

of the monomers were obtained through the Qual Browser™ window of Xcalibur™ and 

copied into a Microsoft® Excel™ spreadsheet. The intensities of the peaks can be 

obtained directly when performing an activation amplitude scan. Proton affinities and the 

entropies of dissociation for arginine, canavanine, canaline, and citrulline were 

determined using the extended kinetic method (section 3.4). Proton affinities and 

entropies of dissociation for the constrained diamines were obtained using the single 

reference variant of the extended kinetic method (section 3.4). 
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Figure 3.1. Schematic of an ESI quadrupole ion trap mass spectrometer. 

3.4. Cooks Kinetic Method 

Since the kinetic method and its applications were previously reviewed in Chapter 

2, only a brief summary is provided here. The kinetic method is based upon the rates of 

competitive dissociation of mass-selected cluster Ions and can be applied to any reaction 

in which the following proton-bound (or other ion bound) dimer is formed (Equation 

3.3): 
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B1---H+ ---Bz (3.3) 

where k1 and k2 represent the rate constants for dissociation of the dimer to B1H+ and 

B2H+, respectively.6 From transition state theory, it can be shown that the critical energy 

term is approximated by the difference in the enthalpies of the reaction while the partition 

function term can be reduced to a difference in activation entropies (Equation 3.4).20 

Here, A represents the unknown and B 1 are the reference bases. If all compounds used 

are structurally similar to each other, then the entropic term, .Ll(.LlS)/R, may be cancelled. 

This results in the standard form of the kinetic method (Equation 3.5): 

(3.5) 

3.4.1. Extended Kinetic Method 

In 1993, while studying large biomolecules, Fenselau and co-workers and later 

Wesdemiotis and co-workers realized that it would sometimes be difficult to find 

reference bases that were structurally similar to that of the unknown. 25
'
30 They postulated 

that as long as the series of reference bases were structurally similar to each other then 

the entropy term [.Ll(.LlS)/R] should remain constant.25 Intensity ratios from these 

experiments were then used to determine not only the ion affinity (~H) of interest, but 

also a measure of the entropic term. In addition, the effective temperature, Teff, and the 
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apparent gas-phase basicity, GBapp (A), may be determined from the slopes and intercepts 

of a series ofln (IB/IA) versus ~HBi plots (Equation 3.6). 

(3.6) 

To obtain the proton affinity and the entropy term, a second plot is constructed by 

plotting the negative of each of the intercepts versus the slopes from plot 1 at several 

different activation amplitudes. 

Data obtained using this "extended" kinetic method were generally in agreement 

with values from other methods. However, the regression coefficient (R2
) for the second 

kinetic method plot (plot 2) was always nearly equal to 1, which suggested that the slope 

and intercept of this plot are not independent.20 In 2000, Armentrout developed a 

statistical procedure that removed the covariance between the slope and intercept that 

involved subtracting the average of the proton affinities of the reference bases from the 

proton affinity of the unknown and the proton affinity of the reference bases in the first 

kinetic method plot. 27 The equation for this corrected extended kinetic method takes the 

form (Equation 3.7), 

ln( J Bz J "" M-J Bz - M-J avg _ M-J A - M-Javg + ( /1S Bi _ f1S A ) 

J A RTeff RTeff R R 
(3.7) 

where 11Havg is the average of the proton affinities for all of the reference bases used. As 

above, in kinetic method plot 1, plotting In (IBi/IA) versus ~HBi - ~Havg yields a slope 

equal to 1/RTeff and a y-intercept equal to -[(~HA- ~Havg)/RTerf + (~SNR- ~SB/R)]. 

Plotting the negative of each of the intercepts versus the slopes from plot 1 gives kinetic 
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method plot 2. From this plot the proton affinity and entropy of dissociation can be 

obtained (slope= AHA- AHavg; y-intercept = ASA/R- ASB/R). 

3.4.2. Single Reference Method 

The proton affinity of cis-1 ,5-diaminocyclooctane was determined usmg the 

single reference variant of the extended kinetic method with canavanine, while the proton 

affinities of tetramethylcadaverine, hexamethylcadaverine, and tetramethylputrescine 

were determined using the single reference variant of the extended kinetic method with 

argmme. 

Several studies have demonstrated the validity of the single reference variant of 

the kinetic method in determining thermochemical properties. 4'
31 In this approach, the 

unknown compound forms a heterodimer with a calibration compound, the single 

reference. The heterodimer peak undergoes collision-induced dissociation and the ratio 

of the resulting two monomer peaks is measured. In tum, the calibrant is paired with a 

series of reference bases with known proton affinities. Once again, the dimer ion of 

interest undergoes collision induced dissociation, and the resulting ratio of the two 

monomer peaks is measured. The ratios from the two sets of experiments are then 

multiplied to obtain a ratio of the reference bases with known proton affinities to the 

unknown. The natural log of the ratio is taken, and the standard kinetic method analysis 

(using the corrected extended kinetic method) is then performed to determine the proton 

affinity of the original unknown compound (Equation 3.8). 

( 
Iarg J x( Is, J = (Is, J ~ ln[ Is, J ~ KineticMethodAnalysis (3.8) 
Itmc Iarg Itmc Itmc 
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For example, tetramethylcadaverine is quite basic and only formed a heterodimer with 

arginine. In tum, arginine formed heterodimers with 1,1 ,3,3-tetramethylguanidine, 1,5-

diazabicyclo[ 4.3 .O]non-5-ene, 1 ,8-diazabicyclo[ 5 .4.0]undec-7 -ene, and 2-tert-butyl-

1,1,3,3-tetramethylguandine. Gas-phase experiments were performed, and data was 

taken as described in section 3.3. Resulting ratios were multiplied together to obtain a 

ratio of reference base to unknown (i.e. tetramethylcadaverine ), and the extended kinetic 

method was used to determine a proton affinity value. 

3.5. Orthogonal Distance Regression 

Recently, Ervin and Armentrout developed an orthogonal distance regressiOn 

(ODR) method to analyze data obtained from an extended kinetic method experiment. 32 

In this analysis, the original data points are treated equally, and a second plot and linear 

regressions that can introduce false correlations are not needed.32 All lines ofkinetic plot 

1 are forced to cross at a single point. Standard deviations are given at the 95% 

confidence levels for each of the fit parameters. A Monte Carlo simulation is also 

incorporated in the ODR program in order to give a more realistic estimate of the 

uncertainties in the derived enthalpy and entropy values. An ODR analysis was 

performed for all compound studied, and all ODR plots are given. Experimental error 

bars reported were obtained from the Monte Carlo simulations. 

3.6. Theoretical Calculations 

Proton affinities and entropies for arginine, canavanine, citrulline, and canaline were 

determined using hybrid density functional theory. 33 All theoretical calculations were 

performed on personal computers usmg the GaussView™ and Gaussian98W™ 

29 



programs. 34 PC Model was used to find the low energy conformation starting structures. 

Approximately 25 to 35 starting structures for the amino acids and their protonated forms 

were found by drawing each of the compounds in PC Model and allowing the program to 

search 50,000 conformations using the GMMX algorithm. In addition, low energy 

structures were found by rotating various bonds by hand in GaussView. All the amino 

acids and their protonated forms were studied using the Hartree-Fock theory and the 

B3L YP functional with basis sets starting at 3-21 G and ending at the 6-31 +G* level. HF 

is a self-consistent field method in which the orbital coefficients are first guessed at and 

then iterated to converge. B3L YP contains both DFT exchange and 3 parameters that 

correct for the amount of HF exchange set forth by Becke in 1993.33 L YP is the full 

correlation energy of Lee, Yang, and Parr. 33 

Final geometries and harmonic vibrational frequencies for all amino acids and their 

protonated forms were calculated at the B3L YP/6-31 +G* level. Total electronic energies 

were obtained from B3L YP/6-311 ++G** single point calculations at the B3L YP/6-

31 +G* geometries. Enthalpies at 298 K were calculated using zero point energy and 

thermal corrections from scaled vibrational frequencies. 35 Total entropies were taken 

from the Gaussian 98W output files without scaling. 

