
 

 

THEORETICAL AND MASS SPECTROMETRIC STUDIES OF DAMAGED 

NUCLEOBASES AND ANALOGS TOWARD UNDERSTANDING 

GLYCOSYLASE MECHANISMS 

by 

ANNA MICHELSON 

A Dissertation submitted to the 

Graduate School-New Brunswick 

Rutgers, The State University of New Jersey 

in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

Graduate Program in Chemistry and Chemical Biology 

written under the direction of 

Professor Jeehiun K. Lee 

and approved by 

________________________ 

________________________ 

________________________ 

________________________ 

New Brunswick, New Jersey 

October, 2012  



 

 ii 

 

ABSTRACT OF THE DISSERTATION 

 

THEORETICAL AND MASS SPECTROMETRIC STUDIES OF DAMAGED 

NUCLEOBASES AND ANALOGS TOWARD UNDERSTANDING 

GLYCOSYLASE MECHANISMS 

 

 

By ANNA MICHELSON 

 

Dissertation Director:  
Professor Jeehiun K. Lee 

 

 

The focus of this thesis is the examination of the thermochemical properties, 

primarily the gas phase acidity, proton affinity, and leaving group (LG) ability of 

damaged nucleobases and related species via mass spectrometry (FT-ICR, ion trap) and 

theoretical studies (quantum mechanical calculations). Our main hypothesis is that the 

study of intrinsic, gas-phase properties of the damaged nucleobases will lend insight into 

the mechanism of their excision from DNA. We study damaged nucleobases and analogs 

that are cleaved from DNA by various glycosylases:  uracil-DNA glycosylase (UDG), 3-

methyladenine glycosylase II (AlkA), and MutY glycosylase.  

The LG ability of the N1-deprotonated 3-methyluracil anion relative to the N1-

deprotonated 3-methylthymine anion is examined in the context of the UDG enzymatic 
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reaction that excises uracil but not thymine from DNA. We confirmed that despite the 

close acidities uracil is a much better LG in the gas phase. Another interesting disparity 

between the LG ability and acidity is discovered for uracil substrates: when we examined 

hydrochloric acid and 3-methyluracil in the gas phase we found that despite similar 

acidities, chloride is a better LG than N1-deprotonated 3-methyluracil. We propose that 

the difference in LG ability is due to the different natures of the LGs (resonance vs. 

inductive stabilization). To test the hypothesis, a series of pyridone substrates were 

designed and examined.  

AlkA is an enzyme that cleaves a wide range of damaged bases from DNA. Herein 

we examine 3- and 7-methylated AlkA purine substrates. The damaged nucleobases are 

found to be more acidic than the normal nucleobases.  Because of this increased acidity, 

the damaged bases would be expected to be more easily cleaved from DNA by AlkA 

(their conjugate bases should be better LGs). We find that the acidity correlates to the 

AlkA excision rates, which lends support to an AlkA mechanism wherein the enzyme 

provides a nonspecific active site, and nucleobase cleavage is dependent on the intrinsic 

N-glycosidic bond stability. 

The acidities and proton affinities of adenine and six adenine analogs that were 

designed to test various features of the enzyme MutY are also studied to allow better 

understanding of the mechanism of adenine removal by MutY. 
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Chapter 1. Introduction 

1.1. Overview 

1.1.1. Normal and damaged nucleobases in DNA 
Keeping the integrity of DNA, the repository of almost all organisms’ genetic 

information, is essential to life.1  

DNA, deoxyribonucleic acid, consists of two complementary polymeric chains (strands) 

composed of monomeric units called nucleotides; two chains form a double helix. Sugar 

(deoxyribose) molecules are linked together by phosphate groups via phosphodiester 

bonds, and form the backbone. A nucleic base is covalently attached to each sugar via an 

N-glycosidic bond (Figure 1.1). 2 

 

Figure 1.1. Nucleotide structure (with adenine as nucleic base as an example). 

 

There are four nucleic bases that are normally present in DNA: two purines (adenine (A) 

and guanine (G)) and two pyrimidines (thymine (T) and cytosine (C)). Uracil (U), 

another pyrimidine, is mutagenic when it arises in DNA but normally occurs in RNA 
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(Figure 1.2; nucleobases are connected to sugar via N9-site (for purines) or N1-site (for 

pyrimidines)). 

 

Figure 1.2. Structures of nucleobases common in DNA (A, G, C, T), and RNA base 

(U). 

 

The sequence of nucleic bases is how information is encoded in DNA. Both 

endogeneous (cellular metabolites) and exogeneous agents (environmental mutagens, 

such as various chemicals, UV light, and ionizing radiation) constantly attack DNA, and 

cause nucleic base modification, and other types of DNA damage (like N-glycosidic bond 

hydrolysis, DNA strand breakage, the collapse of replication forks, etc.). The most 

common types of nucleic base damage are base deamination, alkylation, and oxidation, 

which lead to formation of so-called modified or damaged nucleic bases (Figure 1.3). 

These DNA lesions, left unrepaired, may interfere with DNA replication and 

transcription, and lead to mutation, carcinogenesis, aging, and cell death.3-7  
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Figure 1.3. Examples of modified DNA bases.  

1.1.2. DNA glycosylases and base excision repair  

The base excision repair (BER) pathway is the main and most frequently used DNA 

repair mechanism in nature. BER is a complicated multistep process initiated by DNA 

repair enzymes called DNA glycosylases, which excise damaged (altered) nucleobases 

from DNA in free base form. The removal of an improper base is followed by subsequent 

incision of sugar phosphate backbone at the abasic site by endonuclease, removal of 

DNA terminus, and filling of the resulting gap by action of DNA polymerase and 

ligase.4,8  

This study is focused on the mechanism of damaged nucleobase removal by several 

DNA glycosylases, and therefore the BER initial step is of our interest. 

As the name suggests, DNA glycosylases are a family of DNA repair enzymes, which 

catalyze the hydrolysis of the N-glycosidic bond (Figure 1.1), the connection between 

the damaged base and the sugar. Monofunctional DNA glycosylases only remove the 
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base, while bifunctional glycosylases also have additional lyase activity (cleave DNA 3’ 

of the abasic site).5  

Each organism has its own set of enzymes, therefore a set of DNA glycosylases found 

in E. coli is different from a set found in human cells. The most common human and 

bacterial DNA glycosylases and examples of substrates are listed in Table 1.1.4  

Table 1.1. Human and E. coli DNA glycosylases and its substrates4 

DNA glycosylase 
Examples of substrates 

Abbr. Name 

in E. coli 
Ung Uracil-DNA 

glycosylase 
U 

Mug Mug-DNA 
glycosylase 

U, T, or ethenocytosine opposite 
G 

Fpg  
(MutM) 

FaPy-DNA 
glycosylase 

Oxidized and ring- opened 
purines (8-oxoG) 

MutY MutY-DNA 
glycosylase 

A opposite 8-oxoG 

Nth and Nei  
 

Endonucleases III 
and VIII 

Ring-saturated and fragmented 
pyrimidines 

TagA (Tag) 3-Methyladenine-
DNA glycosylase I 

3-Methyladenine, 
3-ethyladenine 

AlkA 3-Methyladenine-
DNA glycosylase II 

3- and 7-methylpurines, 7-
ethylpurines, eA, 
O2-methylpyrimidines 

in human cells 
UNG (UDG) Uracil-DNA 

glycosylase 
U 

SMUG1 SMUG DNA 
glycosylase 

U, 5-hydroxymethylU 
 

MBD4 
(MED1) 

Methyl-binding 
domain glycosylase 4 

U or T opposite G at cpG 
sequences, T opposite O6-meG 

TDG Thymine-DNA 
glycosylase 

U, T, or etheno-C opposite G 

OGG1 8-oxoG-DNA 
glycosylase 

8-oxoG, and other oxidized and 
ring-opened purines 

MYH MutY homolog DNA A opposite 8-oxoG, 2-OH-A 
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glycosylase opposite G 
MPG  
(AAG) 

3-Methyladenine-
DNA glycosylase I 

3-Methylpurines, Hx, eA 

NTHL1   Endonucleases III Ring-saturated and fragmented 
pyrimidines 

NEIL1, 2,  

and 3 

Endonuclease-VIII-

like DNA glycosylase 

1, 2, and 3 

Oxidized and fragmented 

pyrimidines, 8oxoG 

 

Uracil-DNA glycosylase (UDG), 3-Methyladenine-DNA glycosylase II (AlkA), and 

MutY-DNA glycosylase (MutY) are three enzymes whose mechanisms we will discuss 

herein. Though all of these enzymes and their mechanisms have been studied for decades 

there are still many puzzling questions regarding specificity, ability to discriminate 

damaged and normal nucleobases, and some other mechanistic questions. 

Uracil-DNA glycosylase (UDG) is the primary enzyme for the removal of uracil from 

DNA.4,9 Uracil is a normal constituent of RNA. When it occurs in DNA uracil is not 

directly mutagenic (since U is able to pair with A as effectively as T can) however its 

presence affects the viability of cells. To understand why uracil is damaging when it 

occurs in DNA, one should look at its origin. Uracil arises in DNA from incorporation of 

dUTP, from exposure to DNA-damaging agents (such as nitrous acid or ionizing 

radiation), and spontaneous deamination of cytosine. If cytosine is converted to uracil it 

leads to the mispairing of U:G, which will lead to a CG to TA mutation after subsequent 

replication. Also the presence of high number of uracil residues in DNA changes the 

secondary structure of DNA, and affects important DNA-protein interactions.4 Therefore 

the role of UDG is critical in maintaining DNA structure and the health of cells. One 
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should also note that UDG is highly specific; it cleaves uracil from DNA while leaving 

structurally similar thymine untouched.10 

It has been suggested that UDG binds, kinks, and compresses the backbone of a DNA 

duplex while scanning the minor groove for a uracil residue. The enzyme uses a “push-

pull” mechanism to extract the uracil nucleotide from the DNA base stack and positions it 

into its the active site. The energetic destabilization of the stacked conformation is 

equivalent to a “push”, while the energetic stabilization of unstacked conformation is 

equivalent to a “pull”.9,10 Then, UDG hydrolyzes the N-glycosidic bond that links uracil 

to the deoxyribose backbone, leaving an abasic site, which can be repaired by the base 

excision repair pathway.11 

Based on the X-ray crystal structure of enzyme-bound uracil, the mechanism of 

hydrolysis was proposed (Scheme 1.1).12 The acidic residues (e.g. Asp 88) of the enzyme 

can activate water, and make it more nucleophilic. Water attacks C1’ carbon of the ribose 

ring, and the uracil anion leaves.12,13 This mechanism is believed to be a dissociative SN2 

(SN1-like) process.14 

 

Scheme 1.1. A possible mechanism of uracil removal by UDG12 
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The structural basis for the exquisite recognition of uracil by UDG has been 

explored.15,16 Based on the structure of human UDG bound to DNA it has been proposed 

that thymine is prevented from entering the binding site by the Tyr 147 residue of the 

enzyme, which packs against uracil C5. Since thymine has a methyl group at C5, the 

proposal is that thymine is too bulky to fit into the active site.17,18 However, to our best 

knowledge, no binding studies of UDG with thymine have been done. So, it is actually 

unclear whether UDG binds to thymine but does not excise it from DNA, or if thymine 

just does not enter the enzyme’s active site.  

We will try to get insight into the puzzling behavior of UDG: How does it cleave the 

damaged base uracil from DNA, leaving normal thymine (which is present in DNA in 

great excess) untouched?  

In contrast to the highly specific UDG, 3-methyladenine-DNA glycosylase II (AlkA) is 

an enzyme with very broad specificity.4 In addition to 3-methyladenine AlkA catalyzes 

the excision of a wide variety of damaged bases.19 Along with 3meA it is capable of the 

removal of a broad range of 3- and 7-alkylpurines (7meG, 7meA, 3meG), cyclic purine 

derivatives (like 1,N6-ethenoadenine), O2-alkylated pyrimidines (O2-methylthymine, O2-

methylcytosine), hypoxanthine, xanthine, oxanine and some other damaged bases in both 

the major and minor grooves of DNA.4,20 Undamaged (normal) nucleic bases may also be 

excised but much less efficiently.20,21 

 The broad specificity of AlkA is especially surprising taking into account the ability of 

this enzyme to discriminate against normal bases. Normal bases are usually smaller than 

damaged bases, and therefore should be excised with the rates comparable to the rates of 

damaged base excision (if not faster) by a non-specific enzyme like AlkA, which is able 
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to accommodate variety of “shapes” of damaged bases (from purines to pyrimidines). It is 

interesting to note that AlkA can remove not only charged bases but neutral ones too. 

What is the mechanism of excision? What influences the specificity and discrimination 

for this enzyme? It is known that it has relatively open binding pocket.21,22 The accepted 

theory is that the rate of excision is dictated not by catalytic recognition (size of substrate, 

shape of enzyme binding pocket) but by the reactivity of N-glycosidic bond of each 

substrate.6,20,23 Alkylated bases and other AlkA substrates have decreased N-glycosidic 

bond stability, and are therefore readily excised. AlkA destabilizes the unstable N-

glycosidic bond further (by stabilizing the TS for hydrolysis), and therefore provides 

preferential repair of substrates with weak N-glycosidic bonds.6,20  

The question we will try to clarify in current studies is how AlkA removes such a broad 

range of damaged bases and does not cleave normal ones. 

MutY-DNA glycosylase (MutY) is a unique glycosylase: it removes normal base 

adenine but only when it mispaired with 8-oxoguanine (8OxoG), preventing its potential 

mutagenic consequences.4,6 8OxoG is the most studied among oxidized guanine products; 

it is even used as a cellular biomarker of oxidative stress.24-28 Along with being the most 

common oxidative stress product, 8OxoG also is one of the most deleterious lesions. The 

reason behind this harmfulness is structural, i.e. introduction of oxygen at C8 atom and 

addition of H at N7. These two structural changes allow OG in syn- conformation to 

mimic thymine (T) during replication (Figure 1.2, N7H of OG mimics N1H of T, and O6 

of OG mimics O4 of T), and form stable OG (syn)-A (anti) base pair (Figure 1.4).28 The 

failure to remove the OG causes the permanent G-C to T-A transversion mutation. 
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Figure 1.4. Normal and mutagenic base pairs relevant to adenine (A) removal by MutY 

 

Concerted SN2 and stepwise SN1 mechanisms have been proposed earlier for adenine 

removal by MutY.29 In both mechanisms the adenine leaving group is assumed to be 

protonated. The 15N7 KIE observed for the E. coli MutY adenine excision is in agreement 

with N7 protonation.29 Furthermore, TS analysis of MutY substrates indicates that 

protonation lowers the TS barrier by 7 kcal mol-1 (corresponding to a 105 fold excision 

rate acceleration). All those studies, however, do not prove that N7, and only N7 site is 

protonated.29,30 In fact, the mechanistic studies of MutY reveal that adenine should be 

involved in multiple hydrogen bonding interactions.30 In particular, fluorinated lesion-

recognition complex (FLRC) crystal structure has been solved, and it demonstrated that 

in this FLRC complex the substrate is buried deeper inside of the pocket, and has 

multiple direct contacts. Glu43 and Tyr126 residues contact N7; Arg31 hydrogen bonds 

to N1 of substrate; Glu188 hydrogen bonds to N6 and, Arg26 side chain forms water 
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mediated contact with N3. Hydrophobic side chains (Ile191, Leu46, Val51, Leu28, Trp30) 

surround extrahelical adenine, providing water exclusion and additional stabilization.30 

This data supports the possibility of multiple site protonation and/or hydrogen bonding of 

adenine in the MutY active site.  

Our studies herein explore the possibilities of various sites of protonation for adenine in 

the MutY site through model studies of unnatural MutY substrates. This project is done 

in collaboration with Prof. Sheila David (UC Davis, CA).  

1.1.3. Gas phase acidity and proton affinity of nucleobases and related 

compounds 

The interior of proteins, in particular the interior of active sites, is rarely aqueous in 

nature but rather nonpolar.31,32 The gas phase is the “ultimate” nonpolar environment, 

which therefore can provide a valuable environment for the modeling of intrinsic 

reactivity, and reactivity inside of an enzyme’s active site.  

The gas-phase acidities and proton affinities are largely unknown in contrast to solution 

values, pKas. The gas phase acidity (∆Gacid or ∆Hacid) for a compound AH is defined as 

the Gibbs energy change, or the enthalpy change of the deprotonation reaction yielding 

H+ and A– (Eq. 1.1). The proton affinity (PA) is defined as the negative value of the 

enthalpy change associated with protonation of a chemical species B to form HB+ (Eq. 

1.2). The gas-phase basicity (GB) is the corresponding Gibbs energy value. The gas-

phase acidities (∆Hacid) and PAs at 298 K are mostly used.33,34  

HA  H+ + A–     Eq. 1.1 

B  + H+  HB+     Eq. 1.2 
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The gas-phase acidity (∆Hacid) scale runs approximately from 314 (strong acids, like HI) 

to 417 kcal mol-1 (alkanes). The higher the ∆Hacid value, the lower the acidity is. The 

proton affinity varies approximately from 130 (alkanes) to 291 kcal mol-1 (inorganic 

oxides, like BaO); the higher the value, the more basic the compound.33  

  In previous work, our research group has reported the gas phase thermochemical 

properties (both experimental and computational) of various normal13,35-39 and a few 

damaged nucleobases (like 3-methyladenine,36,37 1,N6-etheonadenine,40 and 

hypoxanthine41). This work continues the survey of the damaged base (and their 

analogues) gas phase thermochemical properties, in the hope to elucidate acidity/PA 

trends, and to illuminate the mechanism of the removal of damaged nucleobases by 

various enzymes.  

1.1.4. Proton transfer (PT) and SN2 reactions in the gas phase  

In order to evaluate proton affinities and acidities of nucleobases or model damaged 

nucleobase removal by the glycosylase enzyme (attack of water on C1’ of sugar, and 

damaged nucleobase departing) one should study the corresponding gas phase reactions 

(PT or SN2 reactions). 

Eq. 1.3 and Eq. 1.4 represent PT reactions between a cation or an anion 

correspondingly, and a neutral molecule.  

 

 
Lets consider an example of the gas phase exothermic PT reaction between a neutral 

molecule HA and anion B– (Eq. 1.4). In the initial step, when the ion and molecule get 

close to each other, and collide, they form an ion-molecule complex [HA B–] with low 

HA+ + B HB+ + A Eq. 1.3

HA  + B– HB  + A– Eq. 1.4
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energy (at the bottom of the potential energy well; Figure 1.5).42 The energy of formation 

of such complexes is roughly from 10 to 20 kcal mol-1 (for complexes involving ion-

dipole and ion-induced dipole interactions). This excess of energy is enough to overcome 

the possible intrinsic barrier for PT between an ion and molecule, and makes the overall 

PT reaction virtually barrierless.43. PT reaction leads to formation of the second ion-

molecular complex [HB A–], and its separation to products HB and A– (which is of 

course “uphill from the ion-molecule complex; Figure 1.5).44,45   

 

Figure 1.5. Representative potential energy diagram for exothermic proton transfer 

reaction (Eq. 1.4). 

 

The overall barrierless feature of PT reactions is important, as it allows one to elucidate 

thermochemical properties of the compounds by measuring kinetics of the corresponding 

reactions (more in Methodology section).43 
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The collision of an ion with a molecule in the gas phase may result in one or several of 

the possible pathways, such as multiple PT reactions, elimination, substitution, or 

dissociation of the ion-molecule complex back into reactants. 

In the current work we study SN2 reactions in the gas phase both theoretically and 

experimentally.  

SN2 reactions in the gas phase have drawn attention for years and have been the topic 

of numerous gas phase studies.46 Unlike the “bell” shaped solution potential energy 

surface (PES),47 the PES for SN2 reaction in the gas phase is “double-well” shaped.46,48 

The “double-well” PES was introduced in 1977 by Olmsted and Brauman.49 When the 

reactants (substrate and nucleophile) approach each other the energy drops due to ion-

dipole interactions, and eventually a complex is formed (similar to ion-molecular 

complex formation in gas phase PT reactions). Then the energy rises up towards the 

transition state – the gas phase SN2 reactions do have a barrier, unlike PT reactions. As 

the reaction progresses to product formation first another drop in energy occurs, and 

another complex is formed (now between the product ion and molecule). The rise in 

energy accompanies separation of the complex into final products (Figure 1.6).46,49 



 

 

14 

 

 

Figure 1.6. The “double-well” potential energy surface for the reaction of 

methylbromide with chloride anion (classical example of the gas phase SN2 “double-

well”).46 

 

Early studies focused on simple substrates such as methyl halides to preclude any 

complications or competition from elimination.46,48-55 Rate constants and efficiencies for 

SN2 reactions of methyl chloride with different anionic nucleophiles have been measured 

using both flowing afterglow (FA) and ion-cyclotron resonance (ICR) mass spectrometry 

(Table 1.2). The efficiencies measured by different techniques can vary. Rate constants 

and efficiencies obtained by the FA method are sometimes higher, which may be due to 

the fact that reactions are sometimes not fully thermalized under ICR conditions.46,48  

Table 1.2. Rate constants and efficiencies for reactions with methyl chloride46  

Nucleophile PA, 
kcal mol-1 

Rate, x10-10 
cm3/molecule/s 

Efficiency, 
% 

NH2
– 404 15 63 

ΔE

CH3Br + Cl–

CH3Cl + Br–

reaction coordinate

REACTANTS

PRODUCTS

ION-MOLECULE
 COMPLEX 1

ION-MOLECULE
 COMPLEX 2

[CH3Br  Cl–]

[CH3Cl  Br–]

TRANSITION
STATE (TS)
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CH3NH– 403 17 85 
Ph– 402 8.7 54 
H– 400 30 35 

OH– 391 20 84 
O. – 382 17 71 

CH3O– 382 13 65 
PhCH2

– 381 0.15 1 
HCC– 378 1.3 6.2 

(CH3)3CO– 374 1.6 10 
F– 371 13 56 

CF3CH2O– 362 2.2 15 
CH3S– 358 1.1 6.5 
O2

. – 356 7.4 39 
HS– 351 0.12 0.6 
S. – 351 0.3 1.6 
Cl– 333 0.00035 0.002 

 
The careful gas-phase SN2 studies previously accomplished show approximate 

correlation between proton affinity (PA) of the nucleophile and efficiency of the SN2 

process: the larger the PA, the higher the efficiency of the SN2 gas phase reaction (Table 

1.2).46,50 There are also other factors that influence nucleophilicity, including charge 

delocalization and steric hindrance. For example, bulky tert-butoxide is much less 

efficient in SN2 reactions than F- though the latter is a weaker base.50,53 Charge 

delocalization in the benzyl anion leads to low reactivity despite the relatively high 

basicity of this anion.51 Carbon-centered nucleophiles are less reactive than nucleophiles 

of the same basicity with a more electronegative reaction center. This fact is explained by 

the relationship we observe between the electronegativity of the atom and its charge 

density: the more electronegative the atom, the higher the charge density, and 

consequently, the more compact its lone pairs.46  

The choice of appropriate nucleophile is critical for the gas phase SN2 studies. Though, 

in general, it seems that the strongest nucleophiles (and therefore usually, the most basic 

ones) are the best candidates, one should remember that basic nucleophiles can also 
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participate in proton transfer reactions, i.e. deprotonation of the acidic sites of the 

substrates. Proton transfer reactions are barrierless, and therefore fast, and will compete 

with SN2 reactions. To avoid this complication one should always choose nucleophiles 

with proton affinities lower than the most acidic site of the substrate (see more on the 

choice of nucleophile in Chapter 2).  

1.2. Instrumentation  

Since the first experiments in the beginning of the 20th century mass spectrometry has 

come a long way, and emerged as one of the most powerful and widely used analytical 

tools.56 High sensitivity, low detection limits, high resolution, ability to couple with 

various separation instruments, and diverse applicability are among the remarkable 

advantages of mass spectrometry.56 On top of the advantage of numerous analytical 

applications mass spectrometry is also a powerful tool for the gas phase reaction studies, 

including kinetics, mechanisms, product distribution, and thermodynamic parameters 

elucidation.46,56  

The development of new mass spectrometers (including flow instruments (e.g. 

selected-ion flow tube (SIFT)), trapping instruments (Fourier transform mass 

spectrometer (FTMS) and quadrupole ion trap mass spectrometer (QITMS)), and high-

pressure mass spectrometers (HPMS)) allowed the investigation of gas phase experiments 

under highly controlled conditions.46  In our lab, we use two types of mass spectrometers 

mentioned above: FTMS and QITMS. The details of the instrumentation, and advantages 

they provide for our studies are described below. 
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1.2.1. Fourier transform mass spectrometer (FTMS)  

Fourier transform ion cyclotron resonance (FT-ICR), also known as the Fourier 

transform mass spectrometer (FTMS), is a type of mass analyzer for mass-to-charge ratio 

(m/z) determination based on the cyclotron frequency of the ions in a fixed magnetic field. 

FTICR mass spectrometry is known for its very high resolution, sensitivity, and accuracy, 

as well as capability of coupling with various ionization techniques (such as electrospray 

ionization (ESI) and matrix-assisted laser desorption ionization (MALDI)). The last 

feature mentioned allows the use of FTMS for studies of molecules with large molecular 

weight, which was impossible to get into the gas phase otherwise. Now applications of 

FTMS range from analysis of small molecules (such as drug metabolites or free 

nucleobases) to large biomolecules (such as peptides or oligonucleotides).57  

Fourier transform mass spectrometry evolved from ion cyclotron resonance (ICR) 

spectrometry, which was first developed in 1930s by Lawrence58 for the fundamental 

study of the atom, and then, in 1950s incorporated into mass spectrometer by Sommer59 

and co-workers. In 1974, inspired by recent development of FT-NMR technique, 

Comissarow and Marshall60 applied the Fourier transform method to ICR-MS, and built 

the very first FTMS instrument.57  

All FTMS instrument have four common features: a magnet, an analyzer cell (or cells), 

an ultra-high vacuum system and, a sophisticated data-processing system.57 High 

operational cost (cryogens for a magnet), and necessity of an experienced operator made 

this complicated, but this highly sensitive and accurate instrument unjustifiably rare in 

non-academic environment. 
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Our custom-modified dual-cell Finnigan 2001 FTMS is equipped with 3.3 Tesla non-

shielded superconducting magnet and vacuum system (mechanic and diffusion pumps) 

capable to pump to baseline pressure of 10-9 Torr. Two adjoined 2-inch cubic cells is the 

heart of the instrument. Our FTMS also features batch inlets, pulse and leak valves, and 

solids probe, which allow us to introduce several compounds into the cell simultaneously, 

and conduct the gas phase studies (Figure 1.7, see more details in Methodology).  

 

Figure 1.7. Finnigan 2001 FTMS 

The theory behind FT-ICR is the principle of ion motion in a magnetic field, B. An ion 

moving in a uniform magnetic field B executes cyclotron motion in a plain perpendicular 

to the applied field (Figure 1.8).  Herein, v is velocity, r is radius of the circular orbital, 

F1 is Lorentz force (centripetal or magnetic force), F2 is centrifugal force. 
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1.3 Methodology 

1.3.1 Bracketing method 

The gas phase acidities and proton affinities are measured using bracketing methods. 

The experiments are conducted on the Finnigan 2001 Fourier Transform Ion Cyclotron 

Resonance Mass Spectrometer (FTICR-MS) with a dual cell setup (Figure 1.11).   

 

 

 

 

 

 

 

 

 

 

Figure 1.11 FTICR-MS 
 

  In the FT-ICR, the two adjoining 1-inch cubic cells are positioned colinearly with the 

magnetic field produced by a 3.3 T superconducting magnet. The cells are called, 

traditionally, the source cell (on the “left” side as you face the instrument) and the 

analyzer cell (on the “right” side). The pressure of the dual cell is pumped down to less 

than 1×10-9 torr. Ions can be transferred between the source and analyzer cells via a 2-

mm hole in the center of the trapping plate. We use argon to cool down the transferred 
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Figure 1.8. The motion of a charged ions (cation (on the left) and anion (on the right)) 

in a magnetic field, B57,61 

 

 

                                                                       Eq. 1.5 

                                                                  Eq. 1.6 

The ion motion can be described via Eq.1.5-1.6, where q is the charge on the ion, m is 

the mass of the ion. When the two forces are balanced (Eq. 1.7), ions can be stabilized on 

a circular trajectory with an ion cyclotron orbital frequency f (Eq. 1.8-1.9).57,61  

                                                                                            Eq. 1.7 

                                             Eq. 1.8 

                                                                                                      Eq. 1.9 

The ions with the same mass-to-charge ratio rotate with the same cyclotron frequency, 

which depends only on the magnetic field strength (B) but not an ion velocity. However, 

the motion of ions in the plane parallel to the direction of the magnetic field is 

unconstrained. Without supplementary potential ions would drift along the magnetic field 

axis, which would create a detection problem.  To resolve this issue McIver (1970) 

included a small trapping voltage into ICR cubic cell design: a small symmetric voltage is 

⊗

1F qvB=

rmvF 2
2 =

2 /qvB mv r=

2f v rπ=

2f qB mπ=
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applied to the pair of trapping plates (positive voltage for positive ions, negative – for 

negative; Figure 1.9) perpendicular to the direction of magnetic field, which allows to 

trap ions within a cell.57  

 

Figure 1.9. Scheme of cubic FT-ICR MS cell (each plate has a matching pair at the 

opposite end of the cube). 57,61 

 

Alternating current applied to a pair of excitation plates excites ions (cause the increase 

of their kinetic energy) and, therefore, increases the radius of their circular orbits. All 

ions with the same mass-to-charge ratio will be excited coherently. When the packet of 

excited ions passes the electrode (detection plate), it produces an alternating image 

current on the detection plates (Figure 1.9). The detected image current is then amplified 

and digitized. The frequency components of the signal (and corresponding mass-to-

charge ratios) are obtained by applying a Fourier transform to the time domain signal.57  

The details of FTMS bracketing and SN2 experiments are described in the 

Methodology section. 

Detection plate
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1.2.2. Quadrupole ion trap mass spectrometer and electrospray 

ionization 

A quadrupole ion trap (QIT) mass spectrometer is one of the most common benchtop 

instruments. It became popular in the analytical field due to the combination of the high 

sensitivity and specificity it provides, a tandem mass capability, and ability of convenient 

coupling with chromatographic component (LC) with a relatively low cost and its 

simplicity of operation.62 Recently, it also became routine instrument for gas phase 

reaction studies.63  

Quadrupole ion trap analyzer uses the combination of a constant DC and a radio 

frequency (RF) oscillating AC electric fields to trap ions. QIT was invented by Paul64,65 

in 1953 (and therefore referred as Paul trap) and modified by Stafford et al. (Finnigan)66 

in 1980s to a commercial mass spectrometer. The 3D trap consists of three hyperbolic 

electrodes (one ring and two endcap electrodes, Figure 1.10).  

 

Figure 1.10. Quadrupole ion trap67 

The ESI-QIT has four main regions: ion generation, ion focusing, ion analysis, and ion 

detection (Figure 1.11). Ions are generated by electrospray (ESI) and focused using two 

octapole transmission systems (ion optics), and then the ions can be trapped, excited and 
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their ease of automation. Quadrupoles also use much
lower voltages to accelerate the ions from the source to the
analyser (2–50 V versus kV) and are physically much
smaller than sector analysers or most TOF instruments.

Mass separation in a quadrupole is a result of ion
motion in a dynamic (radio frequency or rf) electric field
and is dependent directly on the m/z of the ion.Whereas
the kinetic energy of the ion is a crucial parameter in sec-
tor and TOF instruments, it is not in quadrupole instru-
ments. Mass analysis is a function of rf voltages and
direct current (DC) voltages applied to four rods, which
are typically cylindrical in geometry. As a result of the
time-varying nature of the rf voltage, the equations of
motion are second-order differential equations, as
opposed to the more simple equations for sector and
TOF instruments. However, a graphical representation
termed the Mathieu stability diagram, which is based on
general solutions to these second-order differential equa-
tions, provides a straightforward way to understand
which ions pass through the quadrupole to the detector
and which ions do not. The stability diagram is a plot of
a parameter, q, related to rf voltage versus a parameter, a,
related to dc voltage. Other variables in determining
these Mathieu parameters a and q are the physical size of
the quadrupole, the frequency of the rf voltage and the
m/z of the ions of interest. The size of the quadrupole
and the rf frequency are usually kept constant, so that
ions of different m/z can be sequentially allowed to reach
the detector by increasing the magnitude of the rf and dc
voltages. Usually this is done while keeping the ratio of
the rf and DC voltages constant.

Depending on the physical parameters of the quadru-
pole, the upper m/z limit can vary from 300 to 4000; the
mass accuracy is generally in the hundreds of ppm. The
mass resolution is a function of the ratio of the rf and dc
voltages and is often varied such that unit resolution is
obtained over the whole mass range. This means that at

dispersions of the ions do take place. By careful design of
a two-sector instrument, the kinetic energy dispersion
in an electric sector can be corrected (reversed) by the
momentum dispersion in a magnetic sector. The two
sectors combined therefore provide velocity focusing,
which means that ions of the same m/z, but which differ
in velocity by a small amount, can be focused to the
same point. At the same time, both sectors continue to
provide direction focusing, so the end result is ‘double
focusing’, which means that ions with both direction
and velocity differences can be focused to the same
point. Using double-focusing instruments, mass resolu-
tions in the tens of thousands can readily be obtained,
and with the best instruments, resolutions > 100,000 are
feasible. Mass accuracies in the low ppm range are
obtainable with sector instruments (BOX 3).

Quadrupole. Over the years, the quadrupole has probably
been the most widely used mass analyser, and was typi-
cally the choice for gas chromatography MS (GC/MS)
and liquid chromatography MS (LC/MS) instruments in
the 1970s, 1980s and 1990s. This popularity was mainly a
result of the relatively low cost of these instruments and

Detector

Ion
source

10–25 cm

Endcap
electrode

Endcap
electrode

Quadrupole
ion trap

Ring
electrode

a

Ion
source

FT-ICR
(magnetic field                )

2–5 cm

b

Differential
amplifier

Figure 4 | Pictorial diagrams of the common trapping mass analysers. a | Ions in a quadrupole ion trap maintain stable
trajectories inside the device as a result of the application of a radio frequency voltage to the ring electrode. Mass analysis is achieved
by making ion trajectories unstable in a mass-selective manner. b | Ions in an Fourier-transform ion-cyclotron resonance (FT-ICR)
oscillate around the magnetic field at frequencies that are related to their mass-to-charge (m/z) scales. As the ions oscillate near the
top and bottom metal plates of the cubic trapping cell, they induce an alternating current that can be measured and then related to
their m/z.  Note that whereas the FT-ICR cell is small, it is in a high magnetic field (typically a super-conducting magnet), so the actual
instrument size is large.

Box 3 | Mass resolution or mass accuracy?  

Mass resolution is a term often used inappropriately. Many journals still incorrectly
require ‘high resolution mass spectrometry’ data to support identification of newly
synthesized compounds. Resolution, however, refers to the precision of the
measurement, whereas identity is established by the accuracy of the measurement, that
is, how close the measured mass is to the true (or theoretical) mass. A more accurate
measurement allows determination of the mass of the ion to more places beyond the
decimal point. So, mass accuracy, typically reported as parts per million (ppm), is the
most important parameter in establishing compound identity. Mass resolution is only
important if there are two ions of very similar mass. If these ions are not resolved, then
some weighted average of their masses will be determined, which will be incorrect. For
pure compounds, this should rarely be an issue.
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ejected in the 3D cavity formed by three electrodes. Each endcap electrode has a small 

hole through which ions can travel. Damping (buffer) gas (Helium, ~1 mTorr) is filled in 

the ion trap to dampen the kinetic energy of “hot” ions, and to “focus” ions more, making 

resolution and sensitivity higher. An AC applied to the ring electrode forces the ions to 

move toward the center of ion trap. Then by altering the amplitude of the AC, the ions are 

destabilized and ejected through the hole in the endcap electrode to be detected.56 

A Finnigan LCQ (DUO or Deca) we used to run Cooks kinetic experiment described 

herein is QIT mass spectrometer equipped with ESI source.  

Figure 1.11. Scheme of a quadrupole ion trap mass spectrometer (coupled with LC)68 

Electrospray ionization (ESI)69 is an atmospheric pressure ionization (API) source, 

which ionizes the sample (at atmospheric pressure), and transfers the ions into the mass 

spectrometer. ESI is “soft” ionization technique, which means the sample typically does 

not fragment during electrospray. This is one of the reasons why ESI is the most popular 

ionization method in modern mass spectrometry.56,70-72  

7

LCQ — MSn Quadrupole Ion Trap

ESI

Syringe Pump

DetectorIon optics

Quadrupole Ion Trap
LC Pump

QuadrupoleQuadrupole refers to the shape of the ion confining field refers to the shape of the ion confining field 
inside the trap and not the shape of or number of electrodes inside the trap and not the shape of or number of electrodes 
in the trap. in the trap. 
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Figure 1.12. Electrospray process 

The process of ESI is illustrated in Figure 1.12. A sample is dissolved in a polar and 

volatile solvent (like water, methanol or acetonitrile, etc.; mixture of solvents can be used 

too), and injected through a narrow capillary (silica or stainless steel) at a relatively slow 

flow rate (usually 1 µL/min to 1 mL/min). By applying a strong electric field (3-6 kV) at 

the capillary tip under atmospheric pressure, a charge accumulation at the liquid’s surface 

is induced. Cations (in positive mode) are enriched on the liquid’s surface and anions 

move towards the conductive tip.73,74 When the effect of the electric field overcomes the 

surface tension, the highly charged droplet deforms to a conical (“Taylor cone”) rather 

than spherical shape.75 Then the tip of the cone elongates into a filament, which breaks 

apart and emits a stream of charged droplets. Increased charged density and coulombic 

repulsion forces caused by evaporation of solvent lead to the formation of finer droplets. 

This process of evaporation and repulsion repeats until fully desolvated cations are 

released. Both single and multiple charged ions (either cations or anions depending on 

operation mode) can be formed during electrospray process.70,72  
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1.3. Methodology 

The methods used in current studies include acidity and proton affinity measurements 

via bracketing method and Cooks kinetic method, SN2 reaction studies, and 

computational studies. Bracketing and supplementary computational studies were applied 

for nucleobase studies in our lab successfully for more than a decade.10,13,35-41,76 Cooks 

kinetic method and SN2 reaction studies are a newer endeavor. My SN2 project was the 

first of its kind in the Lee lab.77,78 

1.3.1. Bracketing method 

Acidity and proton affinity bracketing experiments were conducted using a Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometer (FTMS) with a dual cell setup, 

which has been described previously and in Instrumentation section above.10,13,36,38-41 In 

our FTMS, two adjoining 2-in. cubic cells are positioned collinearly with the magnetic 

field produced by a 3.3 T superconducting magnet. Traditionally, the cells are called the 

source cell (on the “left” side as you face the instrument) and the analyzer cell (on the 

“right” side; Figure 1.13).  
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Figure 1.13. Acidity bracketing experiments in FT-ICR MS dual cell 

The pressure of the dual cell is pumped down to less than 1x10-9 Torr. Solid substrates 

(normal or damaged nucleobases and analogs) are introduced into the cell via a heatable 

solids probe. Hydroxide or hydronium ions are generated from water pulsed into the cell, 

and ionized by an electron beam (typically 8 eV (for OH-), or 20 eV (for H3O+) and 6 µA, 

ionization time 0.5 s). Liquid reference acids or bases are introduced via a batch inlet 

system or a leak valve, and allowed to react with either hydroxide (for acidity 

measurement) or hydronium ions (for proton affinity (PA) measurement).  

The typical protocol for bracketing experiments has been described previously by our 

lab.10,13,36,38-41 Briefly, ions are generated from reference acids/bases or nucleobase (or 

analog), selected, transferred to another adjoining cell via a 2-mm hole in the center of 

the central trapping plate, cooled by a pulse of argon (that raises the cell pressure to 10-5 

Torr), and allowed to react with neutral nucleobase or reference/base. Proton transfer (PT) 

reactions are conducted in both directions (Figure 1.13). The occurrence of PT is 
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regarded as evidence that the reaction is exothermic (“+” in the Tables). Reaction 

efficiency is used to assess occurrence or non-occurrence of a PT reaction (Eq. 1.10); the 

cutoff is 10%. 

Efficiency, % = kexp /kcoll  x 100%    Eq. 1.10 

The theoretical ion-molecule collision rate constant kcoll is obtained from the “ADO” 

program, utilizing parametrized trajectory theory.79,80 “ADO” program estimates kcoll 

based on the dipole moment (µD), polarizability (α), and mass of the neutral molecule and 

the mass-to-charge ratio of the ion (Eq. 1.11):79,80  

kcoll = (2πq/µ1/2)[α1/2 + C µD (2/πkT)1/2]  Eq. 1.11 

In Eq. 1.11 µ is the reduced mass of ion molecule system, q is charge of ion, C is the 

dipole locking constant, and T is temperature (usually 298 K). Dipole moments (µD) are 

calculated at B3LYP/6-31+G(d) (or experimentally known); polarizability (α) was 

estimated using the method of Miller and Savchik.81 

We run bracketing reactions under pseudo-first order conditions, where the amount of 

the neutral substrate is in excess relative to the reactant ions. Lets consider an example of 

acidity bracketing for nucleobase (AH). In order to “bracket” the acidity of AH we 

perform a series of reactions with reference acids (BiH), and evaluate its efficiencies. For 

each reference acid we run reactions in both directions (Figure 1.13, Eq. 1.12 (a) and Eq. 

1.13 (b))  

A– + BH  B– + AH     Eq. 1.12 

B– + AH  A– + BH     Eq. 1.13 
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Rate of a reaction (v) of deprotonated nucleobase with neutral reference (Eq. 1.12) can 

be expressed by Eq. 1.14.  

v = k [A–][BH]          Eq. 1.14 

Under our experiment conditions neutral reference acid BH present in excess when we 

run reaction of A– with BH (Figure 1.13 (a)), [BH] >> [A–], therefore [BH] can be used 

as a constant, kobs = k[BH] and Eq. 1.14 can be re-written as Eq. 1.15. 

v = kobs [A–]           Eq. 1.15 

Also, rate can be expressed as Eq. 1.16. 

v = –d[A–]/dt          Eq. 1.16 

Then,  

ln[A–]t – ln[A–]0 = ln([A–]/ ln[A–]0) = –kobst    Eq. 1.17 

Therefore, if we plot the ln[A–] versus reaction time (t), we should get a straight line 

with a slope of kobs. Since kobs = kexp[BH], then the actual rate constant k (kexp) could be 

determined (if [BH] is known). Due to the nature of the gas phase experiments it is more 

convenient to operate in terms of pressure rather than concentration. So if we plot the 

natural log of relative intensity of reactant ions vs. time, then Eq. 1.18 express the 

relationship between kexp and the slope of this line. Φ is the conversion factor = 

3.239x1016 molecule·cm-3·torr-1. 

  kexp = – slope / (PBH x Φ)     Eq. 1.18 
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The simplest and the most commonly used method to obtain neutral pressure PBH  is 

just to read the pressure from an ion gauge. However, it is often unreliable, both because 

of the gauge's remote location and the varying sensitivity for different substrates.37,82 We 

therefore "back out" the neutral pressure from a control reaction.38-41,79,83  

Taking acidity measurements as an example, we “back out” the neutral pressure PBH 

from the control reaction where hydroxide reacts with neutral substrate (BH in our 

example). Because hydroxide is very basic, we assume this reaction proceeds at the 

theoretical collision rate kexp’ = kcoll’  (note that kcoll’ ≠ kcoll  because it refers to different 

reactions), which can be calculated by “ADO” program. We can then use the calculated 

kcoll’ to “back out” neutral pressure PBH (Eq. 1.19). The slope’ here corresponds to the 

slope of the line of the disappearance of hydroxide ions (natural log of relative intensity) 

vs. reaction time. 