Proton affinities for arginine and its analogs were also obtained from an isodesmic 

reaction with ethylene diamine (P A = 951 kJ/mol)(reference) serving as the reference 

base (Equation 3.9). 

(3.9) 
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Chapter 4. Proton Affinities of Arginine and its Analogues 

4.1. Introduction 

The urea cycle is a major cyclic metabolic pathway in the body in which ammonia 

is converted to urea and then excreted. L-arginine is metabolized to urea and L-omithine 

by arginase. A carbamoyl group is then transferred to L-omithine to form L-citrulline. 

In tum, argininosuccinate is formed by a condensation reaction between L-citrulline and 

aspartate. Argininosuccinate is cleaved and L-arginine is re-formed. 7 

As mentioned m the introduction, L-canavanine, or L-2-amino-4-

(guanidinooxy)butyric acid, is a NP AA that is structurally similar to L-arginine with an 

oxygen substituted for the terminal methylene group of arginine. L-Canavanine is 

synthesized in the leaves and in the pod walls of many leguminous plants that are 

members of the Lotoideae, a subfamily of the Leguminosae. Members of the genus 

Canavalia may use about 3-4% of their seed dry matter for L-canavanine storage while 

other L-canavanine producing plants such as Caragana arborescens and Wisteria 

jloribunda can store between 6 and 13% L-canavanine. Certain insects that feed on L­

canavanine-rich seeds have incidences of substitution of one third of available L-arginine 

residues by L-canavanine.36 When injected with bacterial cell wall fragments, larvae of 

the tobacco homworm, Manduca sexta, produce lysozyme. In one experiment, L­

canavanine was introduced with the bacterial cell wall fragments. About one-fifth of the 

L-arginine residues were replaced with L-canavanine in the resulting lysozyme which 

lead to a decrease of about one half of its catalytic activity. 10 Because of its high toxicity 

and its ability to substitute for L-arginine, L-canavanine has been studied as an anti-
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cancer agent. 37
'
38 While L-canavanine has been shown to eradicate cancer cells, a severe 

side effect may be the disruption of other cellular processes that use L-arginine.39 

Interestingly, some species are not affected by the NP AAs and can avoid the 

substitution. For example, the developing larvae of the bruchid beetle, Caryedes 

brasiliensis feed on the seeds of the legume, Dioclea megacarpa which contains about 

13% L-canavanine dry weight. This beetle is able to degrade L-canaline by reductive 

deamination to form homo serine and ammonia. 36 L-Canaline (L-2-amino-4-

(aminooxy)butyric acid), a structural analog of L-omithine, is a potent antimetabolite and 

appears to be unique among naturally-occurring amino acids in its possession of the 

aminooxy group on the side chain. 7'
40 Studies indicate that including L-canaline in the 

diet of the tobacco homworm caused depauperate larvae, reduced the successful larval­

pupal ecdysis, increased pupal adult malformation, decreased survival of all 

developmental stages, and attenuated ovarial mass production. When injected into the 

adult moth, L-canaline caused almost continuous motor activity.40 

The substitution effects or lack thereof may be due to interactions with the 

surrounding solvent molecules or they may be intrinsic properties of the molecules 

themselves. Thus, it is interesting to study how these species behave in the absence of 

solvent. For example, dimethylamine is more basic than methylamine in solution; 

however, trimethylamine is less basic than dimethylamine (CH3)3N < (CH3) 2NH > 

(CH3)NH2).
12 Gas-phase basicity studies clarified this issue by showing the basicity 

order of methyl substituted amines as (CH3) 3N > (CH3) 2NH > (CH3)NH2 > NH3.
12 This 

discrepancy in the solution data may be attributed to steric hindrance and to the effect of 
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the number of N-H bonds available to participate in hydrogen bonding. 13 In a previous 

study performed in the lab, it was found that a correlation existed between proton affinity 

and ring size in proline and its four- and six-membered ring analogs, L-azetidine-2-

carboxylic acid and L-pipecolic acid.2 Similarly, in a study on the proton affinity of PAA 

L-lysine and its NPAA homologs L-omithine, 2,4-diaminobutanoic acid, and 2,3-

diaminopropanoic acid, a monotonic decrease in both the proton affinity and derived 

entropy term (vide infra) with chain length was found. 3 For the current work, we wished 

to see if the substitution of an oxygen atom for a methylene group in Arg and Om 

resulted in dramatic changes in physical properties. 

L-Arginine is the most basic of the protein amino acids. In solution, the guanidino 

group of L-arginine has a pKa of 12.48, while the guanidinooxy group of L-canavanine 

has a pKa of 7.04. 11 This lowered pKa value of L-canavanine is due to the electron 

withdrawing nature of oxygen. The gas-phase proton affinity of L-arginine was 

measured by the extended kinetic method using an electrospray ionization quadrupole 

time-of-flight mass spectrometer as 1051 ± 5 kJ mor1
•
41 

This chapter describes the results of measurement of the gas-phase proton affinities of 

L-canavanine (Cav) and L-canaline (Can), oxy-analogs of L-arginine (Arg), and L­

citrulline (Cit) and L-omithine (Om) (Figure 4.1 ). Proton affinities were measured by the 

extended kinetic method using a quadrupole ion trap mass spectrometer to see if the same 

trend in solution will hold true in the gas-phase. ODR results with experimental errors 

obtained from Monte Carlo simulations are also presented. In addition, the results of 

high-level hybrid density functional theory calculations are presented which give 
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indications for the preferred sites of protonation in these species as well as the relative 

basicities of other sites. 

0 0 0 

HO HO 

HN HN 
,...o 

HN 

H2NANH H2NANH H2NAO 

L-Arginine L-Canavanine L-Citrulline 

0 0 

NH2 NH2 
HO HO 

L-Ornithine L-Canaline 

Figure 4.1. Structures of Arg, Cav, Cit, Om, and Can. 

4.2. Experimental 

Since Arg is highly basic, it was difficult to find bases that would form proton-

bound dimers and fragment into the two desired monomer peaks. Thus, only three 

reference bases were used with Arg: 1,1 ,3,3-tetramethylguanidine, 1,5-

diazabicylo[ 4.3.0]non-5-ene, and 1 ,8-diazabicyclo[5.4.0]undec-7-ene. 
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reference bases have an average proton affinity of 1039 kJ mor1
, and all individual 

proton affinities for the reference bases are listed in Table 1. All compounds were 

purchased from Sigma-Aldrich located in St. Louis, MO and used without further 

purification. To probe as wide a range of effective temperatures as possible, 

fragmentation ratios were measured by performing an activation amplitude scan from 0 to 

100%. At activation amplitudes below 10%, not enough fragmentation occurred to 

provide an accurate fragmentation ratio. Above 34%, the effective temperature of the 

collisions levels off as collisional cooling of the activated ions competes with further 

activation. 

Proton-bound dimers of Cav with a series of five reference bases were isolated in 

the ion trap. Fragmentation ratios were measured by performing an activation amplitude 

scan from 0 to 100%. However, the kinetic method analysis was only performed at 

activation amplitudes between 12% and 38%. The following compounds, with PAavg = 

987.6 kJ mor1
, were used as reference bases: triethylamine, N,N­

dimethylcyclohexylamine, 2,2,6,6-tetramethylpiperidine, tripropylamine, and N,N­

diisopropylethylamine . Proton affinity values for all reference compounds are listed in 

Table 4.1. 