  PBH = – slope’ / (kcoll’ x Φ)    Eq. 1.19 

1.3.2. Gas phase SN2 experiments  

The gas-phase SN2 experiments, which are the focus of Chapter 2, were conducted 

using FTMS with a dual cell setup, which has been described previously and in the 

Instrumentation section above.10,13,36,38-41 The protocol for the SN2 experiment is similar 

to that for acidity bracketing, but only in one direction (Figure 1.13b). The nucleophile, 

usually the deprotonated reference acid, was generated in the analyzer cell, and 

transferred into source cell, where it is allowed to react with neutral substrate (1,3-

dimthyluracil, 1,3-dimethylthymine, or methyl chloride). Neutral substrates were 

introduced via solids probe (if solids) or leak valve (if gas) on the source side; reference 
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acids – via the batch inlet on the analyzer side. Kinetics of the reactions was carefully 

monitored, and efficiencies calculated (see bracketing section for details). Efficiencies (%) 

are reported herein.  

1.3.3. Cooks kinetic method 

We also used the Cooks kinetic method in a quadrupole ion trap (LCQ) mass 

spectrometer84-87 (described in Instrumentation section above) to measure the acidities 

and proton affinities of nucleobases and analogs.  

The Cooks kinetic method involves the formation of a proton-bound complex, or dimer, 

of the unknown AH and a reference acid BiH of known acidity (Eq. 1.20). 

     Eq. 1.20 

    Eq. 1.21 

 K ≈ k1/k2     Eq. 1.22 

ΔHBiH - ΔHAH ≈ RTeff ln K     Eq. 1.23 

ln(k1/k2) = (1/RTeff )( ΔHBiH - ΔHAH)    Eq. 1.24 

The proton bound dimer [AHBi]− is dissociated via collision-induced dissociation (CID). 

The rate constants k1 and k2 are for the two different dissociation pathways. The 

relationship of these rate constants to ∆Hacid is shown in Eq. 1.22-1.24. R is the gas 

constant and Teff is the effective temperature88 of the activated dimer.84-87 The ratio of the 

intensities of the two deprotonated products yields the relative acidity of the two 

compounds of interest (Eq. 1.24), assuming the dissociation has no reverse activation 

[AHBi]
[BiH]  +  A

[AH]  +  Bi

k1

k2

[BiH]  +  A
K

[AH]  +  Bi
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energy barrier and that the dissociation transition structure is late and therefore indicative 

of the stability of the two deprotonated products. These assumptions are generally true for 

proton bound systems.43,87,89 In addition, entropy effects should be negligible, which 

means the two acids (our unknown and reference acid) should have similar structures. 

To obtain the acidity of compound AH, the natural logarithm of the relative intensity 

ratios is plotted versus the acidities for a series of reference acids, where the slope is 

(1/RTeff) and the y-intercept is (-∆HAH/RTeff). The Teff is obtained from the slope. The 

acidity of compound AH, (∆HAH) is calculated from either eq. 2 or the y-intercept.  

The same procedure can be applied for proton affinity measurements (via positively 

charged proton bound dimers). 

The proton-bound complex ions are generated by electrospray (ESI) of 100–500 µM 

solutions of an unknown and a reference acid (or base, for PA measurement). Methanol 

or water–methanol (20%) solution are used as a solvent.72 Addition of one drop of acetic 

acid or ammonium hydroxide sometimes used to promote dimer formation. An 

electrospray needle voltage of ~4 kV and the flow rate of 25 µL/min is applied. The 

proton-bound complex ions are isolated and then dissociated by applying collision-

induced dissociation (CID); the complexes are activated for about 30 ms. Finally, the 

dissociation product ions are detected to give the ratio of the deprotonated (or protonated) 

analyte and deprotonated (or protonated) reference acid. A total of 40 scans are averaged 

for the product ions. 
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1.3.4. Computational method 

Theoretical studies were conducted in order to predict acidities, proton affinities and 

tautomeric composition of nucleobases and analogs. In Chapter 2 and Chapter 3 

transition states for the gas phase SN2 reactions, and potential energy surfaces (PES) were 

also calculated.  

The gas phase calculations were conducted using Gaussian0390 and Gaussian0991 

programs. The method of choice is B3LYP/6-31+G(d),92-94 which has been previously 

shown to be reasonably accurate for the gas phase acidity and proton affinity calculations 

of nucleobases.10,13,35-37,40,41,76 The geometries are fully optimized and the frequencies are 

calculated (unless indicated otherwise).  No scaling factor is applied. All the gas phase 

values reported are ΔH at 298 K. 

Other more sophisticated (and therefore expensive and time consuming) methods like 

M06-2X/6-311+G(2df,2p),95,96 MP2/6-31+G(d,p),97-102 and CBS-QB3103,104 were used as 

needed (see Chapters 2, 3, 4 and 5 for details).  

Dielectric medium calculations were done using the conductor-like polarizable 

continuum solvent model (CPCM, full optimization; UAKS cavity) at B3LYP/6-31+G(d) 

as implemented in Gaussian03.105,106,107  The "total free energy in solution" values are 

reported. For more details see Chapters 4 and 5. 
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Note: Major parts of the following chapter have been published: Zhachkina A.; Lee, J. K.  

J. Am. Chem. Soc. 2009, 131, 18376–18385. 

Chapter 2. The Gas Phase SN2 Reaction and UDG 

Mechanism Implications for Electron 

Delocalization in Uracil and Thymine Leaving 

Groups  

2.1. Introduction 

Uracil and thymine are pyrimidine nucleobases that differ in structure by only a methyl 

group at C5 (1a and 3a). Uracil naturally occurs in RNA, while thymine is its DNA 

counterpart.   

Although uracil and thymine are very similar in structure, the presence of uracil in 

DNA is problematic.10,108-110 Uracil can arise in DNA from cytosine deamination, which 

is mutagenic; uracil can also be misincorporated into DNA, leading to cytotoxic 

uracil•adenine base pairs.8,108-111 Uracil is removed from the genome by the enzyme 

uracil DNA glycosylase (UDG).5,8,9,15,17,112-114 

The mechanism of UDG has been shown to involve N1-deprotonated uracil as the 

leaving group (LG).8,11-14,16-18,115-125  Deprotonated uracil as a leaving group seems 

somewhat surprising, and begs the question:  How good of a leaving group is 

deprotonated uracil? The N1-H pKa in water is 9.8, which would indicate a fair or 

mediocre leaving group ability. In the enzyme, uracil has a depressed pKa of 6.4.116,117   
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Examining properties in the gas phase is useful for elucidating inherent reactivity in the 

absence of solvent.10,13,35,36,39-41,43,46,76,126,127  In previous studies we calculated and 

measured the gas phase acidity of uracil and found it to be as acidic as hydrochloric acid, 

indicating that in the gas phase, deprotonated uracil might be, relatively speaking, a good 

LG.10 Furthermore, because enzyme environments are sometimes quite nonpolar, 

reactivity in the gas phase -- a kind of "ultimate" nonpolar medium -- can yield insight 

into biological reactivity.10,13,31,32,35-37,39-41,76 Uracil is particularly intriguing, we found, 

because the acidities at the N1 and N3 sites are very different in the gas phase, but 

coalesce in aqueous solution.10,13  

 

Figure 2.1. Di- and mono-substituted uracil and thymine studied herein 

Having established that uracil (1a) is quite acidic in the gas phase, we now examine the 

leaving group ability of the conjugate base, N1-deprotonated uracil (2a) in a substitution 

reaction.  Since uracil is as acidic as HCl, is deprotonated uracil as good of a leaving 

group as chloride in the gas phase?   

We are also interested in comparing the leaving group abilities of deprotonated uracil 

versus deprotonated thymine.  The occurrence of uracil in the human genome is typically 

one uracil per > 107 normal DNA base pairs.  The ability of the UDG enzyme to find and 
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excise the few uracils present while leaving the structurally similar thymine untouched is 

of interest.128 A recent study indicates that the uracil versus thymine discrimination could 

be due in part to base-pair dynamics.110 We wanted to probe the possibility that another 

contribution to the favorable excision of uracil over thymine could be due to the relative 

leaving group abilities of the corresponding conjugate bases (deprotonated at N1). If N1-

deprotonated thymine (4a) is a poorer leaving group than N1-deprotonated uracil (2a), 

this could presumably contribute to the favorable excision of uracil over thymine.10,13,39,76 

Leaving group ability has been implicated in the discrimination of substrates with other 

glycosylases.36,37,40,41,129  

2.2 Experimental section 

1,3-dMU (1d) and 3-MeT (3b) are commercially available, and were used as received. 

1,3-dMT (3d) was synthesized from thymine (3a). The procedure used is similar to that 

reported in the literature for 1,3-dMU synthesis and described below (Figure 2.2).130,131 

The product was purified and the identity confirmed by 1H and 13C NMR.  

All nucleophiles except CH3S– were generated from commercially available neutral 

reference acids by deprotonation with hydroxide ions. CH3S– was generated via the 

elimination reaction of hydroxide plus dimethyldisulfide, which is a well-known source 

of the methyl thiolate anion.132-134 

2.2.1. 1,3-Dimethylthymine (1,3-dMT, 3b) synthesis   

Potassium carbonate (0.553 g, 4 mmol) was added to 15 ml of dimethyl acetamide 

(DMA), and gently heated to dissolve the potassium carbonate.  The mixture was cooled 

to room temperature, and 0.126 g (1 mmol) of thymine was added followed by 0.190 ml 
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(3 mmol) of methyl iodide. The reaction mixture was stirred for 48 hours at room 

temperature. Next, 10 ml of distilled water was added. The aqueous solution was 

extracted with chloroform (3 x 40 ml). The organic phase was washed with distilled 

water (6 x 40 ml), and then dried with Na2SO4. Solvent was removed by rotovap, and the 

solid product was dried on high vacuum overnight. 0.114 g (74%) of pale yellow crystals 

were formed. 1H NMR (400 MHz, CDCl3, ppm) : 6.98 (1H, s, -CH), 3.37, 3.38 (6H, 

unresolved s, -NMe), 1.94 (3H, s, Me); 13C NMR (500 MHz, CDCl3, ppm): 164.3 

(C4=O); 152.1 (C2=O); 139.2 (C6); 109.7 (C5); 36.9 (N1-Me); 28.1 (N3-Me); 13.2 (C5-

Me).  

 
Figure 2.2. 1,3-dMT synthesis 

2.2.2. Gas-phase SN2 and acidity measurement experiments   

All SN2 reaction experiments and 3-MeT acidity bracketing were conducted using a 

dual cell Fourier transform ion cyclotron resonance mass spectrometer (FTMS), 

according to the protocols, which has been described previously, and in Chapter 1 in 

details.10,13,36,39-41 Proton transfer reactions were conducted in both directions 

(deprotonated 3-MeT with neutral reference acids and the conjugate bases of neutral 

reference acids plus 3-MeT).  The occurrence or non-occurrence of proton transfer is 

denoted as a "+" or "–" in Table 2.1. Each kinetics experiment was run at least three 

times; reported values are the average and standard deviation.   

The Cooks kinetics method39,40,84-87,135 was used to conduct a relative acidity study of 
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3-MeT (3b) and 3-MeU (1b). We use a quadrupole ion trap (LCQ) mass spectrometer to 

conduct the experiments. The detailed protocol for Cooks kinetic experiments conducted 

in our lab has been described previously, and in Chapter 1.40,41 Briefly, the “relative” 

Cooks kinetic method we use herein involves formation of a proton-bound dimer of the 

two species of interest (3-MeU and 3-MeT herein). The dimer is isolated and dissociated 

via CID. The ratio of intensities of the two deprotonated substrates yields the ratio of rate 

constants of the two possible dissociation pathways, which yields the relative acidities of 

the two substrates. 

Proton-bound dimers were generated by electrospray (ESI) from the 1:1 mixture of 250 

µM 3-MeT (3b) and 250 µM 3-MeU (1b) solutions in 20% methanol-water. A needle 

voltage of 4 kV, capillary temperature 150 oC, and a flow rate of about 25 mL/min were 

used. The proton bound complex [(3-MeU)–•H+•(3-MeT)–] was isolated and activated for 

about 30 ms. 40 scans were averaged for the product ions, and the experiment was 

repeated 3 times. A Teff of 420 K, obtained from a calibration experiment with 3-MeT 

(3b), was used.  

2.2.3. Calculations   

Calculations were conducted at B3LYP/6-31+G(d) using Gaussian03;90,92-94 the 

geometries were fully optimized and frequencies were calculated.  This method has been 

shown to be reasonable for calculating SN2 reaction potential energy surfaces.136-139 All 

the values reported are at 298 K. No scaling factor was applied. All calculated TS 

structures have one negative frequency.  Partial charges were calculated using CHELPG 

as implemented in Gaussian03.140 As described in the paper, for some substrates we used 

the CBS-QB3 model chemistry.103,104  
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2.3. Results 

SN2 reactions in the gas phase have been studied for more than two decades. They 

follow the “classic” gas phase double-well potential energy surface, where an initial ion-

molecule complex is formed that can either dissociate back to reactants or react to 

products.46,48-55,141-147 Previously measured second order reaction rate constants and 

efficiencies for SN2 reactions of methyl chloride with different anionic nucleophiles are 

shown in Table 1.2 (see Chapter 1; reaction efficiency is defined as the ratio of the 

observed rate constant to the estimated collision rate constant calculated by parametrized 

trajectory calculations).34,79,80  

2.3.1. Model systems for gas phase study   

The excision of uracil from DNA involves nucleophilic attack of the C1’ of ribose 

(Figure 2.3).  Kinetic isotope effects point to a "dissociative SN2" reaction mechanism 

(DN*AN).8,14,121  Our interest is in testing the leaving group ability of deprotonated uracil 

in a substitution reaction.  The simplest model would be to examine reactivity at the N1-

CH3 group of 1-methyluracil (1c).  However, experiments with 1-methyluracil are limited 

by the acidity of the N3-H, which has been measured to be 348 ± 3 kcal mol-1 in the gas 

phase.10,13 Therefore, any nucleophile with a proton affinity (PA) of 348 or greater will 

likely deprotonate the N3-H. Proton transfers are enthalpically generally barrierless (∆H‡ 

= 0) and will, if exothermic, compete with the SN2 reaction.43 Using nucleophiles with 

PAs less than 348 kcal mol-1 would be too limiting; for substitution reactions with CH3Cl, 

anions with a PA at or below 348 kcal mol-1 yield very low efficiencies (Table 1.2).  

Therefore, in order to allow the use of more basic nucleophiles, we chose to examine the 
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1,3-dimethyl substrates (1d, 3d) wherein the methyl group at N3 acts as a sort of 

"protecting group".   

 

 

Figure 2.3. Nucleophilic attack at C1' to excise uracil.8 

2.3.2. Acidity studies 

With the chosen model systems, our leaving groups are no longer the deprotonated 

uracil and deprotonated thymine, but rather the 3-methyl derivatives (Figure 2.4).   

 
Figure 2.4. SN2 reactions studied. 

As a starting point toward ascertaining whether N1-deprotonated-3-methyluracil is a 

better leaving group than N1-deprotonated 3-methylthymine, we assessed the acidity of 

the N1-H proton in 3-methyluracil (3-MeU, 1b) and compared it to the acidity of the N1-

H proton in 3-methylthymine (3-MeT, 3b).  The acidity of 3-MeU has been calculated 

previously by us (332.8 kcal mol-1, Figure 2.5); herein we calculate the ∆Hacid of 3-MeT 
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to be 1.4 kcal mol-1 less than the ∆Hacid of 3-MeU (332.8 vs. 334.2 kcal mol-1, Figure 

2.5).13  Based on these acidities, we would expect deprotonated 3-methyluracil to be a 

better leaving group than deprotonated 3-methylthymine. 

 
Figure 2.5. Calculated N1-H acidities of 3-methyluracil13 (3-MeU, 1b) and 3-

methylthymine (3-MeT, 3b) and all the sites of 1,3-dimethyluracil (1d) and 1,3-

dimethylthymine (3d) (B3LYP/6-31+G(d), ΔH298K, kcal mol-1). Experimental values (if 

known) are in parentheses.13,89  

We have also previously measured the gas phase ΔHacid of 3-MeU (1b) to be 333 ± 2 

kcal mol-1.13 We bracket the acidity of 3-MeT herein (3b) (Table 2.1).  We find that 

while the conjugate base of 3-MeT deprotonates 2-chloropropanoic acid (∆Hacid = 337.0 

± 2.1 kcal mol-1) and acids with lower ∆Hacid values, it cannot deprotonate trifluoro-m-

cresol (∆Hacid = 339.3 ± 2.1 kcal mol-1) or reference acids with higher ∆Hacid values.  

Consistent with this, 2-chloropropanoate cannot deprotonate 3-MeT, but trifluoro-m-

cresolate can.  We therefore bracket the ∆Hacid 
 of 3-MeT to be 338 ± 3 kcal mol-1 (∆Gacid  

(3-MeT) = 331 ± 3 kcal mol-1). 
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Table 2.1. Summary of results of acidity bracketing of 3-methylthymine (3-MeT, 3b) 

Reference compound ΔHacid
a ΔGacid

a Proton 
transferb 

 (kcal mol-1) (kcal mol-1) Ref. 
acid 

Conj. 
base 

2,4-pentanedione 343.8 ± 2.1 336.7 ± 2.0 – + 

methyl cyanoacetate 340.80 ± 0.60 334.5 – + 

trifluoro-m-cresol 339.3 ± 2.1 332.4 ± 2.0 – + 
2-chloropropanoic acid 337.0 ± 2.1 330.4 ± 2.0 + – 

malononitrile 335.8 ± 0.1 328.1 ± 2.0 + – 
pyruvic acid 333.5 ± 2.9 326.5 ± 2.8 + – 

difluoroacetic acid 331.0 ± 2.2 323.8 ± 2.0 + – 
1,1,1-trifluoro-2,4-

pentadione 
328.3 ± 2.9 322.0 ± 2.0 + – 

aAcidities are in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer.   

We also conducted Cooks kinetic method experiments to measure the relative acidity of 

3-MeT (3b) and 3-MeU (1b).84-87,135 We accomplished this by dissociating the [(3-MeU)–

•H+•(3-MeT)–] dimer. These experiments indicate that 3-MeU (1b) is 2-3 kcal mol-1 more 

acidic than 3-MeT (3b).  

The experiments therefore indicate a difference in acidity between 3-MeU and 3-MeT 

that is on the order of 2-5 kcal mol-1.  Although this is a rather large range, what is 

consistent is that 3-MeU is more acidic than 3-MeT.  This could make the N1– conjugate 

base of 3-MeU a potentially better leaving group than that of 3-MeT.   

Another important reason to probe acidities is to establish the upper limit of proton 

affinity for the nucleophiles to be studied experimentally.  As we noted earlier, we are 

using the N3-methyl substrates since the N3-H of 1-methyluracil has a ∆Hacid of 348 kcal 

mol-1, and to avoid competition between SN2 reaction at the N1-CH3 and proton transfer 
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at the N3-H, we would be limited to using nucleophiles with proton affinities (PA) under 

348 kcal mol-1.10,13  Now that we have established that we will be using the 1,3-dimethyl 

derivatives 1d and 3d, we need to assess the acidities of all the sites of those substrates 

(Figure 2.5).  The C6 protons of both these derivatives are quite acidic, with values just 

below that of acetone (the C6 and C5 of 1,3-dMU have also been previously measured by 

the Gronert lab and our lab).13,145  Therefore, to avoid competition from deprotonation, 

nucleophiles with proton affinities below 367 kcal mol-1 will be utilized.  

2.3.3. SN2 reaction studies -- calculations. 

2.3.3.1. 1,3-Dimethyluracil (1,3-dMU) 

We next calculated the energetics associated with SN2 reactions of 1,3-dMU.  We 

chose formate and methyl thiolate as the nucleophiles.  Formate was chosen as a probable 

slow reaction example, based on the acidity of formic acid (∆Hacid = 346.2 ± 1.2 kcal mol-

1) and the known methyl chloride data for nucleophiles in that acidity range (Table 1.2).  

Methyl thiolate (∆Hacid = 357.6 ± 2.0 kcal mol-1) was chosen as a faster (though still 

moderate) reaction example.   

The reaction of formate with 1,3-dMU first forms the expected reactant ion-molecule 

complex, a process that is 23.1 kcal mol-1 exothermic (Figure 2.6).  The ∆H‡ barrier to the 

SN2 reaction is 32.3 kcal mol-1 from this complex (and 9.2 kcal mol-1 from the separated 

reactants (Figure 2.6)).  The product ion-molecule complex is 9.3 kcal mol-1 more stable 

than the separated reactants, but the separated products are 2.7 kcal mol-1 higher in 

energy than the separated reactants.  Given that both the transition state (TS) and the 
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separated products are higher in energy than the separated reactants, this reaction is not 

likely to proceed significantly under our gas-phase conditions.  