Results for Can were also obtained by performing an activation amplitude scan 

from 0 to 1 00%. A value for both the proton affinity and entropy were obtained from a 

kinetic method analysis performed at activation amplitudes 16% to 34%. The following 

reference bases, with P Aavg = 941.7 kJ mor 1, were used: cyclohexylamine, exo-2-

aminonorbornane, 3-picoline, 4-picoline, and pyrrolidine. Proton affinity values for these 
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compounds are listed in Table 1. The proton affinity and entropy of Can were also 

determined in a previous study in the lab. Studies done in the lab prior to Spring 2005 

were performed at three to four different activation amplitudes rather than scanning from 

0% to 100%. In this experiment, ratios were obtained at activation amplitudes 15%, 

25%, 35%, and 50%. 

The proton affinity of Cit was determined in a similar fashion to that of the earlier 

study of Can. For Cit, four different activation amplitudes (15%, 25%, 35%, and 50%) 

were chosen for the kinetic method analysis. All other aspects of the experiment are 

similar to the compounds discussed above. Seven reference bases were used with Cit 

with a PAavg of 979 kJ mor1
: 1-methylpiperidine, diisopropylamine, triallylamine, 

triethylamine, N,N-dimethylcyclohexylamine, 2,2,6,6-tetramethylpiperidine, and 4,4-

dimethyl-2-imidazoline. Since this initial study, Cit has been re-examined using the 

activation amplitude scanning method. 

Proton affinities and entropies were also determined for Arg, Cav, Can, and Cit 

using an ODR analysis. Experimental errors were obtained at the 95% confidence level 

through a Monte Carlo simulation. 

In addition, theoretical values for the proton affinities and entropies for Arg, Cav, 

Can, and Cit were obtained using two different theoretical approaches - hybrid density 

functional theory and an isodesmic approach. 
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Table 4.1. Thermochemical Values for Reference Bases 

base PAa Arg Cav Cit Can 
cyclohexylamine 934.4 X 
exo-2-aminonorbornane 935.3 X 
3-picoline 943.4 X 
4-picoline 947.2 X 
pyrrolidine 948.3 X 
1-methylpiperidine 971.1 X 
diisopropylamine 971.9 X 
triallylamine 972.3 X 
triethylamine 981.8 X X 
N, N-dimethylcyclohexylamine 983.6 X X 
2,2,6,6-tetramethylpiperidine 987.0 X X 
4,4-dimethyl-2-imidazoline 988.1 X 
tripropylamine 991.0 X 
N,N-diisopropylethylamine 994.3 X 
1,1 ,3,3-tetramethylguanidine 1031.6 X 
1 ,5-diazabicyclo[4.3.0]non-5-ene 1038.3 X 
1 ,8-diazabic~clo~5.4.0jundec-7 -ene 1047.9 X 
a42 

4.3. Results 

4.3.1. Arginine 

The proton affinity of Arg was measured previously by the extended kinetic 

method using an electrospray ionization quadrupole time-of-flight mass spectrometer 

instrument, and the proton affinity was determined to be 1051 ± 5 kJ mort with a 

protonation entropy of -45 ± 12 J mort Kt. 41 As a reference for all other compounds 

studied, Arg was re-measured using the quadrupole ion trap. Figure 4.2 shows a plot of 

In (IB/Iarg) versus LlHBi - LlHavg in which LlHBi is the proton affinity of reference base i and 

LlHavg is the average proton affinity of the five reference bases used. A best fit line is 

made for each of the activation amplitudes (only shown for 10%, 22% and 34%), and 
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each of those lines yields a slope equal to 1/RTeff and a y-intercept equal to -[AHArg­

AHavgiRTeff + ASarg/R- 8S8 /R]. The x-intercepts of each of the lines give a range of 

apparent basicities of 1039.9- 1040.0 kJ mor1
• Figure 4.3 is obtained by plotting the 

negative of they-intercepts versus the slopes of each of the lines in Figure 4.2. From this 

plot the proton affinity and entropy of dissociation can be obtained. The slope of the 

best fit line in Figure 4.3 is -3 kJ mor1
• Adding this to AHavg gives a value for the proton 

affinity for Arg of 1036 kJ mor1
• To determine the entropy for Arg, the intercept of the 

best fit line in Figure 4.2 (1) is multiplied by the gas constant, 8.314 J mor1 K 1 to give a 

AS= 8 J mor1 K 1
• 
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Figure 4.2. Plot ofln(IB1H+/IArgH+) vs f1HB1 - L1Havg· Lines and symbols obtained from 
activation amplitudes 10% (squares), 22% (diamonds), and 34% (triangles). 
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obtained from using the extended kinetic method. 
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Fitting the data with the ODR method gives a proton affinity of 1034 kJ mor1 and a 

protonation entropy equal to 13 J mor1 K-1
• The Monte Carlo simulation gives 

uncertainties at the 95% confidence level of± 18 kJ mor1 for the proton affinity and ± 45 

J mor 1 K 1 for the protonation entropy. A plot of the data for Figure 4.2 with the ODR­

derived best-fit lines is shown as Figure 4.4. This plot shows the isothermal point with an 

x-coordinate of -5 kJ mor1 and a y-coordinate of -2 J mol-1 K-1 as compared to -3 kJ 

mor1 and 1 J mor1 K-1 from the traditional method. 
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Figure 4.4 Plot of ln(BiH+ I ArgH+) vs ~Hsi - ~Havg· Lines and symbols obtained from 
activation amplitudes 10% (squares), 22% (diamonds), and 34% (triangles). 
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To find the lowest energy structure of Arg a conformational search was performed 

usmg the GMMX algorithm in PCModel. Starting structures were also found by 

chemical intuition by changing the angles and moving groups around usmg the 

GaussView program. The resulting 44 lowest energy structures were then optimized at 

RB3LYP/3-21G. The resulting 24 structures were further optimized using the B3LYP/6-

31 +G* level of theory. The total electronic energies for the 24 neutral Arg structures 

were ultimately obtained from B3L YP/6-311 ++G** single point calculations at the 

B3L YP/6-31 +G* geometries. The vibrational frequencies were calculated for the lowest 

24 energy structures at the B3L YP/6-31 +G* level. Predictions for the enthalpy at 298 K 

are obtained from the zero-point energy and thermal corrections to the total electronic 

energy. 

To determine the most basic site of Arg, similar calculations were performed on 

two different protonated forms. A proton was placed on both the terminal amino group 

and on the side chain. Optimized geometries and vibrational frequencies for the 

protonated structures were obtained at the B3L YP/6-31 +G* level of theory. Total 

electronic energies were obtained from B3L YP/6-311 ++G** single point calculations. 

Using this approach, the proton affinity for Arg was determined to be 1057 kJ mor1
. 

Figure 4.5 shows both the lowest neutral (Figure 4.5a) and protonated form 

(Figure 4.5b) of Arg. The lowest energy structure for the neutral is fairly extended. The 

lowest protonated form of Arg occurs when the amino acid is protonated on the side 

chain. The structure is somewhat cyclic with a hydrogen bond (1.798 A) between theN­

terminus amino group and the side chain amino group. 

43 



The proton affinity for Arg was also determined from an isodesmic reaction, 

Equation 4.1, with ethylenediamine (PA = 951 kJ mor1
) serving as the reference base. 

(4.1) 

A proton affinity of 1057 kJ mor1 was obtained from this method. 

a b 

Figure 4.5 Lowest energy structure of a) neutral arginine and b) protonated arginine 
obtained at the B3LYP/6-31 +G* level of theory. 