 

Figure 2.6. Calculated (B3LYP/6-31+G(d)) potential energy diagram of the reaction of 

1,3-dMU (1d) with formate (∆H, 298 K) 

 

For the reaction of methyl thiolate with 1,3-dMU (Figure 2.7), the transition state is 

calculated to be just 4.3 kcal mol-1 higher than the energy of the separated reactants. The 

energy of the transition structure must be below the energy of the separated reactants for 

reaction to be observed, so we could see reaction depending on how accurate the 

calculations are, and how entropically unfavorable the process is.46  
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Figure 4. Calculated (B3LYP/6-31+G*) potential energy diagram of the reaction of 1,3-

dMU (1d) with formate (∆H, 298 K) 

 

For the reaction of methyl thiolate with 1,3-dMU (Figure in Supporting Information), the 

transition state is calculated to be just 4.3 kcal mol-1 higher than the energy of the 

separated reactants. The energy of the transition structure must be below the energy of 

the separated reactants for reaction to be observed, so we could see reaction 

depending on how accurate the calculations are, and how entropically unfavorable the 

process is.34  

 

b.  Methyl chloride.  We also calculated the energetics for the reaction of formate 

(Figure 5) and methyl thiolate (Figure in Supporting Information) with methyl chloride, to 

provide a benchmark for comparison.  Interestingly, the methyl chloride reactions are 
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Figure 2.7. Calculated (B3LYP/6-31+G(d)) potential energy diagram of the reaction of 

1,3-dMU (1d) with methyl thiolate (∆H, 298 K) 

2.3.3.2. Methyl chloride 

We also calculated the energetics for the reaction of formate (Figure 2.8) and methyl 

thiolate (Figure 2.9) with methyl chloride, to provide a benchmark for comparison.  

Interestingly, the methyl chloride reactions are consistently more exothermic and have 

lower barriers than the uracil reactions.  With formate, the ∆H‡ is 1.9 kcal mol-1 below the 

separated reactants (Figure 2.8).  For methyl thiolate, the ∆H‡ is 7.5 kcal mol-1 below the 

separated reactants (Figure 2.9).   

 S5 

2. Calculated (B3LYP/6-31+G*, 298 K) ∆H diagrams of SN2 reactions of 1,3-dMU, 1,3-dMT, 
and MeCl with methylthiolate (∆H, kcal/mol) 
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Figure 2.8. Calculated (B3LYP/6-31+G(d)) potential energy diagram of the reaction of 

methyl chloride with formate (∆H, 298 K) 

 

Figure 2.9. Calculated (B3LYP/6-31+G(d)) potential energy diagram of the reaction of 

methyl chloride with methyl thiolate (∆H, 298 K) 
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Our calculations therefore indicate that although 3-MeU and HCl have similar acidities, 

the 1,3-dMU SN2 reactions are expected to be slower than those of CH3Cl.   

2.3.3.3. 1,3-Dimethylthymine (1,3-dMT) 

Our calculations indicate that in keeping with the fact that thymine is less acidic than 

uracil, the SN2 reactions wherein deprotonated thymine is a leaving group do have 

slightly higher barriers than the corresponding reactions with deprotonated uracil.  Using 

1,3-dMT as the model system, the energy surfaces for reaction with formate and methyl 

thiolate were calculated (Figures 1.10 and 1.11).  

 

Figure 2.10. Calculated (B3LYP/6-31+G(d)) potential energy diagram of the reaction 

of 1,3-dMT (3d) with formate (∆H, 298 K)  S8 

3. Calculated (B3LYP/6-31+G*, 298 K) ∆H diagram of SN2 reaction of 1,3-dMT with formate 
(∆H, kcal/mol) 
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Figure 2.11. Calculated (B3LYP/6-31+G(d)) potential energy diagram of the reaction 

of 1,3-dMT (3d) with methyl thiolate (∆H, 298 K) 

For the formate reaction, the barrier is 1.2 kcal mol-1 higher with 1,3-dMT than with 

1,3-dMU (relative to separated reactants) and is also more endothermic.  For the methyl 

thiolate reaction, the barrier for 1,3-dMT is 1 kcal mol-1 higher than that with 1,3-dMU. 

We also find computationally that for a wide range of nucleophiles (formate, acetate, n-

pentylthiolate, methyl thiolate, and anilide), the exothermicities of the 1,3-dMU versus 

the 1,3-dMT reactions are always roughly 1.4 kcal mol-1 apart (with 1,3-dMU being more 

exothermic; Table 2.2).  
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Table 2.2. Calculated enthalpies of SN2 reactions of 1,3-dMU and 1,3-dMT with series 

of nucleophiles 

Nucleophile PA,  
kcal mol-1 

∆Hrxn, kcal mol-1 
Substrate 

1,3-dMU  1,3-dMT  
HCOO– 346.2 2.7 4.2 
AcO– 348.1 -6.3 -4.9 

n-C5H11S– 352.5 -20.3 -18.9 
n-PrS– 354.2 -20.5 -19.1 
CH3S– 357.6 -23.4 -22.0 
PhNH– 366.4 -30.5 -29.1 

 

2.3.3.4. Methyl chloride versus pyrimidine derivatives:  acidity 

calculations revisited 

Experimentally, HCl and uracil have similar acidities.  However, our calculations 

indicate that although the N1-deprotonated uracil derivatives are still fairly good leaving 

groups (for example, the reaction of methyl thiolate, which is not that basic, with 1,3-

dMU is exothermic by 23.4 kcal mol-1 and has a barrier of only 4.3 kcal mol-1 above the 

separated reactants), chloride is still better.   

To assess whether this calculated difference in reactivity might be a computational 

artifact, we compared the computed acidities of 3-MeU and HCl.  We know by 

experiment that the two have comparable acidities.10,13  However, we find that the ∆Hacid 

of HCl calculates to 325.1 kcal mol-1 at B3LYP/6-31+G(d), 7.7 kcal mol-1 more acidic 

than the calculated value for 3-methyluracil, and 8.3 kcal mol-1 more acidic than the 

known measured ∆Hacid of HCl (333.4 ± 0.1 kcal mol-1).  Essentially, although 3-

methyluracil and HCl have the same experimental acidity, the B3LYP/6-31+G(d) 

calculations are not accurate: HCl appears to be more acidic. To assess whether the 
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calculated differences in SN2 reaction barriers for the methyl chloride and pyrimidine 

derivatives is due to a related computational artifact or truly reflects the reactivity, we 

conducted experiments, which are described later in the paper. 

2.3.3.5. N1 vs. N3 attack 

One possible complication for examining these reactions experimentally is a potential 

competition between N1-CH3 attack (which we wish to see) and N3-CH3 attack (which is 

not of biological interest; Figure 2.12).   

 

Figure 2.12.  N1 versus N3 attack of 1,3-dimethyluracil. 

We computationally examined nucleophilic attack at the N1-CH3 versus N3-CH3 for a 

series of nucleophiles (formate, acetate, n-pentyl thiolate, n-propyl thiolate, methyl 

thiolate and anilide) and find that the N1-CH3 SN2 reaction is consistently on the order of 

12 kcal mol-1 more exothermic than the N3-CH3 path (Table 2.3).   

Table 2.3. Calculated enthalpies of SN2 reactions of 1,3-dMU (1d) with a series of 

nucleophiles: N1-methyl vs. N3-methyl group attack.   

Nucleophile PA33, 
kcal mol-1 

∆Hrxn, kcal mol-1 
N1 attack N3 attack 

HCOO– 346.2 2.7 15.1 
AcO– 348.1 -6.3 6.0 

n-C5H11S– 352.5 -20.3 -7.9 
n-PrS– 354.2 -20.5 -8.2 
CH3S– 357.6 -23.4 -11.1 
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PhNH– 366.4 -30.5 -18.1 
 

We also calculated the activation enthalpies (∆H‡) for the reactions with formate and 

methyl thiolate; for both reactions, the barrier for attack at the N1-methyl group is 10 kcal 

mol-1 lower than that at the N3-methyl.  These differences in barrier are significant 

enough that experimentally, SN2 reaction at N1-CH3 should be considerably favored over 

SN2 reaction at N3-CH3.  These results are as expected, given that the N1-H is more than 

10 kcal mol-1 acidic than the N3-H.10,13  

2.3.4. SN2 reaction studies -- experiments 

The calculated barriers for the reaction of formate with 1,3-dMU versus methyl 

chloride indicates that the methyl chloride reaction should be faster (Figures 2.6 and 2.9).  

Furthermore, Table 1.2 indicates that a nucleophile with PA of 361.7 (CF3CH2O–) reacts 

with methyl chloride with an efficiency of just 11%.  We would therefore expect that the 

SN2 reactions of nucleophiles whose PAs are less than the ∆Hacid of C6-H (∆Hacid
 ~ 370 

kcal mol-1) with 1,3-dMU and 1,3-dMT will all be relatively slow.  

To establish that we can see SN2 reactivity under our conditions, we repeated the 

known reactions of 2,2,2-trifluoroethoxide and methyl thiolate with methyl chloride. Our 

efficiency values for these SN2 reactions are comparable to those obtained previously (for 

2,2,2-trifluoroethoxide: 13.3% (current work) vs. 11% (literature); for methyl thiolate 8.0% 

(current work) vs. 4.7% (literature)).46,50,52  

The reactions of a series of nucleophiles with 1,3-dMU and 1,3-dMT were studied 

(Table 2.4).  The SN2 reaction product was observed for the reaction of 1,3-dMU (1d) 

with nucleophiles ranging from m-CF3PhO– (PA=339 kcal mol-1) to HO– (PA=390 kcal 
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mol-1).  However, when using nucleophiles with PA greater than about 365 kcal mol-1, 

both proton transfer and SN2 reactions were observed. Proton transfer is presumably the 

result of deprotonation of the most acidic (C6-H) site of 1,3-dMU (calculated ΔHacid = 

367.1 kcal mol-1; experimental ΔHacid = 369.9 ± 3.1 kcal mol-1).13,89 The SN2 reaction 

efficiencies of the reactions of nucleophiles with PA less than 365 kcal mol-1 with 1,3-

dMU are all fairly low (less than 1%) (Table 2.4). For nucleophiles with PA lower than 

339 kcal mol-1 the efficiencies were less than 0.01%. 

Table 2.4. SN2 Reactions of 1,3-dMU (1d) and 1,3-dMT (3d) 

PA33 
(nucleophile), 

kcal mol-1 
Nucleophile, A- 

Substrate (efficiency of SN2 reaction, %) 
1,3-dMU (1d) 1,3-dMT (3d) 

364.1 PhNEt- 0.38±0.07 0.006±0.003 
361.7 CF3CH2O- 0.84±0.38 0.004±0.001 
359.5 C4H4N- 0.35±0.21 0.033±0.019 
357.6 CH3S- 0.23±0.14 0.009±0.003 
354.2 n-PrS- 0.22±0.07 0.014±0.009 
353.4 i-PrS- 0.23±0.21 0.004±0.001 
352.5 n-C5H11S- 0.28±0.04 0.008±0.006 
348.1 AcO- 0.11±0.09 no SN2 reaction 
346.2 HCOO- 0.08±0.04 no SN2 reaction 

339.3 m-CF3-PhO- 0.04±0.02 no SN2 reaction 
 

We also examined the reactions of the same series of nucleophiles with 1,3-dMT (3d). 

For nucleophiles with PA higher than 365 kcal mol-1, both SN2 reactions and proton 

transfer were observed (as we saw with 1,3-dMU). SN2 reaction products were observed 

for nucleophiles with PAs as low as ~352 kcal mol-1. Generally, the SN2 reaction 

efficiencies for 1,3-dMT (3d) are lower than those efficiencies for 1,3-dMU (1d). Such 
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small efficiencies are quite challenging to measure, and therefore the precision for the 

1,3-dMT (3d) measurements varies from 0.001 to 0.02%. For the reaction of nucleophiles 

with PA smaller than 352.5 kcal mol-1 with 1,3-dMT (3d), no SN2 reaction was observed 

(Table 2.4). 

It therefore appears that the SN2 reaction proceeds for both 1,3-dMU (1d) and 1,3-dMT 

(3d), and that the efficiencies observed for 1,3-dMT (3d) are lower than those for 1,3-

dMU (1d).  

2.4. Discussion 

2.4.1. Acidity 

The experimental measurements of acidity indicate that while 3-MeU and HCl have 

comparable acidities (around 333 kcal mol-1), 3-MeT is slightly less acidic, by 2-5 kcal 

mol-1.  The B3LYP/6-31+G(d) calculations involving HCl are not quite in agreement 

with experiment.  The computed (B3LYP/6-31+G(d)) acidity for HCl is 325.1 while that 

for 3-MeU is 332.8 kcal mol-1.  Thus, by calculation, the acidity difference is more than 7 

kcal mol-1 while by experiment that difference is much less.  The calculations are likely 

to be in error, since the measured acidity of HCl is very well known to be ∆Hacid = 333.4 

± 0.1 kcal mol-1, and our previous bracketing studies show that reaction of HCl and 3-

MeU (i.e. the conjugate base of one with the acid of the other and vice versa) proceeds in 

both directions.13 To establish that the discrepancy is due to a computational artifact, we 

calculated the acidity of HCl and 3-MeU using the CBS-QB3 (complete basis set) model 

chemistry, which has been shown to accurately calculate thermochemical 

values.103,104,139,148,149 Using this method, we find that the calculations and experimental 
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data are in much better agreement: for HCl:  ∆Hacid  = 332.2 kcal mol-1 (calc) and 333.4 ± 

0.1 kcal mol-1 (expt);  for 3-MeU:  ∆Hacid  = 335.5 kcal mol-1 (calc) and 333 ± 2 kcal mol-

1 (expt).  Therefore, it does appear that the discrepancy between calculations and 

experiments is a computational issue. We therefore rely on our experimental data; the 

experimental acidity studies indicate that Cl– and the conjugate base of 3-MeU might be 

comparable leaving groups, based on their acidities; 3-MeT would be a slightly worse 

leaving group.  

2.4.2. SN2 reactions. Methyl chloride vs. pyrimidines 

The calculated energy diagrams for the reactions of formate and methyl thiolate with 

CH3Cl and 1,3-dMU are superimposed in Figures 2.13 and 2.14.  We are not indicating 

that the methyl chloride and dimethyluracil systems start with the exact same total energy; 

we plot them in such a way that the differences in reactivity are easier to see.  We leave 

off 1,3-dMT to keep the diagrams uncluttered.  In both the formate and methyl thiolate 

reactions, the methyl chloride energetics are more favorable than the 1,3-dMU energetics 

(lower transition state energy and more exothermic).  The relevant values for discussion 

are the differences in the transition state energies for reaction of a given nucleophile with 

1,3-dMU versus methyl chloride (11.1 kcal mol-1 for formate (Figure 2.13); 11.8 kcal 

mol-1 for methyl thiolate (Figure 2.14)) and the differences in product energies for 

reaction of a given nucleophile with 1,3-dMU versus methyl chloride (7.3 kcal mol-1 for 

formate (Figure 2.13); 7.4 kcal mol-1 for methyl thiolate (Figure 2.14)).  We know from 

our acidity calculations that the differences in the product energies are probably due to a 

computational artifact: HCl calculates to be 7.7 kcal mol-1 less acidic than 3-MeU even 

though by experiment they have comparable acidities (vide supra).  This energy 
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difference between the acidity values of HCl and 3-MeU corresponds to the ~7 kcal mol-1 

difference in product energies for the reactions in which chloride and deprotonated 3-

MeU are the leaving groups (Figures 2.13 and 2.14).  The transition state energies, 

however, show a larger difference for the 1,3-dMU versus methyl chloride reactions 

(11.1 kcal mol-1 for formate and 11.8 kcal mol-1 for methyl thiolate, favoring the CH3Cl 

reaction).  The accuracy of these SN2 reaction transition state energies is certainly called 

into question based on the failure of B3LYP/6-31+G(d) to correctly predict the acidity of 

HCl.  However, DFT methods have been shown to be reasonable for SN2 reaction 

energetics in degenerate reactions involving chloride as the nucleophile and leaving 

group.136-139,150  The consistent qualitative conclusion from Figures 2.13 and 2.14 is that 

the methyl chloride SN2 reaction appears to have a lower barrier than that of 1,3-dMU. 

That is, although chloride and deprotonated 3-MeU have similar basicities, chloride is the 

better leaving group. 
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Figure 2.13. Superimposed energy diagrams for reactions of 1,3-dMU and methyl 

chloride with formate (B3LYP/6-31+G(d), 298 K)  
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Figure 2.14. Superimposed PES for reactions of 1,3-dMU and methyl chloride with 

methyl thiolate (B3LYP/6-31+G(d), 298 K)  

The experimental SN2 reaction data qualitatively support the calculations (Tables 1.2 

and 2.4).  For example, for the reaction of 1,1,1-trifluoroethoxide with methyl chloride, 

the efficiency is 11% (literature) to 13% (our lab).  With 1,3-dMU, the efficiency with the 

same nucleophile is less than 1% (a rate difference of about 15x, corresponding to about a 

1.5 kcal mol-1 difference in barrier).  Thus, both calculations and experiments do indicate 

that although HCl and 3-MeU have comparable acidities in the gas phase, the conjugate 

bases do not appear to be equivalently good leaving groups.  It appears that the 
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kcal mol-1 by experiment). We understand that our efficiency values for the pyrimidine 

reactions are incredibly low, and it is in fact almost impossible to fully discount the 

possibility that the 1,3-dMU sample (and the 1,3-dMT sample) are not contaminated with 

some monomethyl substrate.  Should, for example, 3-methyluracil be present in the 1,3-

dMU sample, then deprotonation at N1-H of that contaminant 3-MeU would result in the 

same product ion expected from the SN2 reaction.  The 1,3-dMU purchased from Sigma 

Aldrich has a purity of 99%.  We synthesized the 1,3-dMT sample from thymine. The 

compounds appear pure by NMR and also by our mass spectrometric studies of reaction 

with H3O+, where we see only the mass-to-charge ratio corresponding to protonated 1,3-

dMU and 1,3-dMT, and do not see the m/z ratio corresponding to protonated 

monomethylated compound.  We are therefore quite confident that what we see are very 

slow SN2 reactions but cannot discount the possibility that deprotonation of a trace 

amount of monomethylated compound contributes to the observed product ions. However, 

if there is such a contaminant, that would mean that the contribution of the SN2 reaction 

to the total reaction efficiency would be even lower than the reported values.  Therefore, 

the reported efficiency values for the pyrimidine reactions are an upper limit.  Our data 

indicate that the methyl chloride reactions are on the order of 15 times faster than the 1,3-

dMU reactions; this is a lower limit in the sense that our SN2 reaction efficiencies might 

be lower than reported. 

The reason for this is probably related to the nature of the respective leaving groups: 

deprotonated uracil is a delocalized ion while chloride is not.  In the neutral uracil, the N1 

electrons can delocalize into the pi system, but such delocalization separates charge and 

therefore those resonance structures probably contribute less to the actual structure.  
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Deprotonation results in a negative charge that can be stabilized by pushing that charge 

into the carbonyl oxygens (Figure 2.15).  This is the same argument that, for example, 

could be used to explain why N-bromosuccinimide is an effective brominating agent.   

 
Figure 2.15. Resonance structures of neutral and N1-deprotonated uracil. 
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are likely present in the transition state; little electron reorganization is required.  In other 
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ability:  in the SN2 reaction transition state, the N1 anion is not fully formed and therefore 
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reactivity).  In summary, delocalization in an anion may make its conjugate acid acidic, 

but may not affect leaving group ability as much as expected.151-154  

We examined the bond lengths and charge distribution (CHELPG) for the participants 

in the SN2 reaction of formate and methyl thiolate with 1,3-dMU to probe these ideas 

further.  In Table 2.5, we list the distance for the breaking N1-CH3 bond (r1), the distance 

for the forming Nu-CH3 bond (r2), and the charges on the O2 and O4.  For the reactant, 

negative charges of –0.560 and –0.579 reside on the O2 and O4, respectively.  Those 

values increase (negatively) to –0.767 and –0.735 in the product.  For the reaction with 

formate, the transition state is predictably a little late (based on the r1 length, relative to 

the methyl thiolate reaction); the Nu-CH3 bond is more formed (1.94 Å) and the N1-CH3 

bond is quite elongated (2.03 Å).  The charge distributions are more negative than in the 

reactant, but not nearly as negative as in the product (–0.670 and –0.686 for the O2 and 

O4, respectively).  For the reaction with methyl thiolate, the transition state is earlier than 

that for formate, which would be expected since the reaction with methyl thiolate is more 

exothermic (methyl thiolate is a more basic nucleophile).  The breaking N1-CH3 bond is 

shorter (1.94 Å) than the forming Nu-CH3 bond (2.52 Å). Consistent with the earlier TS, 

the oxygens are not as negative as they are in the formate transition state (–0.641 and –

0.683 for methyl thiolate, versus –0.670 and –0.686 for the O2 and O4, respectively, for 

formate).  There does seem to be an interesting paradox for reactions where the leaving 

group gains stability from delocalization:  as the nucleophile becomes more basic, the 

reaction becomes more exothermic, which is consistent with a slightly lowered barrier (as 

we see with the formate reaction, which has a ∆H‡ of 9.2 kcal mol-1 above the separated 

reactants versus that of methyl thiolate, which is only 4.3 kcal mol-1).155,156 However, as 
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the reaction becomes more exothermic, the transition state may move earlier, where 

charge might be less delocalized, which would have an opposing effect on rate.   

 

Table 2.5. Calculated (B3LYP/6-31+G(d)) distances and charges (CHELPG) for SN2 

reactions of 1,3-dMU.  