4.3.2. Canavanine 

Figure 4.6 shows a plot of ln (I8 /Icav) versus ~Hs1 - ~Havg in which ~Hs1 is the 

proton affinity of reference base i and ~Havg is the average proton affinity of the five 

reference bases used. A best fit line was made for three representative activation 

amplitudes (12%, 18%, and 38%), and the x-intercepts of each of the lines give a range of 

apparent basicities of 989.4 - 990.3 kJ mor1
• Figure 4.7 shows the negative of the y-

44 



intercepts versus the slopes of each of the lines in Figure 4.6. From this plot the proton 

affinity was determined to be 1005 kJ mor 1, and entropy of protonation equals -48 J mor 

I K-1. 
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Figure 4.6. Plot of ln(IsiH+/IcavH+) vs .1Hsi - .1Havg· Lines and symbols obtained from 
activation amplitudes 12% (squares), 22% (diamonds), and 38% (triangles). 
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Values of 1001 kJ/mol and -39 J mor1 K-1 were obtained for the proton affinity and 

entropy of dissociation respectively of Cav using ODR. A Monte Carlo simulation gave 

uncertainties of ± 9 kJ mor1 for the proton affinity and ± 21 J mor1 K-1 for the 

protonation entropy. These uncertainties are given at the 95% confidence level. A 

kinetic method plot 1 plot with the ODR-derived best fit lines is shown as Figure 4.8. 

This new plot shows an isothermal point with an x-coordinate of 14 kJ mor1 and a y­

coordinate of 5 J mol-1 K-1 as compared to 17 kJ mor1 and -6 J mor1 K-1 from the 

traditional method. 
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A theoretical value for the proton affinity of Cav was obtained using hybrid 

density functional theory calculations at the B3LYP/6-3ll++G**//B3LYP/6-31+G* 

level. A conformational search for the lowest energy neutral form of Cav was performed 

in PCModel using the GMMX algorithm in which a total of 50,000 conformations were 

investigated. The side chain of Cav has two possible configurations, -0-N=C(NH2) 2 

and -O-NH-C(NH2)=NH. Thus, both structures were examined, and the lowest energy 

overall structure was found to have the form -O-N=C(NH2) 2 . It was approximately 34 

kJ mor1 lower than the lowest energy form with the -0-NH-C(NH2)=NH conformation. 

The lowest 20 structures (with the -0-N=C(NH2) 2 form) were then optimized at RHF/3-

21 G to give a total of nine distinct structures. These nine structures were further 

optimized using the B3LYP/3-21G and B3LYP/6-31+G* levels of theory. The total 

electronic energies for these nine neutral Cav structures were ultimately obtained from 

B3L YP/6-311 ++G** single point calculations at the B3L YP/6-31 +G* geometries. 

Vibrational frequencies for three of the lowest energy structures were then calculated at 

the B3L YP/6-31 +G* level. Predictions for the enthalpy at 298 K are obtained from the 

zero-point energy and thermal corrections to the total electronic energy. 

Similar calculations were performed for the various protonated forms of cav. 

Protons were added at two different sites on the molecule: the terminal amino group and 

the side chain. Total electronic energies were obtained for 24 of the protonated Cav 

structures, and vibrational frequencies were found for 12 of the lowest energy 

conformers. The lowest energy structure for protonated Cav (Figure 4.9) has significant 

hydrogen bonding (1.746 A) between the side chain (c:-NH) and the backbone amino 
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group. A theoretical proton affinity for Cav of 1014 kJ/mol is somewhat higher than the 

experimentally determined value. 

a b 

Figure 4.9. Lowest energy structure of a) neutral canavanine and b) protonated 
canavanine obtained at the B3LYP/6-31 +G* level of theory. 

4.3.3. Canaline 

Figures 4.10 and 4.11 show kinetic method plots 1 and 2, respectively, for Can. 

The x-intercepts of each of the best-fit lines in figure 4.10 gives a range of apparent 

basicities of 940.3 - 940.8 kJ mor1
. From Figure 4.11, the proton affinity was 

determined by adding the slope of the best fit line, 10 kJ mol-l, to dHavg, 941.7 kJ/mol to 

give a PA of 952 kJ/mol. The intercept in Figure 4.11 is -2, which when multiplied to 

8.314 mo1" 1 K-1 gives an entropy of -18 kJ mol-l K-1. The ODR work up gives similar 

values, PA = 955 ± 24 kJ mol-l and dS = -24 ± 43 J mor1 K-1
, with the uncertainties at 

the 95% confidence level obtained from the Monte Carlo procedure. The ODR plot is 

shown in figure 4.12. 
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Theoretical predictions for the proton affinity of Can were also obtained using 

hybrid density functional theory calculations. The geometry of neutral Can and its 

protonated forms were first optimized using PCModel. Protons were added at two 

different sites on the molecule, the backbone amino group and the side chain amino 

group. Total electronic energies for 10 neutral and 20 protonated Can structures were 

ultimately obtained from B3L YP/6-311 ++G** single point calculations at B3L YP/6-

31 +G* geometries. Vibrational frequencies were calculated for three of the lowest energy 

neutral structures and five of the lowest energy protonated structures. The lowest-energy 

structure of neutral Can (Figure 4.13a) is somewhat cyclic with a weak interaction (H-

bond = 2.150 A) between the two amino groups. Upon protonation, the hydrogen bond 

strengthens considerably (Figure 4.13b) with the hydrogen bond shortening to 1.690 A. 

As with Cav, the proton is not equally shared in the hydrogen bond and the backbone 

amino group was determined to be the more basic site. 

a b 

Figure 4.13. Lowest energy structure of a) neutral canaline and b) protonated canaline 
obtained at the B3LYP/6-31 +G* level of theory. 
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4.3.4. Citrulline 

Kinetic method plot 1 is shown in Figure 4.14, while kinetic method plot 2 is 

shown in Figure 4.15. For clarity, only three of the four activation amplitudes (15%, 

35%, and 50%) are plotted in kinetic method plot 1. A slope of 11 was added to the 

P Aavg (979 kJ mort ) to obtain a value of 990 kJ mort for the proton affinity. A value of 

-5 J mort K-t was obtained for the protonation entropy. Apparent basicities ranged from 

979.6 to 980.4 kJ mor1
• From the ODR analysis, the proton affinity of Cit was 

determined to be 999 ±51 kJ mor1 with a protonation entropy of -37 ± 101 J mol-1 K-1 

(Figure 4.16). 
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Figure 4.16. Plot ofln(IBiH+/IcitH+) vs L1HBi- L1Havg· Lines and symbols obtained from 
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Hybrid density functional theory calculations were used to determine the proton 

affinity of Cit. The geometry of neutral Cit and its protonated forms were first optimized 

using PCModel. Protons were added at three different sites on the molecule: the side 

chain amino group, the double bonded oxygen of the carboxyl group, and the carboxy 

group on theN-terminus. Total electronic energies for 6 neutral and 20 protonated Cit 

structures were ultimately obtained from B3L YP/6-311 ++G** single point calculations at 

B3L YP/6-31 +G* geometries. Vibrational frequencies were calculated for of the lowest 

energy neutral structures and of the lowest energy protonated structures. In the lowest 

energy neutral form (Figure 4.17a), there is a distance of 2.029 A between theN-terminus 

and the of the side chain. The most basic site on the molecule was found to be when the 

amino group of theN-terminus was protonated. The lowest energy structure is shown in 

Figure 4.17b. The proton seems to be shared between the amino group on theN-terminus 

and the double bonded oxygen on the side; however, the distance between the proton and 

theN-terminus amino group (1.070 A) is less than the distance between the proton and 

the double bonded oxygen ofthe side chain (1.551 A). 
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a b 

Figure 4.17. Lowest energy structure of a) neutral citrulline and b) protonated citrulline 
obtained at the B3LYP/6-31 +G* level of theory. 