 
SUBSTRATE 

r1 (N1–CH3 
distance) (Å) 

r2 (CH3–Nu 
distance) (Å) 

charge, 
O2 

charge, 
O4 

1,3-dMU (reactant) 1.47 N/A –0.560 –0.579 
N1-deprotonated 3-

MeU (product) 
N/A N/A –0.767 –0.735 

TS with Nu– = HCOO– 2.03 1.94 –0.670 –0.686 
TS with Nu– = MeS– 1.94 2.52 –0.641 –0.683 
HCOOCH3 (product) N/A 1.44 N/A N/A 
CH3SCH3 (product) N/A 1.83 N/A N/A 
 

In summary, although uracil is as acidic as HCl, deprotonated uracil is not as good of a 

leaving group as chloride due to electron delocalization-related issues.  This is not to say 

that deprotonated uracil is necessarily a terrible leaving group; it is clearly the species 

that leaves in the UDG reaction.8,115,117,121   

In this study, we are also interested in comparing 1,3-dMU to 1,3-dMT.  Since UDG 

cleaves uracil but not thymine, we wanted to probe whether there was an intrinsic 

reactivity component that would favor uracil cleavage.  The calculations for the formate 

and methyl thiolate reactions with 1,3-dMU versus 1,3-dMT indicate that the barriers for 

the 1,3-dMU reactions are usually about 1 kcal mol-1 lower (relative to the separated 

N

N

O

O

CH3

CH3

1
35

Nu

r1

r2



 

 

60 

 

reactants) than the reactions with 1,3-dMT.  The measured reaction efficiencies for the 

uracil reactions are consistently higher than for the analogous thymine reactions (Table 

2.4).  The efficiency values are very small, but the 1,3-dMU reactions are always at least 

ten times higher in efficiency than the corresponding 1,3-dMT reactions.  Assuming that 

the efficiency results are not due in part to deprotonation reactions of a monomethylated 

contaminant, it does appear that the uracil reactions are faster than the thymine reactions, 

which is consistent with the calculations and the measured acidities (wherein 3-MeU is 

more acidic than 3-MeT, vide supra).  Thus, intrinsically, deprotonated uracil is more 

easily cleavable than deprotonated thymine, which could be one factor (of many) aiding 

in the discrimination between the two by UDG in DNA. 

Last, although we cannot be sure that nucleophilic attack occurs at N1 (rather than N3) 

of 1,3-dMU and 1,3-dMT (Figure 2.12), our calculations indicate that the difference in 

reactivity of those sites is so great (more than 10 kcal mol-1, vide supra) that attack at N1 

is likely. Future studies with appropriately deuterated substrates were proposed.157 

2.5. Conclusions 

We find that although the acidity of HCl and 3-methyluracil are comparable in the gas 

phase, the leaving group abilities of chloride and deprotonated 3-methyluracil are 

different, with chloride being slightly better.  The basis of this difference lies in the fact 

that deprotonated 3-methyluracil is thermodynamically very acidic due to delocalization, 

which does not yield as large of a beneficial effect in the SN2 reaction transition state.   

Comparison of calculations to experiments indicate that the B3LYP/6-31+G(d) 

estimates the acidity of the pyrimidine derivatives well, but not that of HCl (the error is 

on the order of 7 kcal mol-1, with the calculations yielding too low of a value).  In terms 
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of the SN2 reactions, the calculations predict that those with methyl chloride would be 

favored over those of 3-methyluracil.  The experiments also indicate that the methyl 

chloride reactions are faster than those of 1,3-dimethyluracil, with rates of at least 15-20 

times more.  

We also compared the leaving group ability of 1,3-dimethyluracil versus 1,3-

dimethylthymine.  Our calculations and experiments indicate that the N1-deprotonated 

uracil derivative is a slightly better leaving group than the N1-deprotonated thymine 

derivative, which is consistent with the cleavage of the former but not the latter from 

DNA.   
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Note: Major parts of the following chapter have been published: Michelson A. Z.; 

Petronico, A.; Lee, J. K.  J. Org. Chem. 2012, 77, 1623–1631. 

Chapter 3. 2-Pyridone and Derivatives: Gas Phase 

Acidity, Proton Affinity, Tautomer Preference 

and Leaving Group Ability 

3.1. Introduction 

We have long been interested in the leaving group ability of nucleobases, particularly 

damaged ones, in relation to the mechanism of the enzymes that remove such bases from 

DNA.  Many of our recent studies have focused on uracil, which is an RNA base that can 

be mutagenic when it occurs in DNA.5,10,13,77,122  

Uracil is removed from the genome by the enzyme uracil DNA glycosylase, which has 

been shown to involve N1-deprotonated uracil as the leaving group (Figure 3.1).5,122 In 

earlier work described in Chapter 2 and previous Lee and co-workers papers, we 

examined the properties of uracil in the gas phase; with a dielectric of 1, the gas phase is 

an "ultimate" nonpolar environment and can therefore potentially lend insight into 

reactivity in other nonpolar media, including enzyme active sites.10,13,77  

We found that the intrinsic, gas-phase acidity of uracil is comparable to that of 

hydrochloric acid.  Because the strength of an acid generally correlates with the leaving 

group ability of its conjugate base in the gas phase, deprotonated uracil may be a very 

good leaving group, comparable to chloride.  
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Figure 3.1.  Uracil is removed from a genome by uracil DNA glycosylase (UDG).  

However, when we examined hydrochloric acid and 3-methyluracil in the gas phase, 

we found that despite similar acidities, chloride is a better leaving group than N1-

deprotonated 3-methyluracil (Figure 3.2).77,158 We proposed that the reason for the 

disparity between acidity and leaving group ability could be due to the resonance 

delocalization in the N1-deprotonated 3-methyl uracil anion versus that is absent in the 

chloride ion.  Deprotonated 3-methyluracil is thermodynamically stable due to 

delocalization by resonance (Figure 3.2c); however, that delocalization might not be 

fully realized in an SN2 transition state.  Therefore, the stabilizing benefit of resonance 

delocalization is not as evident in leaving group ability, and deprotonated 3-methyl uracil 

is not as good a leaving group as chloride ion. 
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Figure 3.2. Comparison of (a) acidity and (b) leaving group ability for 3-methyluracil 

and hydrogen chloride.  Resonance delocalization in N1-deprotonated 3-methyluracil 

anion is also shown (c). 

To further probe this hypothesis, we would need a model system where we could 

systematically compare resonance-stabilized and non-resonance-stabilized anionic 

leaving groups.  We would expect a closer correlation between acidity and leaving group 

ability for the non-resonance-stabilized anions than the resonance-stabilized anions. 

Toward that end, we decided to examine the effect of substitution on a series of 2-

pyridones (Figure 3.3).  We chose the pyridone system for various reasons, including 

simplicity, resemblance to uracil, and the plan that changing substituent "X" would allow 

us to probe effects systematically. 
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Figure 3.3.  2-Pyridone and 3-substituted derivatives studied herein.  

Although understanding the substituent effects on leaving group ability was the initial 

motivation for this study, pyridones are also of interest in their own right. The keto-enol 

tautomerism of the parent 2-pyridone has been much studied in the last century; 

pyridone/hydroxypyridine is considered a prototypical model for hydrogen bonding, 

tautomerization, and proton shuttling in both chemical and biological systems, including 

those involving nucleobases.159-163  Aqueous studies point to the keto form (1a); gas 

phase studies indicate a mixture, but with a 2-hydroxypyridine (1b) preference.164-170  In 

this study, we measure the acidity and proton affinity of various derivatives not 

heretofore examined, which establishes fundamental properties as well as giving insight 

to tautomer presence.  
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3.2.1. Bracketing experiments 

Acidity and proton affinity bracketing experiments were conducted using a Finnigan 

2001 Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR) with a dual 

cell set up according to the protocol described in details previously and in Chapter 

1.10,13,35,36,38-41 Proton transfer reactions were conducted in both directions. Solid 

pyridones were introduced to the cell via a solids probe and slightly heated if necessary. 

Liquid reference acids or bases were introduced via a heatable batch inlet system. 

Hydroxide or hydronium ions were produced from water pulsed into the cell, and ionized 

by an electron beam (typically 8 eV (for OH-), 20 eV (for H3O+), 6 µA, 0.5 s). 

Bracketing experiments were run under pseudo-first order conditions since the amount 

of the neutral reactant was always in excess, relative to the reactant ions. Reading the 

pressure of the neutral compounds from the ion gauges is not always accurate; therefore 

we “back out” the neutral substrate pressure from fast control reactions (described 

previously and in Chapter 1).38-41,79,80  

3.2.2. Cooks kinetic method  

We also used the Cooks kinetic method in a Finnigan quadrupole ion trap (LCQ) mass 

spectrometer84-87,135 to measure proton affinity and acidity. The proton-bound complex 

ions are generated by electrospray (ESI).72  For each experiment, a solution of the 

pyridone (250 µM) and reference acid or base (250 µM) is prepared (in 20% methanol/80% 

water). An electrospray needle voltage of ~4 kV was used. The flow rate is 25 µL/min. 

The proton-bound complex ions were isolated and then dissociated by applying collision-
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induced dissociation (CID); the complexes were activated for about 30 ms. A total of 

forty scans was averaged for the product ions.  

Cooks kinetic method involves the formation of a proton bound complex, or dimer, of 

the conjugate bases of the unknown AH and a reference acid BiH of known acidity (Eq. 

1). The same can be done for proton affinity, where a positively charged proton-bound 

dimer is formed.  

 

The proton bound dimer [AHBi]− is dissociated via collision-induced dissociation 

(CID). The rate constants k1 and k2 are for the two different dissociation pathways. The 

relationship of these rate constants to ∆Hacid is shown in Eq. 2. R is the gas constant and 

Teff is the effective temperature88 of the activated dimer.84-87,135 The ratio of the amounts 

(intensities) of the two deprotonated products yields the relative acidity of the two 

compounds of interest, assuming the dissociation has no reverse activation energy barrier 

and that the dissociation transition structure is late and therefore indicative of the stability 

of the two deprotonated products. These assumptions are generally true for proton bound 

systems. To obtain the acidity of compound AH, the natural logarithm of the relative 

intensity ratios is plotted versus the acidities for a series of reference acids, where the 

slope is (1/RTeff) and the y-intercept is (-∆HAH/RTeff). The Teff is obtained from the slope. 

The acidity of compound AH, (∆HAH) is calculated from either Eq. 2 or the y-intercept.  

ln(k1/k2) = (1/RTeff )(ΔHBiH - ΔHAH)

[AHBi]
[BiH]  +  A

[AH]  +  Bi

k1

k2
eq. 1

eq. 2
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3.2.3. Calculations   

Calculations were conducted at B3LYP/6-31+G(d)92-94 and M06-2X/6-

311+G(2df,2p)95,96 level as implemented in Gaussian09.91 The geometries were fully 

optimized and frequencies were calculated. No scaling factor was applied. All the values 

reported are at ∆H at 298 K.  The acidity and PA values include the enthalpy of the 

proton at 298 K (1.5 kcal mol-1).  All calculated transition state structures have one 

negative frequency.  

3.3. Results and Discussion. 

The substrates we considered are shown in Figure 3.3. We chose substitution at the 3-

position as this allowed for a negative charge on N1 to delocalize into resonance-

stabilizing groups (–C2H3, C4H5, CHO).  Chloride and bromide serve as electron-

withdrawing groups into which charge cannot delocalize by resonance. 

Our first goal was to benchmark calculations by examining the commercially available 

parent, 3-chloro- and 3-formyl-2-pyridones experimentally and theoretically.  These three 

were chosen as models for substrates with no substitution, substitution with a moiety that 

does not provide resonance delocalization for an anion at N1, and substitution with a 

resonance-stabilizing group, respectively.   

3.3.1. 2-Pyridone.  

3.3.1.1. Calculations: 2-pyridone tautomers, acidity, proton affinity. 

The keto-enol tautomerism of the parent pyridone system has been theoretically 

examined quite extensively in the past several decades.162  The two tautomers, 2-pyridone 

(PY, 1a) and 2-hydroxypyridine (HP, 1b) appear to have less than a 1 kcal mol-1 
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difference in stability in the gas phase (with HP being more stable), which makes it a 

challenging computational system to examine.  

 

Although DFT methods generally are known to reverse the PY/HP tautomer relative 

energies, they do generate reliable molecular structures.171-177  Incorrect DFT energies 

have been shown to arise from the exchange potentials.171  

Because we are interested not just in the relative tautomer stabilities, but also the 

thermochemical properties (proton affinity and acidity, which in our previous studies of 

nucleobases are well calculated by DFT methods), we calculated the possible tautomers 

of pyridone using B3LYP/6-31+G(d) (Figure 3.4).10,13,35-41,76  As expected, B3LYP/6-

31+G(d) incorrectly predicts that PY tautomer 1a should be more stable than HP 

tautomer 1b (Figure 3.4).  (The other possible enol structure 1b' is 7 kcal mol-1 less 

stable than 1a, Figure 3.4).  

Figure 3.4.  Pyridone calculations at B3LYP/6-31+G(d).  Values in parentheses are 

relative stabilities.  All are ∆H298 values, in kcal mol-1.  

We also calculated the pyridone stabilities and properties using M06-2X/6-

311+G(2df,2p) (Figure 3.5).95,96,148  Tautomerism of PY/HP has not been examined by 

this relatively new suite of density functionals.   Because recent papers have shown the 

accuracy of this method for predicting a wide range of chemistry, we wished to probe 

whether it could serve as a reasonable method for predicting stability and thermochemical 

properties in these systems.95,96,148  M06-2X/6-311+G(2df,2p) correctly predicts the 
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higher stability of the enol form HP (1b, Figure 3.5). (The other possible enol structure, 

with the proton pointing "toward" C3 (1b') is 5 kcal mol-1 less stable than 1b at this level). 

The relative energy of the keto (PY) form 1a (+1.6 kcal mol-1) is slightly higher than that 

found by gas-phase experiments (which predict less than 1 kcal mol-1), but is still a fairly 

reasonable calculational estimate.163,165,178,179  More computationally intensive methods 

(G3, G4, CBS-APNO) yield more accurate values, but the faster M06-2X method is 

surprisingly quite comparable to CBS-APNO (which gives a relative stability of HP to 

PY as 1.3 kcal mol-1).162  

The acidity (∆Hacid) and proton affinity (PA, which is –∆H for protonation)33 of the 2-

pyridone structures at M06-2X/6-311+G(2df,2p) are also shown in Figure 3.5.  In terms 

of acidity, the more stable enol 1b and the keto structure 1a have similar values (347.9 

versus 346.3 kcal mol-1).  The PAs, however, may allow for differentiation between the 

two tautomers: the most basic site of enol 1b is calculated to be 213.0 kcal mol-1, while 

for keto 1a it is 218.7 kcal mol-1.180  The enol 1b' is significantly higher in energy than 

the other two structures and is unlikely to be present. 

 

Figure 3.5. 2-Pyridone calculations at M06-2X/6-311+G(2df,2p).  Values in 

parentheses are relative stabilities.  Proton affinity values are in blue; acidity values are in 

red.  All are ∆H298 values, in kcal mol-1. 
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3.3.1.2.  Experiments: 2-pyridone acidity. 

We measured the acidity of 2-pyridone using acidity bracketing (details in 

experimental section).181 In the bracketing experiment (Table 3.1), a proton transfer 

occurs from acetic acid (∆Hacid = 347.4 ± 0.5 kcal mol-1) to deprotonated pyridone; the 

opposite reaction also occurs (that is, acetate deprotonates 2-pyridone), placing the 

acidity (∆Hacid) of 2-pyridone at 347 ± 3 kcal mol-1.  

Table 3.1. Summary of results for acidity bracketing of 2-pyridone (1).  

Reference compound ΔHacid
a Proton 

transferb 

  Ref. 
acid 

Conj. 
base 

i-propylthiol 354.6 ± 0.5 – + 

n-pentanethiol 352.5 ± 2.3 – + 

m-cresol 349.6 ± 2.1 – + 

acetic acid 347.4 ± 0.5 + + 

butyric acid 346.8 ± 2.0 + – 
formic acid 346.0 ± 0.5 + – 

2,4-pentanedione 343.8 ± 2.1 + – 

aΔHacid is in kcal mol-1.33,182  bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer. 

 

3.3.1.3.  Experiments: 2-pyridone proton affinity. 

We measured the proton affinity (PA) of 2-pyridone using two complementary 

methods: PA bracketing and the Cooks kinetic method (details in experimental section).  

In the bracketing experiment, the reaction is found to proceed in both directions for N-
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methylaniline (PA = 219.1 ± 2.0 kcal mol-1), yielding a PA of 219 ± 3 kcal mol-1 (Table 

3.2).   

Table 3.2. Summary of results for proton affinity bracketing of 2-pyridone (1).  

Reference compound PAa Proton 
transferb 

  Ref. 
base 

Co
nj. 

acid 
N-ethylaniline 221.0 ± 2.0 + – 

n-butylamine 220.2 ± 2.0 + – 

N-methylaniline 219.1 ± 2.0 + + 
3-methylpyrazole 216.5 ± 2.0 – + 
2-chloropyridine 215.3 ± 2.0 – + 

o-toluidine 212.9 ± 2.0 – + 
pyrrole 209.2 ± 2.0 – + 

a PA is in kcal mol-1.33  bA “+” indicates the occurrence and a “–” indicates the absence 

of proton transfer 
 

Using the Cooks kinetic method with reference bases 4-methylpyrazole (PA = 216.7 ± 

2.0 kcal mol-1), N,N-dimethylacetamide (PA = 217.0 ± 2.0 kcal mol-1), N-benzylamine 

(PA = 218.3 ± 2.0 kcal mol-1), N-methylaniline (PA = 219.1 ± 2.0 kcal mol-1), L-

phenylalanine (PA = 220.6 ± 2.0 kcal mol-1), and cyclohexylamine (PA = 223.3 ± 2.0 

kcal mol-1) yields a PA of 218 ± 3 kcal mol-1.  

3.3.1.4. Tautomer composition: 2-pyridone. 

Therefore, our experiments indicate a ∆Hacid of 347 kcal mol-1.  At M06-2X/6-

311+G(2df,2p), both the keto (1a) and enol (1b) tautomers have acidities close to this 
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value (346.3 and 347.9 kcal mol-1), so the experimental acidity cannot be used to 

ascertain what tautomers are present.   

The M06-2X/6-311+G(2df,2p) calculated PA for the enol tautomer 1b is 213.0 kcal 

mol-1 (for the most basic site, which is the ring nitrogen); for the keto tautomer 1a, the 

computed PA (at the carbonyl) is 218.7 kcal mol-1.  We find that calculated proton 

affinities using this same method and level for a series of model compounds whose PAs 

are well known experimentally (cyclohexanone, N-methyl-2-pyridone, N-

methylacetamide, 3,5,5-trimethyl-2-cyclohexen-2-one) are accurate to within 1 kcal mol-1 

(Figure 3.6).33 Therefore, the bracketed PA value of 219 kcal mol-1 implies that under 

our conditions, the keto tautomer is present. 

 

Figure 3.6. Benchmarking calculations results (M06-2X/6-311+G(2df,2p)) and 

comparison with literature (NIST) values. Values in blue are gas phase PA, values in red 

are gas phase acidities (in kcal mol-1); 298 K. 

 

As mentioned earlier, previous gas phase experiments indicate a mixture of the keto 

and enol tautomers. In the PA bracketing experiment, as long as the neutral keto tautomer 

1a is present, it will deprotonate protonated reference bases with PAs around 219 kcal 
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mol-1 and lower ("+" in the rightmost column of Table 3.2).  We cannot know whether 

the enol 1b is also present; the enol may contribute to the "+" reactivity at lower PA 

values but there is no way to discern that.183  In the opposite direction, we find that only 

bases with PAs of 219 kcal mol-1 and higher deprotonate protonated 2-pyridone.  This 

experimental result implies the presence of the protonated structure 2 but not 3 (Figure 

3.7), since if 3 were present, one would expect reference bases in the 213-215 kcal mol-1 

range to deprotonate the protonated 2-pyridone.  At M06-2X/6-311+G(2df,2p), 2 is more 

stable than 3 by 4.2 kcal mol-1. Presumably, once 2-pyridone is protonated, reaction 

(Scheme 3.1) or rearrangement to the more stable form 2 may occur, leading to 

deprotonation only by bases with PAs higher than 219 kcal mol-1.10  Practically speaking, 

we bracket the more basic tautomer present and cannot be sure that the tautomer with a 

lower PA is not also present.  

 

 

Figure 3.7.  Possible structures for protonated 2-pyridone. Values in parentheses are 

relative stabilities.  Enthalpy required to deprotonate protons are in blue.  All are ∆H298 

values, in kcal mol-1, calculated at M06-2X/6-311+G(2df,2p).  

Scheme 3.1 
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The Cooks kinetic experiment is interesting as a complementary method in that the 

pyridone is not vaporized - rather, a proton-bound dimer of the pyridone and reference 

base (4) is electrosprayed from aqueous (20% methanol, 80% water) solution. The 

proton-bound dimer is then isolated in the mass spectrometer and energy is applied 

(collision-induced dissociation, CID, details in experimental section).  The measured PA 

value of 218 kcal mol-1 implies that we measure the proton affinity on the "C3 side" (the 

face of the oxygen facing C3, not N1) of the keto structure 1a.40  Because the proton-

bound dimer is electrosprayed from a water solution, this result indicates that pyridone 

probably exists as the keto tautomer in aqueous solution, which is consistent with 

previous solution phase experimental data.162-164,184,185  

 

4 

Thus, in our experiments, whether we vaporize 2-pyridone from the solid phase or 

electrospray a proton-bound dimer of 2-pyridone with a reference base, we measure a PA 

that is consistent with the calculated PA of the keto structure.  This result does not 

discount the possibility of a keto-enol mixture; we can only say that the keto form is 

present.   