4.4. Discussion 

As the most basic amino acid, Arg has a proton affinity value of 1051 kJ mor1 

with a protonation entropy of -45 ± 12 J mor1 K- 1
• 

41 After re-measuring Arg in the 

quadrupole ion trap, the proton affinity was determined to be 1036 kJ mor1
• This value is 

low compared to the experimental proton affinity of 1051 kJ mor 1• This low value may 

be attributed to the small number of reference bases in the high basicity range. Only 

three reference bases made heterodimers with Arg that when fragmented yielded two 

measurable monomer peaks. Other reference bases that were tried in the high basicity 

range either fragmented into peaks other than the two desired monomer peaks or the ratio 

of reference base to Arg was unable to be measured (i.e. ratio too large). The ODR 

analysis gave a value for the proton affinity equal to 1034 ± 18 kJ mor1
. This value, 
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while low, corresponds more closely to Bouchoux's number if taken at the high end of 

the experimental error bar. 

Using hybrid density functional theory calculations at the B3LYP/6-

3ll++G**//B3LYP/6-3l+G* level, a proton affinity of 1057 kJ mor1 was obtained for 

Arg. This value is in much better agreement with the experimental proton affinity 

determined by Bouchoux and co-workers and is an indication that the true proton affinity 

lies much closer to 1051 kJ mor1 than to 1036 kJ mor1
• The lowest energy neutral 

structure for Arg is fairly linear, while the lowest energy structure for protonated Arg is 

somewhat cyclic with a hydrogen bond of 1. 798 A between the side chain amino group 

and the amino group on theN-terminus. The cyclic nature of Arg when protonated is an 

indication that Arg should have a large negative entropy of dissociation. From kinetic 

plot 2 (Figure 4.3), the protonation entropy for Arg was determined to be 8.5 J mor1 K-1 

versus -45 ± 12 J mor1 K 1 determined by Bouchoux and coworkers. Thus, this is 

another indication that the true proton affinity lies closer to the measured value of 1051 

kJ mor1and not to our value of 1036 kJ mor1
• 

In solution, the guanidino group of Arg has a pKa of 12.48, while the 

guanidinooxy group of Cav has a pKa of 7.04. 11 This lowered pKa value of Cav is due to 

the electron withdrawing nature of oxygen. This trend was found to hold true in the gas­

phase. From the extended kinetic method, the proton affinity of Cav was determined to 

be 1005 kJ mor1
' 46 kJ mor1 less than the experimentally determined proton affinity for 

arginine of 1051 kJ mor1
. The ODR analysis gives a proton affinity of 1001 ± 9 kJ mor1

, 

also much lower than the experimental proton affinity of Arg. Using hybrid density 
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functional theory, the proton affinity for Cav was determined to be 1014 kJ mor1
. The 

lowest energy neutral form of Cav is fairly extended without any intramolecular 

hydrogen bonding, while the protonated form displays hydrogen bonding between the 

side chain (B-NH) and the N-terminus amino group (1.740 A). There is also a weak 

hydrogen bond (2.278 A) between the hydrogen on the side chain amino group (11-NH) 

and the carbonyl oxygen atom. The cyclic nature of Cav when protonated is an 

indication that Cav should have a large negative entropy of dissociation. This is 

confirmed in the experimental findings in which the protonation entropy was determined 

to be ----48 J mor1 K-1
• A value of -39 ± 21 J mor1 K- 1 was obtained for the protonation 

entropy using ODR. The theoretically determined value for the proton affinity (1014 kJ 

mor1
) is somewhat higher than the experimental value. This may be due to the large 

entropy effects that are observed. 

Can is a structural analogue of L-omithine (Om) with an oxygen substituted for 

the terminal methylene group on the side chain. Because of the oxygen substitution, Can 

should have a proton affinity that is less than the proton affinity of Om. In a previous 

study performed in the lab, the proton affinity of Om was measured using the extended 

kinetic method and determined to be 1001 ± 7 kJ mort with an entropy of -50 ± 10 J 

mort K- 1 _3 Using the activation amplitude scanning method, the proton affinity of Can 

was determined to be 952 kJ mor1 with an entropy equal to -18 J mor1 K-t. An earlier 

study in which three representative activation amplitudes (15%, 35%, and 50%) were 

used gave a proton affinity of949 kJ mor1 and an entropy equal to -16 J mor1 K-1
• From 

ODR, the proton affinity of Can was determined to be 955 ± 24 kJ mor1 with the 
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protonation entropy equal to -24 ± 43 J mort K-t. All values are in good agreement with 

each other. The proton affinity of Can is approximately 50 kJ mort less than that of Om 

and demonstrates that oxygen substitution does play a large role in a compound's 

fundamental properties. Theoretical predictions for Can gave a proton affinity value of 

960 kJ mor1
• This value is a bit higher than the experimentally determined values and 

may be due to an underestimation of the proton affinity of Can because of its larger 

entropy. However, the theoretical value does lie within the assigned error bars for the 

proton affinity. The lowest energy neutral form of Can shows slight hydrogen bonding 

between theN-terminus amino group and the amino group on the side chain (2.150 A). 

When Can is protonated on the N-terminus amino group, the intramolecular hydrogen 

bond becomes stronger with a length of 1.690 A. The lowest energy structure for 

protonated Can shows the proton "floating" between theN-terminus amino group and the 

amino group on the side chain. However, the hydrogen is formally on the N-terminus 

amino group with a bond of 1.081 A. 

Using four different activation amplitudes, the proton affinity of Cit was 

determined to be 990 kJ mort with an entropy of -5 J mort K-1
• Since performing this 

experiment, Cit has been re-examined using the activation amplitude scanning method, 

and a proton affinity of with an entropy of protonation have been determined. A proton 

affinity value of 999 ± 51 kJ mor1 and a protonation entropy of -37 ± 101 J mor1 K 1 

were given by ODR. Proton affinity values for all methods are in good agreement; 

however, ODR predicts a more negative entropy. 

Theory predicts the proton affinity of Cit to be 999 kJ mor I' which is in good 
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agreement with the experimental values. The lowest energy neutral structure of Cit 

shows a slight intramolecular hydrogen bond between theN-terminus amino group and 

the side chain (a-NH) (2.029 A). Upon protonation, the hydrogen seems to be shared 

between the double bonded oxygen of the side chain and theN-terminus amino group. 

However, the proton formally resides on theN-terminus amino group with a bond length 

of 1.070 A compared to a bond length of 1.551 A between the proton and the double 

bonded oxygen of the side chain. 
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Chapter 5. Proton Affinities of Constrained Diamines 

5.1. Introduction 

In the early 1880's Arrhenius described the behavior of acids and bases in 

solution. His definition of an acid stated that an acid is a substance that produces protons 

when it is dissolved in water, whereas a base produces hydroxide ions when dissolved in 

water. While a novel concept in his day, Arrhenius's definition is somewhat limited 

because it only applies to aqueous solutions and only allows for bases that contain 

hydroxide ions.43 

In 1923, Bmnsted and Lowry each published papers describing a more general 

approach to acid - base chemistry. Their model stated that an acid is a proton donor, 

while a base is a proton acceptor. This model extends to the gas-phase and also allows 

for bases that do not contain hydroxide ions.43 For example, in equation 5.1 CH3COOH 

(acetic acid) acts as an acid, while H20 (water) acts as the base. Because CH3COOH- can 

accept a proton, it too is considered to be a base, and H30+ acts as an acid. The two sets, 

CH3COOH and CH3Coo- and H20 and H30+, are termed conjugate acid-base pairs. 

(5.1) 

An even more general model for acids and bases was proposed by Lewis. His 

model treated an acid as an electron pair acceptor and a base as an electron pair donor. 

Because of the generality of his model, it incorporates both the Arrhenius and the 

Bmnsted-Lowry definitions of acids and bases. 43 

There have been many studies on the basicity of amines both in solution and in 

the gas-phase. In solution, dimethylamine is more basic than methylamine; however, 
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trimethylamine is less basic than dimethylamine (CH3) 3N < (CH3) 2NH > (CH3)NH2).
42 

Gas-phase basicity studies clarified this issue by showing the basicity order of methyl 

substituted amines as (CH3) 3N > (CH3) 2NH > (CH3)NH2 > NH3.
42 The discrepancy in the 

solution data may be attributed to steric hindrance and to the effect of the number ofN-H 

bonds available to participate in hydrogen bonding. 13 

To gain a better understanding ofthe differences between gas-phase basicities and 

solution basicities, Aue and coworkers studied various alkylamines. They demonstrated 

that the effect of alkyl substitution on the proton affinities of amines can be attributed to 

the ionization potential of the amine and the hydrogen affinity (which can be calculated 

from experimentally determined proton affinities and from known adiabatic ionization 

potentials) of the amine radical cation. Differences between gas-phase basicities and 

solution basicities are the result of entropies and enthalpies of solvation. Solution 

entropies are due to solvation effects whereas solution enthalpies are the result of changes 

to the hydration ofthe ammonium ions. 16 

Strain effects including angle strain and nonbonded interactions have been shown 

to cause changes in basicity. In monoamines, these effects cause a decrease in basicity, 

while in diamines strain effects may cause an increase in basicity through stabilization. 

Several studies have shown that diamines that form an intramolecular hydrogen bond 

upon protonation in the gas-phase are much stronger bases than structurally similar 

monoamines.44 However, this cyclization ofthe diamine causes a large negative entropy 

change due to the constrained geometry (loss of freedom) of the newly formed cyclic 

diamine. 15 For example, 1,4-diaminobutane (PA = 1006 kJ mor1
) (Figure 5.1) has a 
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proton affinity that is 82 kJ mor1 higher than that of n-pentylamine (PA = 924 kJ mor1
), 

which is a monoamine of comparable size and polarizability. There is less of a gas-phase 

basicity difference between the two compounds because of an unfavorable entropy 

change due to the cyclization of protonated 1,4-diaminobutane.44
•
45 In solution, this 

difference would correspond to an approximately 9 pKa unit difference, with 1,4-

diaminobutane acting as the much stronger base. However, the actual difference in 

solution basicities is approximately 0.2 pKa units due to the much stronger effect of the 

formation of hydrogen bonds with the solvent molecules.44 Studies of a series of X­

(CH2)n-Y compounds where X = Y = -OCH3, n = 2 - 6 by Beauchamp and Morton are 

also consistent with the formation of an intramolecular hydrogen bond. When trying to 

generate proton bound dimers, it was observed that the longer chain dimethoxyalkanes 

did not form dimers. The authors hypothesized that this was due to a cyclization with a 

proton bridge between the X and Y functional groups in the protonated parent ion. In 

addition, they found that this strong intramolecular hydrogen bond is more likely to occur 

when n ;::::5.46 

Another compound that exhibits strain relief upon protonation 1s 1 ,8-

bis( dimethylamino )naphthalene (or proton sponge) (Figure 5.1 ). 
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Figure 5.1. Structure of 1 ,8-Bis( dimethylamino )naphthalene. 

Macrobicyclic diamines with bridgehead nitrogen atoms exhibit inside, outside 

isomerism in which the lone pairs of the nitrogen atoms can be inside or outside of the 

cavity. Simmons and Park synthesized a series of 1, (k + 2)-diazabicyclo[k.l.m.]alkanes 

to explore this characteristic of macrobicyclic compounds. From the proton nmr shifts of 

1,1 O-diazabicyclo[8.8.8]hexacosane bisdeuteriochloride, they were able to distinguish 

between the isomer that had both NH+ protons outside the cavity (out-out) versus the 

isomer with both NH+ protons inside the cavity(in-in).47 Later, Alder and coworkers 

further explored this feature of macrobicyclic compounds. 14 

To further explore the role of strain effects, the proton affinities of cis-1,5-

diaminocyclooctane, tetramethylcadaverine, and hexamethylcadaverine were measured 

using the extended kinetic method in an ion trap mass spectrometer. The proton affinities 

of 1 ,4-diaminobutane and tetramethylputrescine were re-measured as a point of reference 

for the experiments. ODR results with experimental errors obtained from Monte Carlo 

simulations are also presented. In addition, qualitative data for both 1 ,6-dimethyl-1 ,6-

diazacyclodecane and 1,6-diazabicyclo[4.4.4]tetradecane is presented. Refer to Figure 
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5.2 for structures of above compounds. 

1 ,4-Diaminobutane 1,5-Diaminopentane cis- I ,5-Diaminocyclooctane 

CH3 

I 
/N~/CH3 

H3C N 

I 
CH3 

Tetramethy I putrescine 

T etramethy !cadaverine Hexamethy lcadaverine 
CH3 

I 

w e) 
I 
CH3 

1 ,6-Dimethyl-1 ,6-diazabicyclodecane 1,6-Diazabicyclo[ 4.4.4 ]tetradecane 

Figure 5.2. Structures for Studied Diamines. 
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5.2. Experimental 

Samples of cis-1 ,5-diaminocyclooctane, tetramethylcadaverine, and 

hexamethylcadaverine were synthesized in the lab of Thomas Morton at the University 

of California, Riverside. Both 1 ,6-dimethyl-1 ,6-diazacyclodecane and 1,6-

diazabicyclo( 4.4.4]tetradecane were synthesized in the lab of Roger W. Alder at the 

University of Bristol. N,N,N' ,N' -tetramethyl-1 ,4-butanediamine, or 

tetramethylputrescine, is commercially available from Sigma Aldrich in St. Louis, MO 

and was used without further purification. 

Because of the high basicities of the diamines, it was difficult to find reference 

bases that formed heterodimers with them. Thus, the proton affinity of cis-1,5-

diaminocyclooctane was determined using the single reference variant of the kinetic 

method with L-canavanine. Proton bound dimers of cis-1 ,5-diaminocyclooctane and L­

canavanine were generated, isolated, and allowed to undergo collision-induced 

dissociation at 15%, 25%, 35%, and 50% activation amplitudes. Data was taken on 2 -5 

different days. L-Canavanine formed heterodimers with the following compounds: 

triethylamine, N,N-dimethylcyclohexylamine, tripropylamine, and N,N­

diisopropylethylamine, with PAavg = 987.7 kJ mor1
• In addition, an ODR analysis was 

performed. 

The proton affinities of tetramethylcadaverine, hexamethylcadaverine, and 

tetramethylputrescine were determined using the single reference variant of the extended 

kinetic method with L-arginine. L-Arginine formed heterodimers with 1,1,3,3-

tetramethylguanidine, 1 ,5-diazabicyclo[ 4.3.0]non-5-ene, 1 ,8-diazabicyclo[ 5.4.0]undec-7-
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ene, and 2-tert-butyl-1, 1 ,3,3-tetramethylguandine with a PAavg = 1045 kJ mor1
. All three 

diamines were paired with L-arginine, and data was taken between 3 - 6 different days 

using an activation amplitude scan from 0 to 100%. An ODR analysis was performed for 

all three compounds. 

Two other diamines were also analyzed: 1 ,6-dimethyl-1 ,6-diazacyclodecane and 

1 ,6-diazabicyclo[ 4.4.4]tetradecane. 1,6-Dimethyl-! ,6-diazacyclodecane formed a 

heterodimer with L-canavanine, while 1,6-Diazabicyclo[ 4.4.4 ]tetradecane formed a 

heterodimer with L-arginine, 1,1,3,3-tetramethylguanidine, and L-canavanine. Only 

qualitative data was obtained for these two compounds since heterodimer formation was 

not consistent. 