To validate the comparison of calculations to experiment, we also calculated the PA of 

N-methyl-2-pyridone (5) at M06-2X/6-311+G(2df,2p); methylation of the N removes the 

possibility of multiple tautomers and "locks" the pyridone into keto form.  The calculated 

PA of the most basic site is 222.2 kcal mol-1.  The literature value is 221.3 ± 2.0 kcal mol-

1,33,89 which we also confirmed by bracketing the PA in our FTMS (Table 3.3).  The 

calculated and measured values are therefore consistent, and support our conclusion for 

pyridinone•••H•••reference base
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the parent (N-H) 2-pyridone: the measured PA of 219 kcal mol-1 corresponds to the keto 

form (calculated PA of 218.7 kcal mol-1).  

 

Table 3.3. Summary of results for proton affinity bracketing of N-methyl-2-pyridone 

(5).  

 

 

 

 

 

 

 

 

a PA is in kcal mol-1. bA “+” indicates the occurrence and a “–” indicates the absence of 

proton transfer 

3.3.2. 3-Chloro-2-pyridone. 

3.3.2.1.  Calculations:  3-chloro-2-pyridone tautomers, acidity, proton 

affinity. 

The calculated values at M06-2X/6-311+G(2df,2p) for the acidity and proton affinity 

for the possible tautomers of 3-chloro-2-pyridone are shown in Figure 3.8. As with the 
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Reference compound PAa Proton transferb 

  Ref. 
base 

Conj. 
acid 

3-picoline 225.5 ± 2.0 + – 

cyclohexylamine 223.3 ± 2.0 + – 
pyridine 222.0 ± 2.0 + + 
N-ethylaniline 221.0 ± 2.0 + + 
n-butylamine 220.2 ± 2.0 – + 
N-methylaniline 219.1 ± 2.0 – + 
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parent pyridone, calculations predict that the more stable enol tautomer (6b, with the 

proton "pointing" toward N1) will be slightly more stable than the keto 6a, by 1.2 kcal 

mol-1.  Both tautomers have similar acidity (338-339 kcal mol-1), but the proton affinities 

of the most basic sites differ by 8 kcal mol-1 (208.0 (enol) versus 215.9 kcal mol-1 (keto)).  

There is also the other enol structure (with the proton "pointing" toward C3, 6b') that is 

2.1 kcal mol-1 less stable than the enol tautomer 6b; its PA and acidity are comparable to 

the keto form. In the parent pyridone, the analogous enol form (H "pointing" toward C3, 

1b') is not particularly stable.  However, in this 3-chloro compound, a stabilizing 

interaction between the 3-Cl and the 2-OH exists (calculated Cl-H distance is 2.4 Å), 

stabilizing the tautomer.  

 

 

Figure 3.8. 3-Chloro-2-pyridone calculations at M06-2X/6-311+G(2df,2p). Values in 

parentheses are relative stabilities.  Proton affinity values are in blue; acidity values are in 

red.  All are ∆H298 values, in kcal mol-1.  

3.3.2.2.  Experiments:  3-chloro-2-pyridone acidity. 

We measured the acidity of 3-chloro-2-pyridone using both bracketing and the Cooks 

kinetic method.  In the bracketing experiment (Table 3.4), the reaction between the 

deprotonated 3-chloro-2-pyridone and trifluoro-m-cresol (∆Hacid = 339.3 ± 2.1 kcal mol-1) 
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proceeds, as does the reaction in the opposite direction (trifluoro-m-cresolate with neutral 

3-chloro-2-pyridone), yielding a ∆Hacid value of 339 ± 3 kcal mol-1. 

 Table 3.4. Summary of results for acidity bracketing of 3-chloro-2-pyridone (6). 

Reference compound ΔHacid
a Proton transferb 

  Ref. 
acid 

Conj. 
base 

formic acid 346.0 ± 0.5 – + 

2,4-pentanedione 343.8 ± 2.1 – + 

methyl cyanoacetic acid 340.8 ± 0.6 – + 
trifluoro-m-cresol 339.3 ± 2.1 + + 

2-chloropropionic acid 337.0 ± 2.1 + – 
malononitrile 335.8 ± 2.1 + – 
pyruvic acid 333.5 ± 2.9 + – 

aΔHacid is in kcal mol-1.33,182  bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer 
 

Using the Cooks kinetic method and reference acids anthranilic acid (∆Hacid = 337.3 ± 

2.2 kcal mol-1), 2,6-dimethylbenzoic acid (∆Hacid = 338.4 ± 2.1 kcal mol-1), trifluoro-m-

cresol (∆Hacid = 339.3 ± 2.1 kcal mol-1), benzoic acid (∆Hacid = 340.1 ± 2.2 kcal mol-1), 

and methoxyacetic acid (∆Hacid = 341.9 ± 2.1 kcal mol-1) gives a ∆Hacid of 340 ± 3 kcal 

mol-1.  

3.3.2.3.  Experiments:  3-chloro-2-pyridone proton affinity. 

3-Methylpyrazole (PA = 216.5 ± 2.0 kcal mol-1) deprotonates protonated 3-chloro-2-

pyridone, but 2-chloropyridine (PA = 215.3 ± 2.0 kcal mol-1) does not (Table 3.5).  In the 

opposite direction, 3-chloro-2-pyridone deprotonates protonated 2-chloropyridine, but not 
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protonated 3-methylpyrazole.  Therefore the bracketed PA of 3-chloro-2-pyridone is 216 

± 3 kcal mol-1.   

Table 3.5.  Summary of results for proton affinity bracketing of 3-chloro-2-pyridone 

(6).  

Reference compound PAa Proton transferb 

  Ref. 
base 

Conj. 
acid 

N-methylaniline 219.1 ± 2.0 + – 

N,N-dimethylacetamide 217.0 ± 2.0 + – 

3-methylpyrazole 216.5 ± 2.0 + – 
2-chloropyridine 215.3 ± 2.0 – + 

m-toluidine 214.7 ± 2.0 – + 
o-toluidine 212.9 ± 2.0 – + 

pyrrole 209.2 ± 2.0 – + 
a PA is in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the absence 

of proton transfer 

In the Cooks kinetic method experiment, reference bases 2-chloropyridine (PA = 215.3 

± 2.0 kcal mol-1), anthranilic acid (PA = 215.5 ± 2.0 kcal mol-1), 3-methyl pyrazole (PA = 

216.5 ± 2.0 kcal mol-1), 4-methylpyrazole (PA = 216.7 ± 2.0 kcal mol-1), and N,N-

dimethylacetamide (PA = 217.0 ± 2.0 kcal mol-1) were used, yielding a PA of 216 ± 3 

kcal mol-1.  

3.3.2.4. Tautomer composition: 3-chloro-2-pyridone. 

The ∆Hacid of 3-chloro-2-pyridone, regardless of method used, is measured to be 339-

340 kcal mol-1.  Since the calculated acidity of the enol and keto tautomers are in the 

same range (337-339 kcal mol-1 for the three different structures 6a, 6b, 6b'), the acidity 

is not indicative of which tautomers may be present.  The bracketed PA is 216 kcal mol-1.  
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As with the parent pyridone, when compared to calculations, the measured PA does not 

correspond to the most stable enol tautomer 6b.  In this case, the bracketed PA is 

consistent with either the keto form 6a or the less stable enol form 6b'. The latter is 

calculated to be 2.1 kcal mol-1 less stable than the more stable enol 6b; if this estimate is 

accurate, this particular form should constitute a relatively small portion of the tautomer 

mixture.  In the following discussion, therefore, we will focus on the keto form 6a and 

the enol form 6b. 

In the bracketing experiment, the neutral 3-chloro-2-pyridone is able to deprotonate 

conjugate acids of reference bases with PAs 215 kcal mol-1 and lower (rightmost column, 

Table 3.5).  This is consistent with the PA of keto form (calculated PA = 215.9 kcal mol-

1), indicating the presence of the keto tautomer 6a.  At PAs less than 208 kcal mol-1, the 

enol tautomer 6b could also be reacting, but we would not be able to discern its 

contribution to the overall reactivity. In the opposite direction, reference bases below 

216.5 kcal mol-1 cannot deprotonate protonated 3-chloro-2-pyridone.  This would imply 

the presence of structure 7, but not of structure 8.  As with the parent pyridone, we 

speculate that if 8 is present, it converts under our conditions to the more stable 

protonated form 7 (more stable than protonated 8 by 6.7 kcal mol-1). 

As with the parent pyridone, therefore, we can conclude that the keto (6a) tautomer is 

present, but cannot discount a mixture that possibly also includes enol tautomer (6b), 

since the nature of the experiment dictates that we bracket only the most basic tautomer.  

Given that calculations indicate a roughly 1 kcal mol-1 difference in stability for 6a versus 

6b, a mixture is probable. 
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Figure 3.9. Possible structures for protonated 3-chloro-2-pyridone. Values in 

parentheses are relative stabilities.  Enthalpy required to deprotonate protons are in blue.  

All are ∆H298 values, in kcal mol-1, calculated at M06-2X/6-311+G(2df,2p).  

 

The Cooks kinetic PA value is also 216 kcal mol-1, which indicates that we are 

measuring the carbonyl O (on the "C3" side or face) of 6a, implying the keto form 

dominates in solution.40,185  

3.3.3. 3-Formyl pyridone. 

3.3.3.1. Calculations:  3-formyl-2-pyridone tautomers, acidity, proton 

affinity 

3-Formyl pyridone is somewhat more complicated in that several different structures 

are possible due to both the formyl and the enol moieties.  The three lowest energy 

structures at M06-2X/6-311+G(2df,2p) are shown in Figure 3.10. The remaining 

structures are over 4 kcal mol-1 less stable than the most stable tautomer 9b'; all are 

shown in Figure 3.11).  As with the parent and 3-chloro-2-pyridone, an enol structure 

(9b') is predicted to be most stable in the gas phase.  However, in this case, the proton of 

the most stable enol is pointing "toward" the C3.  This is in contrast to the parent and 3-

chloro derivatives, where the analogous structures (1b' and 6b' for the parent and 3-

chloro, respectively) were the least stable. The high stability of this structure is due to the 
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internal hydrogen bond that exists between the enol H and the carbonyl O (calculated 

distance of 1.8 Å).  The parent pyridone has no such hydrogen bond, so structure 1b' is 

quite unstable, relative to 1b (Figure 3.5).  In the 3-chloro-2-pyridone, the analogous 

structure 6b' is somewhat stabilized by a weak internal hydrogen bond (calculated Cl-H 

distance of 2.4 Å).  Interestingly, with the formyl system, the stabilities are reversed and 

9b' becomes the most stable structure. The calculated acidities and proton affinities are 

also shown in Figure 3.10 for the three tautomers.  

 

Figure 3.10. 3-Formyl-2-pyridone calculations at M06-2X/6-311+G(2df,2p). Values in 

parentheses are relative stabilities.  Proton affinity values are in blue; acidity values are in 

red.  All are ∆H298 values, in kcal mol-1. 

 

 

Figure 3.11. Calculated (M06-2X/6-311+G(2df,2p)) relative enthalpies (in kcal mol-1)  

for 6 possible tautomers of 3-formyl-2-pyridone. 

N

O
C

1
3

O H

N

O
C

H
1
3

O H

N

O
C

1
3

OH
190.9

201.5
216.9

200.6

197.4

205.5

165.6

167.9

205.9

208.3

206.2

201.9

332.6

340.6

333.0

(1.6)(0) (2.0)

9b' 9b 9a

H

H

N

O
C

1
3

O

(0) (1.6)

H

N

O
C

N

O
C

1 1
33

O

(4.5) (8.3)

HOH

H

H

H
N

O
C

H
1
3

O

(6.5)(2.0)

H

N

O
C

1
3

OH
H

N

O
C

H
1
3

H O



 

 

83 

 

3.3.3.2.  Experiments:  3-formyl-2-pyridone acidity 

Using the bracketing method, we find that deprotonated 3-formyl pyridone does not 

deprotonate 2-chloropropionic acid (∆Hacid = 337.0 ± 2.1 kcal mol-1); the opposite 

reaction occurs (Table 3.6).  Deprotonated 3-formyl pyridone does deprotonate 

malononitrile but deprotonated malononitrile does not deprotonate 3-formyl pyridone.  

We thus bracket 3-formyl pyridone to be ∆Hacid = 336 ± 3 kcal mol-1. 

Table 3.6.  Summary of results for acidity bracketing of 3-formyl-2-pyridone (9). 

Reference compound ΔHacid
a Proton 

transferb 

  Ref. 
acid 

Conj. 
base 

methyl cyanoacetate 340.8 ± 0.6 – + 

trifluoro-m-cresol 339.3 ± 2.1 – + 

2-chloropropionic acid 337.0 ± 2.1 – + 

malononitrile 335.8 ± 2.1 + – 

pyruvic acid 333.5 ± 2.9 + – 
difluoroacetic acid 331.0 ± 2.2 + – 

1,1,1-trifluoro-2,4-pentanedione 328.3 ± 2.9 + – 

a ΔHacid is in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer 
 

We also measured the acidity of 3-formyl-2-pyridone using the Cooks kinetic method. 

Five reference acids were used:  2-chloropropionic acid (∆Hacid = 337.0  ± 2.1 kcal mol-1), 

2-bromopropionic acid (∆Hacid = 336.8 ± 2.1 kcal mol-1), p-hydroxybenzoic acid (∆Hacid = 

335.9 ± 2.1 kcal mol-1), 2-chlorobenzoic acid (∆Hacid = 335.1 ± 2.1 kcal mol-1), pyruvic 

acid (∆Hacid = 333.5 ± 2.9 kcal mol-1). The experiments yield an acidity of 335 ± 3 kcal 

mol-1. 
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3.3.3.3.  Experiments:  3-formyl-2-pyridone PA 

When bracketing the PA of 3-formyl-2-pyridone, we find that the reaction proceeds in 

both directions for 3-methylpyrazole (PA = 216.5 ± 2.0 kcal mol-1) and N,N-

dimethylacetamide, placing the PA = 217 ± 3 kcal mol-1 (Table 3.7). 

 

Table 3.7. Summary of results for proton affinity bracketing of 3-formyl-2-pyridone 

(9). 

Reference compound PAa Proton 
transferb 

  Ref. 
base 

Conj. 
acid 

n-butylamine 220.2 ± 2.0 + – 

N-methylaniline 219.1 ± 2.0 + – 

N,N-dimethylacetamide 217.0 ± 2.0 + + 

3-methylpyrazole 216.5 ± 2.0 + + 

2-chloropyridine 215.3 ± 2.0 – + 

o-toluidine 212.9 ± 2.0 – + 
pyrimidine 211.7 ± 2.0 – + 

aniline 210.9 ± 2.0 – + 
pyrrole 209.2 ± 2.0 – + 

m-chloroaniline 207.5 ± 2.0 – + 

a PA is in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the absence 

of proton transfer 
 

Six reference bases were used to measure PA via Cooks kinetic method: n-butylamine 

(PA = 220.2 ± 2.0 kcal mol-1), N-methylaniline (PA = 219.1 ± 2.0 kcal mol-1), N-

benzylamine (PA = 218.3 ± 2.0 kcal mol-1), N,N-dimethylacetamide (PA = 217.0 ± 2.0 
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kcal mol-1) 3-methylpyrazole (PA = 216.5 ± 2.0 kcal mol-1), 2-chloropyridine (PA = 

215.3 ± 2.0 kcal mol-1). These yield a PA of 217 ± 3 kcal mol-1. 

3.3.3.4.  Tautomer composition:  3-formyl-2-pyridone. 

The measured acidity is 335-336 kcal mol-1, with a ±3 kcal mol-1 error bar.  Because 

this value is right "in between" and could correspond to any of the various acidities of the 

three low-energy structures (enol 9b' has a calculated ∆Hacid of 340.6 kcal mol-1; the 

other enol 9b and the ketone 9a, both around 333 kcal mol-1), the acidity cannot be used 

to discriminate among the possible tautomers.   

 

The measured proton affinity of 217 kcal mol-1 (by both bracketing and Cooks) 

corresponds to the calculated PA for the most stable enol tautomer 9b': in this case, the 

most basic site and the most stable tautomer are consistent.  Again, the other enol 9b 

could also be present (as could, to a lesser extent, the least stable keto 9a) as a mixture, 

but we can conclude that we do have enol 9b' present, whether bracketing or Cooks 

conditions are used. 

3.3.4. SN2 studies   

As stated earlier, the initial motivation for this study was to examine the correlation 

between acidity and leaving group ability for resonance-stabilized versus non-resonance-

stabilized anionic leaving groups.  However, characterization of the model system - 

substituted pyridones - is of interest in its own right, as described in much of this Chapter.  

In this section, we wish to briefly report computational results comparing the acidity 

(∆Hacid) and SN2 barrier (∆H‡ for the SN2 reaction using formate as a nucleophile) for a 
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series of 3-substituted pyridones (Figure 3.3, Scheme 3.2, Table 3.8). The parent 2-

pyridone is X=H.  The moieties C2H3, C4H5, and HCO were chosen as groups that can 

delocalize by resonance an anion at N1.  Groups that do not allow for resonance 

delocalization stabilization are X= Cl and Br.77  In Table 3.8, "∆∆Hacid" represents the 

difference in ∆Hacid between the parent 2-pyridone and a given substituted pyridone.  

"∆∆H‡" represents the difference in ∆H‡ between the parent 2-pyridone and a given 

substituted pyridone.  The ratio of ∆∆H‡/∆∆Hacid (last column of Table 3.8) indicates the 

relationship between the effect an X group has on acidity versus the effect of that same X 

group on the SN2 enthalpic barrier.  The "better" the correlation between acidity and the 

SN2 barrier, the closer to 1 this value should be.  We hypothesize that groups that 

stabilize the N1-anion by resonance delocalization will have a weaker correlation 

(smaller value) because that delocalization will enhance acidity more than it will lower 

the SN2 barrier.  The argument is that in the SN2 transition state, the N1-anion is not fully 

formed so the full benefit of the resonance delocalization is not realized.77 The trends in 

Table 3.8 do appear to support the hypothesis:  the resonance-delocalized groups C2H3 

and C4H5 have a smaller ∆∆H‡/∆∆Hacid value (0.575 and 0.549) than do the halide 

substituents (0.654 and 0.620 for Cl and Br, respectively).  The formyl group is an 

interesting data point as its correlation is quite high (0.642) for a resonance-delocalized 

group.  We speculate that HCO may not be a good model since the oxygen is inductively 

electron withdrawing, making the HCO not strictly a resonance delocalization moiety.  

Hammett s values support this theory: the sm values, which reflect inductive ability, are 

similar for Br, Cl and HCO (0.39, 0.37, and 0.35, respectively).186-188 In contrast, the sm 

value for C2H3 is very small:  0.05. The comparison of C2H3 and HCO is particularly 
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useful, as the groups differ by the "exchange" of a CH2 for an O (H2C=CH2 versus 

H2C=O).  Both provide resonance stabilization through the double bond, but HCO is also 

stabilizing via induction, which means it is not a strictly resonance-stabilizing group.  

 

Scheme 3.2. 

 

Table 3.8.  M06-2X/6-311+G(2df,2p) calculations of acidity and SN2 barrier for a 

series of 3-substituted-2-pyridonones (structure shown in Figure 3.3, R=H).  

X 

 
∆Hacid, 

kcal mol-1 a 
∆H‡, 

kcal mol-1 b 
∆∆H‡/ ∆∆Hacid 

H 346.3 (0) 18.4 – 

C2H3 342.3 (4.0) 16.1(2.3) 0.575 
C4H5 339.2 (7.1) 14.5(3.9) 0.549 
HCO 332.6(13.7) 9.6 (8.8) 0.642 

Cl 338.2 (8.1) 13.1(5.3) 0.654 
Br 337.1(9.2) 12.7(5.7) 0.620 

a The values in parentheses are the differences in ∆Hacid (∆∆Hacid) for the various X 

substituents, relative to the parent pyridone (X=H) [∆Hacid(parent) – ∆Hacid(substituted)].  

b The values in parentheses are the differences in ∆H‡ (∆∆H‡) for the various X 

substituents, relative to the parent pyridone (X=H) [∆H‡( parent) – ∆H‡( substituted)].   
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3.4. Conclusions. 

In summary, we have characterized the acidity and proton affinities of 2-pyridone, 3-

chloro-2-pyridone, and 3-formyl-2-pyridone (Figure 3.12).  For 2-pyridone, we find that 

gas phase calculations at M06-2X/6-311+G(2df,2p) correctly indicate that the keto and 

enol forms (1a and 1b) are close in energy, with the enol being slightly more stable.  

Comparison of calculated and measured PAs indicate that the keto form is present.  Most 

likely the more stable enol form is also present: we do not bracket its PA as it is less basic.  

Interestingly, measurement of the PA using the Cooks kinetic method, which vaporizes 

the pyridone from aqueous solution, indicates the keto tautomer. This is consistent with 

the solution phase preference for the keto structure.   

 

For the 3-chloro-2-pyridone, which has not heretofore been studied, calculations 

indicate that the keto 6a and enol 6b are close in energy, with the enol being slightly 

more stable (much like the parent pyridone).  The PA measurements point to the keto 

structure, again because the bracketing experiment targets the more basic tautomer. The 

more stable enol tautomer is probably also present, in a mixture of keto and enol.  The 

alternate enol structure 6b' is somewhat stabilized by a weak internal hydrogen bond 

between the Cl and H, but is still the least stable structure and if present, will be a small 

component in the mixture.  As with the parent 2-pyridone, the Cooks kinetic experiment 

indicates the keto tautomer, which is probably more stable in solution.  