5.3. Results and Discussion 

5.3.1. Cis-1 ,5-diaminocyclooctane 

Linear diamines, such as 1 ,4-diaminobutane and 1 ,5-diaminopentane, exhibit an 

increased basicity in the gas-phase due to strong intramolecular hydrogen bonding which 

causes cyclization of the molecule.48 Upon protonation, the enthalpy of cyclization 

increases with increasing ring size and the entropy of cyclization becomes more 

negative. 17 Based on this, rigid, cyclic diamines should be more basic than linear 

diamines because of a less unfavorable entropy change. Thus, cis-1 ,5-

diaminocyclooctane should be more basic than 1 ,4-diaminobutane and 1,5-

diaminopentane. In the lowest energy structure for neutral cis-1 ,5-diaminocyclooctane, 

the amino groups are too far apart to hydrogen bond. However, ab initio calculations 

predict that upon protonation the two amino groups become much closer together and 
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form a strong hydrogen bond.49 

1 ,4-Diaminobutane, 1 ,5-diaminopentane, and cis-1 ,5-diaminocyclooctane all 

formed heterodimers with L-canavanine. Upon collision-induced dissociation, the 

heterodimer peak should fragment into the two component monomer peaks. The 

monomer peak with the greatest intensity (or the peak that takes the proton more often) is 

considered to be the more basic compound. Heterodimer pairs of 1 ,4- diaminobutane and 

1 ,5-diaminopentane with L-canavanine yielded fragmentation spectra that showed L-

canavanine to be more basic. In addition, the ratio between L-canavanine and 1 ,5-

diaminopentane was larger than the ratio of L-canavanine and 1 ,4-diaminobutane. This 

demonstrates that 1 ,4-diaminobutane is more basic than 1 ,5-diaminopentane which is in 

agreement with the experimental gas-phase basicities (954 kJ mor1 and 946 kJ mort 

. 1 ) 45 respective y . Collision-induced dissociation of the L-canavanine and cis-1 ,5-

diaminocyclooctane heterodimer yielded a more intense cis-1 ,5-diaminocyclooctane 

peak; thus, indicating that cis-1 ,5-diaminocyclooctane is more basic than both 1,4-

diaminobutane and 1 ,5-diaminopentane. 

The proton affinity and protonation entropy were determined by using the 

extended kinetic method. Figure 5.3 shows a plot of In (IB/Icist5daco) versus .::lHBi - .::lHavg 

in which .::lHBi is the proton affinity of reference base i and .::lHavg is the average proton 

affinity of the four reference bases used (PAavg = 988 kJ mort). A best fit line is made 

for each of the activation amplitudes (only shown for 15%, 35% and 50%), and each of 

those lines yields a slope equal to 1/RT eff and a y-intercept equal to -[ .::lHarg - .::lHavgiR T eff 

+ .::lSargiR - ~SB/R]. The x-intercepts of each of the lines give a range of apparent 
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basicities of989.7- 990.9 kJ mor1
• Figure 5.4 is obtained by plotting the negative of the 

y-intercepts versus the slopes of each of the lines in Figure 5.3. From this plot the proton 

affinity and protonation entropy can be obtained. The slope of the best fit line in Figure 

5.3 is 15 kJ mor1
. Adding this to ~Havg gives a value for the proton affinity for cis-1,5-

diaminocyclooctane of 1002 kJ mor1
. To determine the entropy for cis-1,5-

diaminocyclooctane, the intercept of the best fit line in Figure 5.3 (-5) is multiplied by the 

gas constant, 8.314 J mor1 K-1 to give a ~S = 9 J mor1 K 1
• 

From the ODR analysis, a proton affinity of 1002 kJ mor1 and a protonation 

entropy equal to -33 J mor1 K 1 was obtained for cis-1,5-diaminocyclooctane. The 

Monte Carlo simulation gives uncertainties at the 95% confidence level of± 28 kJ mor 

1 for the proton affinity and± 49 J mor1 K-1 for the protonation entropy. A plot of the 

data for Figure 5.3 with the ODR-derived best fit lines is shown as Figure 5.5. This plot 

shows the isothermal point with an x-coordinate of- 15kJ mor1 and a y-coordinate of 4 J 

mor1 K-1 as compared to 15 kJ mor1 and 5 J mol-1 K-1 from the traditional method. 

The proton affinity of 1,4-diaminobutane has been measured as 1006 kJ mor1
.
45 

1 ,4-Diaminobutane was re-measured in the ion trap mass spectrometer, and a proton 

affinity value of 1005 kJ mor1 with an entropy of -83 J mor1 K- 1 was obtained. The 

entropy of cis-1 ,5-diaminocyclooctane is less negative than the entropy of 1,4-

diaminobutane. Therefore, the greater basicity of cis-1 ,5-diaminocyclooctane is due to a 

less unfavorable entropy change. At the time of the publication of this data, cis-1 ,5-

diaminocyclooctane was the most basic primary diamine amine measured. 
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5.3.2. Tetramethylputrescine 

Both the proton affinity and the gas-phase basicity of tetramethylputrescine have 

been previously determined as 1046 kJ mor' and 993 kJ mor' respectively.45 As a point 

of reference for the experiments with tetramethylcadaverine and hexamethylcadaverine, 

tramethylputrescine was re-measured using the extended kinetic method in an 

electrospray ionization quadrupole ion trap. Figure 5.6 shows a plot of In (18 /Itmput) 

versus .dHsi - .dHavg in which .dHsi is the proton affinity of reference base i and .dHavg is 

the average proton affinity of the three reference bases used. A best fit line was made for 

three representative activation amplitudes, and the x-intercepts of each of the lines give a 

range of apparent basicities of 1027.3- 1027.7 kJ mor1
• Figure 5.7 shows the negative 

of they-intercepts versus the slopes of each of the lines in Figure 5.6. From this plot the 

proton affinity of tetramethylputrescine was determined to be 1028 kJ mor' while the 

entropy of dissociation equals -1.4 J mor 1 K I. 

ODR gives predictions of 1026 kJ mor1 and 5 J mor1 K 1 for the proton affinity 

and entropy of dissociation respectively (Figure 5.8). Experimental errors of± 19 kJ mor 

1 and ± 36 J mor1 K-1 for the proton affinity and entropy are obtained at the 95% 

confidence level from Monte Carlo simulations. 

As with L-arginine, the experimental value of tetramethylputrescine is much 

lower in comparison to the measured value of 1046 kJ mor1
.
45 This may be due to the 

increased basicity of these compounds and the lack of reference bases in the appropriate 

range. While proton affinity values for these compounds may be underestimated, the 

qualitative information obtained is quite valuable. 
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5.3.3. Tetramethylcadaverine 

Ab initio calculations performed by the Morton group indicate that 

tetramethylcadaverine should have a proton affinity a few kJ mor1 less than 

tetramethylputrescine. Kinetic method plots 1 and 2 are shown in Figures 5.9 and 5.10 

respectively. From kinetic method plot 2 (Figure 5.1 0), the proton affinity and 

protonation entropy oftetramethylcadaverine were determined to be 1013 kJ mor1 and 16 

J mor1 K-1 respectively. The ODR analysis gave values of 1004 ± 37 kJ mor1 for the 

proton affinity and 42 ± 45 J mor1 K- 1 for the protonation entropy. The error bars were 

obtained at the 95% confidence levels through the Monte Carlo simulation. Figure 5.11 

shows the ODR plot (for the km plot 1 data). 
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5.3.4. Hexamethylcadaverine 