 

The 3-formyl derivative, which also has not been studied, has an enol conformation 

with an internal hydrogen bond (between the aldehyde O and the enol H) that renders 9b' 
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as the most stable tautomer. The PA measurements confirm the presence of this enol 

form (both with bracketing and the Cooks kinetic method).  This particular derivative is 

interesting as the presence of the formyl group reverses the relative stability of the two 

enol tautomers (compared to the parent and 3-chloro compounds).  Different substitution 

can therefore allow one to "tune" for tautomer preference. 

 

 

Figure 3.12.  Summary of gas-phase computational (M06-2X/6-311+G(2df,2p)) and 

experimental data for the pyridones studied herein.  Calculated relative stabilities are in 

parentheses; values in blue are calculated PAs and values in red are calculated acidities. 
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All are ∆H298 values.  For the experimental data, (i) indicates use of the bracketing 

method; (ii) indicates Cooks kinetic method measurement.  

 

In terms of the substituted pyridones as a model system for testing acidity-leaving 

group correlations, our calculations indicate that leaving groups that allow for resonance 

delocalization of the product anion (pyridones substituted with X = C2H3, C4H5 (Figure 

3.3)) do show less correlation than non-resonance-stabilizing groups (X = Cl, Br).  That 

is, anions that are stabilized by resonance may be stable conjugate bases (thus their 

conjugate acids are acidic), but may not be correspondingly good leaving groups since 

that stabilization is not fully felt in the SN2 transition state. 
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Note: Major parts of the following chapter have been published: Michelson, A. Z.; Chen, 

M.; Wang, K.; Lee, J. K.  J. Am. Chem. Soc. 2012, 134, 9622–9633. 

Chapter 4. Gas Phase Studies of 3- and 7-

Methylsubstituted Purine 3-Methyladenine DNA 

Glycosylase II (AlkA) Substrates 

4.1. Introduction 

Maintaining the integrity of DNA is essential for the health of living organisms.  

Unfortunately, DNA is constantly under assault; one of the most common modifications 

is alkylation, both by cellular metabolites as well as exogenous alkylating agents.  

Alkylation damage threatens proper cell function and compromises the correct 

propagation of the genetic code.5,8  The base excision repair (BER) pathway is the 

primary means for excising damaged bases. In Escherichia coli, 3-methyladenine DNA 

glycosylase II (called AlkA, after the gene that encodes for it) is an enzyme that is up-

regulated following exposure to DNA alkylating agents.189-191  Because of its ability to 

cleave a wide range of substrates, AlkA is considered a particularly intriguing enzyme.5,8  

The other alkylation-specific enzyme found in E. coli, 3-methyladenine DNA glycosylase 

I (TAG), is quite specific, catalyzing the excision of only 3-alkyl substituted adenine and 

guanine (but not other alkylated nucleobases).192,193  In contrast, AlkA has a very broad 

substrate range, catalyzing the excision of various N3 and N7-alkyl purines, O2-alkyl 

pyrimidines, and other lesions that are not the product of alkylation, such as 

hypoxanthine, xanthine, and 1,N6-ethenoadenine.5,194-197  
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Because AlkA cleaves such a diverse set of damaged bases, the active site is thought to 

be indiscriminate, with the reactivity of the N-glycosidic bond of a given substrate 

dictating the rate of AlkA-catalyzed excision.20 Excision is believed to occur via an SN1-

type mechanism, where the nucleobase leaves first (Scheme 4.1).5  

Scheme 4.1. 

 

 

In prior work, we hypothesized that a related enzyme, alkyl adenine glycosylase (AAG), 

which catalyzes the excision of a wide range of damaged bases in mammalian cells, may 

provide a hydrophobic active site which aids in the discrimination of damaged from 

normal bases by enhancing the differences in their leaving group ability.36,40,41,76,129 We 

hypothesize that AlkA may do the same. 

The examination of properties in the gas phase, which provides the "ultimate" nonpolar 

environment, reveals intrinsic reactivity that can be correlated to activity in other media, 

such as hydrophobic active sites.10,36,38,40,41,76,198  In this Chapter, we calculate and 

measure the gas phase acidities and proton affinities of a series of alkylated purine 

substrates (most of which have not been heretofore studied in vacuo), and compare the 

results to acities and proton affinities of other AlkA substrates in order to discuss the 

results in the context of the AlkA mechanism.  
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4.2. Experimental  

All the purine substrates and reference compounds are commercially available and 

were used as received.  

4.2.1. Bracketing method  

Acidity and proton affinity bracketing measurements were conducted using a Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometer (FTMS) with a dual cell setup, 

which has been described previously, and in Chapter 1 in detail.10,13,36,38-41  

The typical protocol for bracketing experiments has been described previously and in 

Chapter 1.10,13,36,38-41 Proton transfer reactions are conducted in both directions. The 

occurrence of proton transfer is regarded as prima facie evidence that the reaction is 

exothermic (“+” in the Tables).  

4.2.2. Cooks kinetic method 

We also used the Cooks kinetic method in a quadrupole ion trap (LCQ) mass 

spectrometer84-87 to measure the acidities and proton affinities of substituted purines. The 

theory and methodology of Cooks kinetics method described in details in previous 

Chapters (Chapter 1, Chapter 3). 

The proton-bound complex ions are generated by electrospray (ESI) of 100–500 µM 

solutions of purine and reference acid (or base, for PA measurement). Methanol or 

water–methanol (20%) solution are used as a solvent.72 An electrospray needle voltage of 

~4 kV and the flow rate of 25 µL/min is applied. The proton-bound complex ions are 

isolated and then dissociated by applying collision-induced dissociation (CID); the 

complexes are activated for about 30 ms. Finally, the dissociation product ions are 
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detected to give the ratio of the deprotonated (or protonated) analyte and deprotonated (or 

protonated) reference acid. A total of 40 scans are averaged for the product ions.  

4.2.3. Calculations.   

Calculations are conducted at B3LYP/6-31+G(d)92-94 levels using Gaussian0390 and 

Gaussian0991; the geometries are fully optimized and frequencies are calculated.  No 

scaling factor is applied. All the values reported are ΔH at 298 K. Dielectric medium 

calculations were done using the conductor-like polarizable continuum solvent model 

(CPCM, full optimization; UAKS cavity) at B3LYP/6-31+G(d) as implemented in 

Gaussian03.105,106,107  The "total free energy in solution" values are reported, and the 

solvation free energy of a proton in water or DMSO (-265.9 or -273.3 kcal mol-1 

respectively) is accounted for.199  

4.3. Results 

4.3.1. 7-Methyladenine (7meA, 1) 

4.3.1.1. Calculations: 7-methyladenine tautomers, acidity, proton 

affinity. 

In our experience DFT methods generally yield accurate values for thermochemical 

properties of nucleobases, so we utilized B3LYP/6-31+G(d) to calculate the relative 

tautomeric stabilities, acidities (∆Hacid), and proton affinities (PA) of 7-

methyladenine.10,13,38,39,41  7MeA has five possible tautomeric structures (Figure 4.1).  

The most stable tautomer (amino 7MeA 1a) is over 8 kcal mol-1 more stable than the next 

most stable species.  The most acidic site of 1a is predicted to be the exocyclic NH2 
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(∆Hacid = 342.2 kcal mol-1).  The most basic site of tautomer 1a is the N3 (PA = 234.7 

kcal mol-1).   

 

 

 

Figure 4.1.  The five possible tautomeric structures of 7-methyladenine.  Gas phase 

acidities are in red; gas phase proton affinities are in blue.  Relative stabilities are in 

parentheses.  Calculations were conducted at B3LYP/6-31+G(d); reported values are ∆H 

at 298 K. 

4.3.1.2. Experiments: 7-methyladenine acidity. 

We measured the acidity of 7-methyladenine using acidity bracketing. The conjugate 

base of 7-methyladenine deprotonates 2,4-pentanedione; the reaction in the opposite 

direction (the conjugate base of 2,4-pentanedione with 7-methyladenine) also occurs 

(Table 4.1).  We therefore bracket the ΔHacid of 7meA as 344 ± 3 kcal mol-1.  
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Table 4.1. Summary of results for acidity bracketing of 7-methyladenine (1).  

Reference compound ΔHacid
a Proton transferb 

  Ref. 
acid 

Conj. 
base 

4-(trifluoromethyl)aniline 353.3 ± 2.1 – + 

m-cresol 349.6 ± 2.1 – + 

acetic acid 347.4 ± 0.5 – + 

butyric acid 346.8 ± 2.0 – + 
2,4-pentanedione 343.8 ± 2.1 + + 
methylcyanoacetate 340.8 ± 0.6 + – 
α,α,α-trifluoro-m-cresol 339.2 ± 2.1 + – 
2-chloropropanoic acid 337.0 ± 2.1 + – 

aΔHacid is in kcal mol-1.33,182  bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer 

We also measured the acidity of 7meA using the Cooks kinetic method.  Seven 

reference acids were used: butyric acid (∆Hacid = 346.8 ± 2.0 kcal mol-1), valeric acid 

(∆Hacid = 346.2 ± 2.1 kcal mol-1), iso-valeric acid (∆Hacid = 345.5 ± 2.1 kcal mol-1), 

pivalic acid (∆Hacid = 344.6 ± 2.1 kcal mol-1), methacrylic acid (∆Hacid = 344.1 ± 2.9 kcal 

mol-1), 4-aminobenzoic acid (∆Hacid = 343.4 ± 2.1 kcal mol-1), and methoxyacetic acid 

(∆Hacid = 341.9 ± 2.1 kcal mol-1), yielding a ∆Hacid of 344 ± 3 kcal mol-1. 

4.3.1.3.  Experiments: 7-methyladenine (7meA) proton affinity. 

In bracketing the PA of 7meA, we find that di-sec-butylamine (PA = 234.4 ± 2.0 kcal 

mol-1) deprotonates protonated 7-methyladenine; the opposite reaction (7-methyladenine 

deprotonating protonated di-sec-butylamine) also occurs (Table 4.2). We therefore 

bracket the PA of 7meA to be 234 ± 3 kcal mol-1. 
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Table 4.2. Summary of results for proton affinity bracketing of 7-methyladenine (1).  

Reference compound PAa Proton transferb 

  Ref. 
base 

Conj. 
acid 

2,2,6,6-tetramethylpiperidine 235.9 ± 2.0 + – 

N,N-dimethylcyclohexylamine 235.1 ± 2.0 + – 

triethylamine 234.7 ± 2.0 + – 

di-sec-butylamine 234.4 ± 2.0 + + 

1-methylpiperidine 232.1 ± 2.0 – + 

1-methylpyrrolidine 230.8 ± 2.0 – + 

pyrrolidine 226.6 ± 2.0 – + 
aPA is in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the absence 

of proton transfer 

Using the Cooks kinetic method with five reference bases (2,2,6,6-

tetramethylpiperidine (PA = 235.9 ± 2.0 kcal mol-1), N,N-dimethylcyclohexylamine (PA 

= 235.1 ± 2.0 kcal mol-1), triethylamine (PA = 234.7 ± 2.0 kcal mol-1), 1-

methylpiperidine (PA = 232.1 ± 2.0 kcal mol-1), and N,N-dimethylbenzylamine (PA = 

231.5 ± 2.0 kcal mol-1)), we measure a PA of 234 ± 3 kcal mol-1.  

4.3.2. 7-Methylguanine (7meG, 2) 

4.3.2.1. Calculations: 7-methylguanine tautomers, acidity, proton 

affinity. 
There are ten possible tautomers for 7-methylguanine (2) (Figure 4.2); the six lowest 

(all below 15 kcal mol-1 relative to the most stable tautomer) are shown in Figure 4.3. 

The most stable form is the keto-amino 2a; for this tautomer, the most acidic site is the 

N1-H (∆Hacid = 335.6 kcal mol-1) and the most basic site is the N9 (PA = 231.4 kcal mol-

1). 
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Figure 4.2. Possible tautomeric structures of 7-methylguanine, including higher energy 

tautomers. Relative stabilities (∆H at 298 K) are listed in parentheses.  Calculations were 

conducted at B3LYP/6-31+G(d). 

 

 
 
Figure 4.3. The six low energy tautomeric structures of 7-methylguanine.  Gas phase 

acidities are in red; gas phase proton affinities are in blue.  Relative stabilities are in 

parentheses.  Calculations were conducted at B3LYP/6-31+G(d); reported values are ∆H 

at 298 K. 
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4.3.2.2. Experiments: 7-methylguanine acidity. 

We measured the acidity of 7-methylguanine using the bracketing method.  The 

reaction of 2-chloropropionic acid (∆Hacid = 337.0 ± 2.1 kcal mol-1) and deprotonated 

7meG proceeds, as does the reaction in the opposite direction (2-chloropropionate with 

7meG), allowing us to bracket the ∆Hacid to be 337 ± 3 kcal mol-1 (Table 4.3). 

Table 4.3. Summary of results for acidity bracketing of 7-methylguanine (2). 

Reference compound ΔHacid
a Proton transferb 

  Ref. 
acid 

Conj. 
base 

2,4-pentanedione 343.8 ± 2.1 – + 

methylcyanoacetate 340.8 ± 0.6 – + 

α,α,α-trifluoro-m-cresol 339.2 ± 2.1 – + 

2-chloropropionic acid 337.0 ± 2.1 + + 

malononitrile 335.8 ± 2.1 + – 
pyruvic acid 335.5 ± 2.9 + – 
difluoroacetic acid 331.0 ± 2.2 + – 

aΔHacid is in kcal mol-1.33  bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer 

Five reference acids were used in the Cooks kinetic method measurement of 7meG 

acidity: 3-chloropropionic acid (∆Hacid = 340.8 ± 2.7 kcal mol-1), 2-chloropropionic acid 

(∆Hacid = 337.0 ± 2.1 kcal mol-1), 4-hydroxybenzoic acid (∆Hacid = 335.9 ± 2.1 kcal mol-1), 

2-chlorobenzoic acid (∆Hacid = 335.1 ± 2.1 kcal mol-1), and pyruvic acid (∆Hacid = 333.5 ± 

2.9 kcal mol-1). The ∆Hacid was found to be 337 ± 3 kcal mol-1. 
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4.3.2.3. Experiments: 7-methylguanine proton affinity. 

We also bracketed the PA of 7meG (Table 4.4).  Protonated 1-methylpyrrolidine reacts 

with 7meG; likewise, protonated 7meG reacts with 1-methylpyrrolidine, placing the PA 

at 231 ± 3 kcal mol-1. 

Table 4.4. Summary of results for proton affinity bracketing of 7-methylguanine (2).  

Reference compound PAa Proton transferb 

  Ref. 
base 

Conj. 
acid 

2,2,6,6-
tetramethylpiperidine 235.9 ± 2.0 + – 

di-sec-butylamine 234.4 ± 2.0 + – 

1-methylpiperidine 232.1 ± 2.0 + – 

1-methylpyrrolidine 230.8 ± 2.0 + + 

piperidine 228.0 ± 2.0 – + 
4-picoline 226.4 ± 2.0 – + 
3-picoline 225.5 ± 2.0 – + 

aPA is in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the absence 

of proton transfer 

For the Cooks PA measurement, six reference bases were used: triethylamine (PA = 

234.7 ± 2.0 kcal mol-1), di-sec-butylamine (PA = 234.4 ± 2.0 kcal mol-1), 1-

methylpiperidine (PA = 232.1 ± 2.0 kcal mol-1), N,N-dimethyl-iso-propylamine (PA = 

232.0 ± 2.0 kcal mol-1), N,N-dimethylbenzylamine (PA = 231.5 ± 2.0 kcal mol-1), and N-

methylpiperidine (PA = 230.8 ± 2.0 kcal mol-1), yielding a PA of 232 ± 3 kcal mol-1.  
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4.3.3. 3-Methyladenine (3meA, 3) 

4.3.3.1. Calculations:  3-methyladenine tautomers, acidity, proton 

affinity. 

The acidity and the relative stabilities of the possible tautomers of 3-methyladenine 

have been calculated by our group previously; these data plus new calculations of PA are 

shown in Figure 4.4.36  3-Methyladenine has five possible tautomers; the three lowest are 

shown. The most stable is the one with the exocyclic amino group (3a), for which the 

calculated acidity is 346.8 kcal mol-1 (for the proton on the amino group). The most basic 

site has a PA of 234.5 kcal mol-1, at the N7.   

 

 
Figure 4.4. Tautomeric structures of 3-methyladenine.  Gas phase acidities are in red; 

gas phase proton affinities are in blue.  Relative stabilities are in parentheses.  

Calculations were conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K. 

4.3.3.2. Experiments: 3-methyladenine acidity and proton affinity. 

The acidity of 3-methyladenine was previously measured to be 347 ± 4 kcal mol-1.36  

The PA bracketing results for 3meA are shown in Table 4.5.  Di-sec-butylamine (PA = 

234.4 ± 2.0 kcal mol-1) can deprotonate protonated 3-methyladenine, but 1-

methylpiperidine (232.1 ± 2.0 kcal mol-1) cannot.  In the reverse direction, 3-
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methyladenine deprotonates protonated 1-methylpiperidine, but not protonated di-sec-

butylamine. We therefore bracket the PA of 3-methyladenine to be 233 ± 3 kcal mol-1. 

Table 4.5. Summary of results for proton affinity bracketing of 3-methyladenine (3).  

Reference compound PAa Proton transferb 

  Ref. 
base 

Conj. 
acid 

2,2,6,6-
tetramethylpiperidine 235.9 ± 2.0 + – 

trimethylamine 234.7 ± 2.0 + – 

di-sec-butylamine 234.4 ± 2.0 + – 

1-methylpiperidine 232.1 ± 2.0 – + 

2,4-lutidine 230.1 ± 2.0 – + 

3-picoline 225.5 ± 2.0 – + 
aPA is in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the absence 

of proton transfer  

4.3.4. 3-Methylguanine (3MeG, 4). Calculations: 3-methylguanine 

tautomers, acidity, proton affinity. 

 
3-Methylguanine has fourteen possible tautomers (Figure 4.5); the seven structures 

within 15 kcal mol-1 of the most stable form are shown, along with calculated acidities 

and proton affinities, in Figure 4.6.  The most acidic site of the most stable tautomer 4a 

is the N7-H, with a calculated ∆Hacid of 328.6 kcal mol-1.  The most basic site is on the 

imino NH (PA = 231.8 kcal mol-1).200  
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Figure 4.5. All possible tautomeric structures of 3-methylguanine. Relative stabilities 

(∆H at 298 K; B3LYP/6-31+G(d)) are listed in parentheses.   

 

 
Figure 4.6.  Lower energy tautomeric structures of 3-methylguanine.  Gas phase 

acidities are in red; gas phase proton affinities are in blue.  Relative stabilities are in 

N

N N

N
O

N

(8.2)

CH3

H
N

N N

N
O

N

(11.3)

CH3H

N

N N

N
O

N

(17.5)

CH3

H

N

N N

N
O

N

(25.6)

CH3H

N

N N

N
O

N

(0.3)

CH3

N

N N

N
O

N

(0)

CH3

H
N

N N

N
O

N

(0.3)

CH3H

N

N N

N
O

N

(12.6)
CH3

H
N

N N

N
O

N

(18.5)

CH3H

N

N N

N
O

N

(14.6)

CH3

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

5

5 5 55

55

5

5 5

H

H
H

H

H
H

H

HH

H

H

H

H
H

H

H

H H

H
H

H

H H

N

N N

N
O

N

(19.2)

CH3

H
1
3

7
9

5

H

H

N

N N

N
O

N

(22.2)
CH3

H
1
3

7
9

5 H

H

H H H

H

H
N

N N

N
O

N

(28.1)

CH3H

1
3

7
9

5 H

H

N

N N

N
O

N

(29.0)

CH3H

1
3

7
9

5 H

H

H

H

H

H

H

H H

H

N

N N

N
O

N

4d
(8.2)

CH3

H
N

N N

N
O

N

4e
(11.3)

CH3H

N

N N

N
O

N

4c
(0.3)

CH3

N

N N

N
O

N

4a
(0)

CH3

H
N

N N

N
O

N

4b
(0.3)

CH3H

N

N N

N
O

N

4f
(12.6)

CH3

H

212.7

177.3232.1

187.1
195.1

370.4

373.3
340.2

336.0
174.5

212.8

189.1

231.8
193.9

328.6
340.5

365.7

390.9

366.8

172.6

209.9

192.4

232.1
189.4

365.0

328.4

354.4

348.6

366.5

370.7

320.4

342.9

362.6

372.8

221.0

169.7225.6
186.8

N

N N

N
O

N

4g
(14.6)

CH3 321.6

373.8

360.3
336.5

227.1

171.6

232.1

182.7

192.7

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

1
3

7
9

362.0 388.6

369.7
364.8

350.9

317.4

326.2
327.8

359.5

220.9

172.7228.7

191.1

183.5 200.6

176.0218.9

214.7247.0

166.1

5 5

5

5

555

206.2 206.1

H

H
H

H

208.6 207.2

H
H

234.6 226.3

H

HH

H

210.3 217.8 213.6 220.1 238.3 237.9

H

H

H
H

H

H H H

H
H

H

348.6

H

H347.5



 

 

104 

 

parentheses.  Calculations were conducted at B3LYP/6-31+G(d); reported values are ∆H 

at 298 K. 

4.4. Discussion. 

4.4.1. Calculated versus experimental values.  

 The calculated acidity and proton affinity values for all the substrates studied herein 

are summarized in Table 4.6.  Generally, B3LYP/6-31+G(d) appears to provide fairly 

accurate predictions for the thermochemical values, and it demonstrated a good accuracy 

for 3- and 7-methylsubstituted purine calculations here too.201,202 

Table 4.6. Calculated (B3LYP/6-31+G(d); 298 K) and experimental data for damaged 

bases. 