Ab initio calculations were also performed for hexamethylcadaverine. Initial 

results predict that hexamethylcadaverine should have a proton affinity a few kJ/mol 

greater than that of tetramethylputrescine.(Morton) Using the single reference variant of 

the kinetic method the proton affinity and entropy of dissociation for 

hexamethylcadaverine were determined to be 1031 kJ mor1 and -8 J mor1 K-1
• ODR 

provided values of 1030 ± 6 kJ mor1 and -4 ± 13 J mor1 K 1 for the proton affinity and 

entropy of dissociation respectively. Kinetic method plots 1 and 2 as well as ODR plot 1 

are shown below (Figures 5.12, 5.13, and 5.14, respectively). 
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Figure 5.13. [(L1Hhmcad- L1Havg)- TerrMS/R]/RTerrvs 1/RTeff· Lines and symbols are 
obtained from using the single reference kinetic method with L-arginine. 
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activation amplitudes 16% (squares), 30% (diamonds), and 58% (triangles). 
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5.3.5. 1,6-Dimethyl-1 ,6-diazacyclodecane 

It was difficult to find a reference base that would form a heterodimer with 1,6-

dimethyl-1 ,6-diazacyclodecane. Canavanine was a promising candidate since formation 

of the heterodimer was observed and was able to be fragmented (Figure 5.15). However, 

heterodimer formation was not consistent on different days. 
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Figure 5.15. Fragmentation Mass Spectrum for Solution of L-Canavanine and 1,6-
Dimethyl-1 ,6-diazacyclodecane 
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5.3.6. 1 ,6-Diazabicyclo[ 4.4.4]tetradecane 

1 ,6-diazabicyclo[ 4.4.4 ]tetradecane formed a heterodimer with arginine, 1,1 ,3,3-

tetramethylguanidine, and canavanine. However, collision-induced dissociation of the 

1,6-diazabicyclo[4.4.4]tetradecane - arginine heterodimer (Figure 5.16) and the 1,6-

diazabicyclo[ 4.4.4 ]tetradecane 1,1 ,3 ,3-tetramethylguanidine heterodimer yielded 

primarily the protonated diamine as a product (Figure 5.17). The MS/MS spectrum for 

the 1 ,6-diazabicyclo[ 4.4.4 ]tetradecane - canavanine dimer displayed only the protonated 

diamine. This demonstrates that 1 ,6-diazabicyclo[ 4.4.4]tetradecane is more basic than 

arginine and may be evidence that the inside-protonated form of 1,6-

diazabicyclo[ 4.4.4 ]tetradecane was produced. 
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Figure 5.16. Fragmentation Mass Spectrum for Solution ofL-Arginine and 1,6-
Diazabicyclo[ 4.4.4 ]tetradecane 
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Figure 5.17. Fragmentation Mass Spectrum for Solution of 1,1 ,3,3-Tetramethylguanidine 
and 1,6-Diazabicyclo[ 4.4.4 ]tetradecane 

5.4. Conclusion 

In theory, rigid, cyclic diamines should be more basic than linear diamines 

because of a less unfavorable entropy change. Therefore, cis-1 ,5-diaminocyclooctane 

should be more basic than 1 ,4-diaminobutane and 1 ,5-diaminopentane. This was 

demonstrated to be true by comparing the fragmentation spectra of heterodimer pairs L-

canavamne with 1 ,4-diaminobutane, 1 ,5-diaminopentane, and cis-1 ,5-

diaminocyclooctane. Experimental data obtained for hexylmethylcadaverine, 

tetramethylputrescine, and tetramethylcadaverine was in good agreement with the proton 
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affinity order predicted by ab initio calculations performed by the Morton group (HMC > 

TMP > TMC). While only qualitative data was obtained for 1,6-dimethyl-1,6-

diazacyclodecane and 1 ,6-diazabicyclo[ 4.4.4 ]tetradecane, it was demonstrated that the 

inside-protonated form of 1 ,6-diazabicyclo[ 4.4.4 ]tetradecane was produced. 
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Chapter 6. Conclusions and Future Work 

The gas-phase proton affinities of several highly basic amino acids and diamines 

were determined using the extended kinetic method. All experiments were performed 

using a Finnigan® LCQ Deca TM quadrupole ion trap equipped with an external 

electrospray source (ESI). In addition, experiments were complemented by high-level 

hybrid density functional theory calculations. Final geometries for all amino acids and 

their protonated forms were calculated at the B3LYP/6-311 ++G**//B3LYP/6-31 +G* 

level. 

The proton affinity values presented here for the NP AAs L-canavanine, L­

canaline, and L-citrulline represent the first measurements for these compounds, while 

the proton affinity of L-arginine was re-measured to use as a point of reference. The 

structural similarity of the NP AAs to the P AAs can lead to the NP AAs being substituted 

for their P AA counterpart in a peptide chain. This substitution may cause defects in the 

protein due to changes in acid/base properties or in hydrogen bonding capability. The 

substitution effects or lack thereof may be due to interactions with the surrounding 

solvent molecules or they may be intrinsic properties of the molecules themselves. Thus, 

it is interesting to study how these species behave in the absence of solvent. The proton 

affinity of Cav was determined to be 1005 kJ mor1
, 46 kJ mor1 less than the 

experimentally determined proton affinity for Arg of 1051 kJ mor1
. The lowered proton 

affinity value of Cav when compared to Arg mirrors the solution behavior of these two 

compounds. In solution, the guanidino group of Arg has a pKa of 12.48, while the 

guanidinooxy group of Cav has a pKa of 7.04. 11 This lowered pKa value of Cav is due to 
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the electron withdrawing nature of oxygen. L-canaline, the structural analogue of L­

omithine, has an oxygen substituted for the terminal methylene group on the side chain. 

Because of the oxygen substitution, Can should have a proton affinity that is less than the 

proton affinity of Om. In a previous study performed in the lab, the proton affinity of 

Om was determined to be 1001 kJ mor1
.
3 The proton affinity of Can was found to be 

lower at 952 kJ mor1
. Theory values obtained for proton affinities were consistent with 

the theoretical findings except for L-arginine, which was higher than the experimentally 

determined value. This may be due to the small number of reference bases in the high 

basicity range used to determine the experimental value. 

Since the structural similarity of the NP AAs to the P AAs can lead to the NP AAs 

being substituted for their P AA counterpart in the peptide chain, an important next step in 

this research will be to study short peptide chains. Once proton affinity values are 

obtained for particular di- and tri-peptides, it will be interesting to note if or how 

substitution of a NP AA into the chain affects the proton affinity. Furthermore, it will be 

interesting to compare the fragmentation patterns of a peptide without substitution to one 

with a NP AA substitution. 

Because amine compounds were often used as reference bases to determine the 

proton affinities of the above amino acids, it was important to study amines in the gas­

phase. The proton affinities of the highly basic diamines hexylmethylcadaverine, 

tetramethylputrescine, and tetramethylcadaverine were determined to be 1031 kJ mor1
, 

1028 kJ mor1
, and 1013 kJ mor1

, respectively. These values are consistent with the 

theory that diamines display increased basicity due to the stabilization that intramolecular 
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hydrogen bonding provides. Experimental data obtained for hexylmethylcadaverine, 

tetramethylputrescine, and tetramethylcadaverine was in good agreement with the proton 

affinity order predicted by ab initio calculations performed by the Morton group (HMC > 

TMP > TMC). Cis-1 ,5-diaminocyclooctane should be more basic than 1,4-

diaminobutane and 1 ,5-diaminopentane because of a less unfavorable entropy change. 

This was demonstrated to be true by comparing the fragmentation spectra of heterodimer 

pmrs L-canavanine with 1 ,4-diaminobutane, 1 ,5-diaminopentane, and cis-1 ,5-

diaminocyclooctane. At the time of this research, cis-1 ,5-diaminocyclooctane may be 

most basic primary amine studied to date. 
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