Substrate Calculated value Experimental valueb 

∆Hacid
a   

7-methyladenine (1) 342.2 344 (344) 
7-methylguanine (2) 335.6 337 (337) 
3-methyladenine (3) 346.8 347 
3-methylguanine (4) 328.6 N/A 

   
PAa   
7-methyladenine (1) 234.7 234 (234) 
7-methylguanine (2) 231.4 231 (232) 
3-methyladenine (3) 234.5 233 
3-methylguanine (4) 231.8 N/A 
a∆Hacid and PA values are in kcal mol-1; bFirst listed experimental value is bracketed; 

Cooks kinetic method value, if available, is in parentheses. Error is ±3-4 kcal mol-1. 

4.4.2. Biological implications.   

AlkA is a glycosylase with a particularly broad substrate range, cleaving a wide variety 

of damaged bases from double-stranded DNA.4,19-21,23,196,197,203-209  The exact mechanism 
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by which AlkA cleaves damaged bases with greater efficiency than the normal bases 

adenine and guanine is unknown.  The main hypothesis is that cleavage is related to the 

intrinsic stability of the N-glycosidic bond and that the enzyme merely provides a non-

base-specific active site.5,8,20,205  Therefore, the better a leaving group of the nucleobase is, 

the more easily it is cleaved.  Since acidity and leaving group ability are generally 

correlated, we would expect the damaged bases to be more acidic than the normal bases. 

We further postulate, based on our previous studies of other glycosylases, that AlkA 

may provide a nonpolar active site that serves to enhance the differences in acidity 

between damaged and normal nucleobases, and in doing so, aids in the discrimination of 

normal from damaged bases.10,36,40,41,129  Thus, not only do we expect the damaged bases 

to be more acidic than the normal bases, but those differences in acidity should be 

significantly greater in the gas phase than in aqueous solution. 

We first sought to compare the acidities of damaged and normal substrates of AlkA to 

ascertain whether the damaged bases are more acidic.  If rate of excision is based on the 

intrinsic stability of the N-glycosidic bond, then the acidity of the N9 position is relevant 

(Figure 4.7; note that the biologically relevant structure is not always the most stable 

structure in the gas phase).  The substrates studied herein, as well as other known 

substrates of AlkA that we have previously studied (purine, hypoxanthine, 1,N6-

ethenoadenine, adenine, guanine) are shown.36,38,40,41  
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Figure 4.7. Gas phase acidity (∆H298K, calculated, B3LYP/6-31+G(d), in kcal mol-1) of 

biologically relevant structures.36,38,40,41  

One interesting feature of AlkA is that it cleaves both positively charged and neutral 

nucleobases.  For example, when adenine and guanine are alkylated at N7 to form 7meA 

and 7meG, the result is a positively charged nucleobase (1aH+ and 2aH+ in Figure 4.7).  

Cleavage of that positively charged nucleobase results in a neutral nucleobase leaving 

group (path A in Scheme 4.2, where Scheme 4.2 shows possible cleavage paths for 

3meA).  Therefore, the relevant acidity to correlate to leaving group ability is the N9-H 

acidity value for the positively charged substrates, as shown for 1aH+, 2aH+, 3aH+, and 

positively charged 3MeG in Figure 4.7. Those values are in blue because they are 

equivalent to the proton affinity values at those positions for the corresponding neutral 

substrates (1a, 2a, 3a and 3MeG).   
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Scheme 4.2. 

 
 

Other nucleobases, such as xanthine (7), 6-chloropurine (6), purine (5), hypoxanthine, 

ethenoadenine (eA), guanine and adenine (Figure 4.5) are neutral substrates for AlkA.  In 

these cases, the leaving group ability would be related to the acidity of the neutral 

nucleobase at N9-H (values shown in red, Figure 4.5).117,129,210  

3MeA (3) and 3meG (4) are intriguing because cleavage could either occur from the 

positively charged form (path A, Scheme 4.2) or from the neutral form (path B, Scheme 

4.2).  That is, cleavage of the nucleobase could occur via path A to yield the neutral 

nucleobase, or, a proton could be lost prior to cleavage, such that the deprotonated 

O

O
P OO
O

DNA

OP
O

O
O

DNA
N

N

N

N

NH2

CH3

6

O

O
P OO
O

DNA

OP
O

O
O

DNA
7

9 3
1 1

N

N

N

N

NH
6

3

CH3

9

6

N

N

N

N

NH

1
3

7

CH3

7

9

1' 1'
H

N

N

N

N

NH2

CH3

67

9 3
1

N

N

N

N

NH2

CH3

67

9 3
1

3a

H

path A path B



 

 

108 

 

nucleobase is the leaving group (path B).  Therefore, these two substrates appear twice in 

Figure 4.7, in both positively charged and neutral forms.  

The substrates in Figure 4.7 are arranged in order of decreasing acidity.  The substrate 

with the lowest acidity value (amino 7meAH+ (1aH+)) is expected to be the best leaving 

group.  The question is, do these relative acidities correlate to known AlkA experimental 

excision rates?  Known data for the rate constants by which AlkA cleaves various 

nucleobases are compiled in Table 4.7.211 The nucleobases are listed in the order of 

decreasing rate constants.  The data show a rough correlation between the rate constant 

for excision and the calculated ∆Hacid value.  7MeGH+ is cleaved the most quickly, and 

the acidity value is the lowest (most acidic substrate).  The next most easily cleaved 

nucleobase is 3meAH+, then 3meA.  Thus, whether 3-methyladenine is excised as a 

neutral (path A, Scheme 4.2) or in the anionic deprotonated form (path B, Scheme 4.2), 

the acidity value correlates to the leaving group ability in a qualitative sense; that is, both 

acidity values are higher than that for 7meG, but less than that for eA (the next most 

easily cleaved nucleobase). For the next three nucleobases (ethenoadenine, purine, 

hypoxanthine), the gas phase acidities are similar (around 329-330 kcal mol-1) and the 

rate constants for cleavage are in the same ballpark (10-2 min-1).211 For the normal 

nucleobases guanine and adenine, as expected for natural nucleobases, cleavage is 

slowest; the attendant acidities are also the highest in value (so least acidic). 

Table 4.7. Rate constants for excision of various nucleobases by AlkA compared to gas 

phase acidity. 

Substrate kst (min-1)a,b ∆Hacid (kcal mol-1)c 

7meGH+ (2H+) 300 231.4 
3meAH+(3H+)/3meA (3) 0.5 232.4/324.2 
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ethenoadenine 7.5 x 10-2 330.7d 
purine (5) 5.4 x 10-2 329.8 
hypoxanthine 2.9 x 10-2 330.5e 
guanine 6.9 x 10-3 334.3f 
adenine 5.2 x 10-3 334.8g 

aReference 20; bkst is single turnover rate constant with saturating AlkA; cCalculated 

∆Hacid values at 298 K (B3LYP/6-31+G(d)); dReference 40; eReference 41; fReference 38 ; 

gReferences 36,38  

Our results showing correlation between excision rate constants and N9-H acidity 

values lend support to the argument that cleavage of the damaged base is dependent on 

the intrinsic stability of the N-glycosidic bond.   

Based on the correlation we see herein, we would also predict that 6-chloropurine (as 

well as other halo-substituted purines) should (based on its high acidity) be easily cleaved 

by AlkA.   

We also further postulate that the active site, by providing a hydrophobic environment, 

will aid in the discrimination of normal from damaged bases by enhancing the relative 

leaving group ability of the damaged bases.  To examine that hypothesis, we compare the 

gas and solution phase N9-H acidities for those damaged bases whose pKa values are 

known (Table 4.8). In an effort to “draw a line” from solution to the gas phase, we 

conducted dielectric medium calculations on the acidities in DMSO (ε=48) and water (ε 

=78) as well, to ascertain how acidities change with medium dielectric.  The most acidic 

neutral substrate, regardless of medium, is the damaged base xanthine, which has a gas 

phase ∆Hacid of 315.6 kcal mol-1, and a pKa of 7.3.  The least acidic substrate in the gas 

phase is the normal base adenine, with a gas phase acidity of 334.8.  In the gas phase, 

xanthine is more acidic than adenine by 19 kcal mol-1.  In a dielectric of 48, that 

difference drops to 7.7; in a dielectric of water, it is even smaller (5.9 kcal mol-1). When 
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adenine and xanthine are actually fully solvated in water (experimental pKa column), that 

acidity difference is only 3.4 kcal mol-1.  Overall, in comparing the pKas and ∆Hacid 

values of the damaged bases (xanthine, 6-chloropurine, purine, hypoxanthine, 

ethenoadenine) versus the normal bases (adenine and guanine), the same trend is seen:  

the difference in acidity of the damaged versus normal bases is greatest in the gas phase, 

and least in water.  In fact, the solution phase pKa values are so close that adenine is 

actually more acidic than its damaged counterpart, ethenoadenine.  The intrinsically 

higher acidity of ethenoadenine is only evident in the gas phase values.  The nonpolar 

active site in AlkA could thus contribute to specificity by enhancing the differences in 

acidity among adenine, guanine and damaged bases.  

Table 4.8. Summary of calculated N9-H acidity values (in the gas phase (ε=1), DMSO 

(ε =48) and water (ε =78) and experimental pKa values (in water) for AlkA substrates 

(structures shown in Figure 4.7).a,b,c   

 Acidity (kcal mol-1)a,b  
Substrate ε=1 ε =48 ε =78 pKa

c
 

7meGH+(2H+) 231.4 4.7 18.7 – 
3meAH+(3H+)/3meA (3) 232.4/324.2 36.3/– 20.1/6.6 – 
     
xanthine (7b) 315.6 16.6 24.5 7.3h 
6-chloropurine (6a) 322.8  18.6  26.3  7.7-7.8i  
purine (5a) 329.8  21.0  28.2  8.9j  
hypoxanthine  330.5d  21.7  28.2  8.9k  
ethenoadenine 330.7e  22.7  29.7  9.9e  
guanine 334.3f  24.7  30.2 10.0l  
adenine 334.8g  24.3  30.4  9.8m  

a Calculated N9-H acidities, in kcal mol-1.  bCalculated using B3LYP/6-31+G(d); cpKa 

values in water are all experimental, except for xanthine, which is calculated; cReference 
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41; eReference 40;  fReference 38;  gReferences 36,38;  hReference 212; iReferences 213,214; 
jReferences 213-215; kReferences 214,216; lReference 217; mReferences 214,218  

 

4.5. Conclusions 

We have calculated the tautomeric energies, and calculated and measured the acidic 

and basic properties for a 3- and 7-methylsubstituted purines not heretofore studied.  The 

results indicate that the damaged purines are all more acidic than the normal nucleobases 

adenine and guanine, and would therefore be expected to be more easily cleaved (that is, 

their conjugate bases are better leaving groups).  Furthermore, the gas phase acidity 

trends track with the AlkA excision rates (Table 4.7).  This is consistent with the 

proposal that AlkA provides a nonspecific active site and that the ease of nucleobase 

excision depends on the intrinsic stability of the N-glycosidic bond.   

Our data also support our hypothesis that AlkA provides a hydrophobic site that 

enhances the discrimination of damaged from normal bases; in a nonpolar environment, 

the damaged bases are acidic by a greater amount over the normal bases than in aqueous 

solution. 
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Chapter 5. Gas Phase Studies of Adenine Analogs: 

Implications for Adenine Removal by MutY 

5.1. Introduction 

Cellular DNA is inevitably damaged by both exogenous and endogenous agents, 

resulting in a variety of chemical modifications that are associated with mutagenesis, 

carcinogenesis and aging.25,26,219,220  Oxidative damage is extremely prevalent, and one of 

the most common species formed by reactive oxygen species is 7,8-dihydro-8-oxo-

guanine (OG).27,221,222  During DNA replication, adenine (A) is usually inserted opposite 

OG to form a relatively stable OG:A mismatch.28 Because undamaged guanine (G) 

prefers to pair with cytosine (C), not adenine, the oxidation, if not repaired, can result in 

deleterious DNA mutations (a permanent "G:C to T:A" transversion mutation).  

In the face of the constant assault to DNA, organisms have developed elaborate DNA 

repair pathways.  In Escherichia coli, oxidative damage is repaired by a "GO" repair 

pathway that utilizes three enzymes: MutT, Fpg, and MutY.24,223,224 MutT hydrolyzes the 

OG deoxynucleoside triphosphate (to yield the OG deoxynucleoside monophosphate and 

pyrophosphate), preventing its incorporation into replicating DNA.225  Fpg (also called 

MutM) cleaves OG from OG:C base pairs, and also catalyzes the cleavage of 

phosphodiester bonds associated with the resultant abasic site.26,226  MutY is a somewhat 

unusual glycosylase enzyme; rather than targeting a damaged base, MutY cleaves 

adenine (at the N9-C1' bond) when it is base paired to OG  (Figure 5.1).26,225,226  Thus, 

MutY cleaves a normal base - adenine - when it is mispaired. Adenine in A:T pairs 

remains untouched. 
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Figure 5.1.  The bond cleaved by MutY when adenine is excised. 

Because of the importance of base repair to genome integrity, the mechanisms of repair 

enzymes are of great interest. MutY crystal structures, in particular a 2009 Bacillus 

stearothermophilus structure with a fluorinated 2'-deoxyadenosine, show multiple 

hydrogen bonding contacts as well as hydrophobic interactions between substrate and 

enzyme. Kinetic isotope effect studies imply an SN1-type reaction where the nucleobase 

leaves (possibly protonated at N7) to yield an oxacarbenium ion which is then attacked 

by water.30  

In an effort to lend further insight into the MutY mechanism, our colaborators have, 

over the past several years, examined the behavior of synthetically derived DNA analogs 

that are designed to target the elucidation of the interactions responsible for substrate 

recognition and catalysis (Figure 5.2, where "A" is adenine).227-230 1-deazaadenine (Z1), 

3-deazaadenine (Z3) and 7-deazaadenine (Z) are missing nitrogen at the N1, N3 and N7 

positions, respectively (as compared to the parent adenine "A"), and were designed to test 

the importance of the nitrogen at those positions.228-231 Substrates 4-methylbenzimidazole 

(B), 9-methyl-1H-imidazo[4,5,b]pyridine (Q) and 4-methylindole (M) are nonpolar 

isosteres of adenine, designed to test the importance of hydrogen-bonding 

interactions.227,229,230  

 

N

NN

N

O

O
DNA

O
DNA

NH2

1

3

7
9

1'



 

 

114 

 

 

 

Figure 5.2.  Adenine and analogs studied herein. 

Although the MutY affinity and excision rates of these analogs have been examined, 

the fundamental properties have not.227-229,231  In studying other glycosylases, we found 

that insight into enzyme mechanism could be gained by characterizing the intrinsic 

thermochemical properties of substrates.13,36,38,40,41,76  The acidity and proton affinity of 

the various nitrogens are related to how easily those sites will hydrogen bond, or be 

protonated, or be cleaved.  We have also found that measuring and calculating those 

thermochemical values in the gas phase, in the absence of solvent, can be particularly 

useful for extrapolation to the nonpolar environment of the enzyme active 

site.13,36,38,40,41,76  In Chapter 5, we focus on the properties of the analogs of adenine, to 

gain insight into the MutY cleavage mechanism.  

5.2. Experimental 

All the nucleobase analogs and reference acids and bases are commercially available 

and were used as received. 

The bracketing method (described in details in Chapter 1) was used to measure the gas 

N

N N

N

NH2
1

3
7

9

H
A

N

N

N

NH2
1

3

7
9

H
Z3

N N

N

NH2
1

3
7

9

H
Z1

N

N N

NH2
1

3

7

9

H

Z

N

N

CH3
1

3

7
9

H

B

N N

N

CH3
1

3
7

9

H

Q

N

CH3
1

3

7

9

H

M



 

 

115 

 

phase acidity and proton affinity values.  A Fourier transform ion cyclotron resonance 

mass spectrometer (FT-ICR) with dual cell setup (described previously) was used.10,35-

37,40  

The typical protocol for bracketing experiments has been described 

previously.10,13,35,39,40 Proton transfer reactions were conducted in both directions. For 

example, for Z3 acidity bracketing, hydroxide is used to deprotonate neutral Z3. 

Deprotonated Z3 is transferred into the adjoining cell where it is allowed to react with the 

neutral reference acid AH with known gas phase acidity. In the opposite direction, the 

deprotonated reference acid A– is generated and transferred into the adjoining cell where 

it is allowed to react with neutral Z3. The occurrence of proton transfer is regarded as 

evidence that the reaction is exothermic (denoted as “+” in the tables). Bracketing 

experiments are run under pseudo-first-order conditions with the neutral reactant in 

excess, relative to the reactant ions. Reading the pressure of the neutral compounds from 

the ion gauges is not always accurate; therefore, we “back out” the neutral substrate 

pressure from fast control reactions (described previously).38-41,79,80 

The gas phase calculations were conducted at the B3LYP/6-31+G(d) level using 

Gaussian03 and Gaussian09.90-94 All the structures were fully optimized in the gas phase, 

and frequencies calculated (no imaginary frequencies were found). Acidity and proton 

affinity values are reported as ∆H at 298 K.  

Dielectric medium calculations were done using the conductor-like polarizable 

continuum solvent model (CPCM, single point calculations on B3LYP/6-31+G(d) gas 

phase optimized structures; UAKS cavity) at B3LYP/6-31+G(d) as implemented in 

Gaussian03.105,106,107  The "total free energy in solution" values are reported, and the 



 

 

116 

 

solvation free energy of a proton (-264.0 kcal mol-1) is accounted for.28,232,233  

5.3. Results 

Our first goal was to characterize these various nucleobase analogs, using theory and 

experiment.  Because cleavage at the N9 position is involved (Figure 5.1), the acidity of 

that site is important:  presumably more acidic substrates will have a greater propensity 

for cleavage, since the resultant conjugate base should be more stable (so a better leaving 

group).  Because the substrate may be protonated before cleavage, the proton affinities of 

the various heteroatoms and the N9-H acidity for the protonated substrates are relevant 

values.   

The scission of the C1'-N9 bond for these nucleobase analogs has been studied both in 

the enzyme active site, and in aqueous solution.227-229,231 Because previous studies from 

our lab show that gas phase values can be relevant to understanding activity in 

hydrophobic active sites, we calculate and measure thermochemical properties in vacuo.  

We also calculate relevant values in a water dielectric, to lend insight into how the 

properties of the nucleobase analogs change in a more polar medium. 

5.3.1. Nitrogen proton affinities  

The gas phase proton affinities (PAs) for the nucleobase analogs are shown in Figure 

5.3.38 For adenine, the most basic site is the N1; this is true for Z3 and Z as well.  Since 

Z1 has no N1, its most basic site is the N3.  For B and Q, the N7 is the most basic. M has 

only one N, at N9.  
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Figure 5.3.  Calculated (B3LYP/6-31+G(d)) gas phase proton affinities (kcal mol-1) of 

the various nitrogens of nucleobase analogs.  

5.3.2. N9-H acidity of neutral nucleobase analogs 

The calculated (B3LYP/6-31+G(d)) values for the N9-H acidity for the neutral 

nucleobase analogs are shown in Figure 5.4.  Lower values are more acidic, so adenine is 

the most acidic substrate  (∆Hacid of 334.8 kcal mol-1).36,38,234-240 The next most acidic 

substrate is Z3 (∆Hacid = 335.3 kcal mol-1).  The trend from most to least acidic in the gas 

phase is:  adenine > Z3 > Q > B > Z1 > Z > M (where A is most acidic).  
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Figure 5.4. Calculated (B3LYP/6-31+G(d)) gas phase acidities (kcal mol-1) of the N9-

H for neutral nucleobase analogs.  

5.3.3. N9-H acidity of protonated substrates 

To assess the effect of protonation on acidity, we calculated the N9-H acidity of the 

various protonated substrates. 

5.3.3.1. Acidity: N1-protonated substrates 

The N9-H acidity values for the N1-protonated nucleobase analogs are shown in 

Figure 5.5.  Only three of the analogs have an N1 that can be protonated. The most acidic 

substrate is A, followed by Z3, then Z (A > Z3 > Z).  Protonation of the N1 decreases the 

gas phase acidity values overall by about 90 kcal mol-1.   
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Figure 5.5.  Calculated (B3LYP/6-31+G(d)) gas phase acidities (kcal mol-1) of the N9-

H for N1-protonated nucleobase analogs.   

5.3.3.2. Acidity: N3-protonated substrates 

The N9-H acidity values for the N3-protonated nucleobase analogs are shown in 

Figure 5.6.  Four substrates have an N3 that can be protonated. As with protonation at 

N1, protonation at N3 greatly enhances the acidity, decreasing the values in the gas phase 

by more than 100 kcal mol-1 (and about 10 kcal mol-1 in water).  The trend in terms of 

acidity in the both media is A ~ Q > Z1 > Z.241  

 

 

Figure 5.6. Calculated (B3LYP/6-31+G(d)) gas phase acidities (kcal mol-1) of the N9-

H for N3-protonated nucleobase analogs.   

5.3.3.3. Acidity: N7-protonated substrates 

The N9-H acidity values for the N7-protonated nucleobase analogs are shown in 

Figure 5.7.  N7-Protonation greatly increases the N9-H acidity (by more than 100 kcal 

mol-1). The acidity trend is: A ~Z3 > Q > B > Z1. 
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Figure 5.7. Calculated (B3LYP/6-31+G(d)) gas phase acidities (kcal mol-1) of the N9-

H for N7-protonated nucleobase analogs.  

5.3.4. Gas phase measurements 

We also used mass spectrometry to measure the thermochemical properties of some of 

the nucleobase analogs.  These experiments provide new thermochemical data and also 

allow us to benchmark the calculations.  Of the substrates studied herein, only the acidity 

and proton affinity of adenine have been previously measured (∆Hacid = 333 ± 2 kcal mol-

1 and PA = 224 ± 3 kcal mol-1).36-38,242  

5.3.4.1. Measurements: 3-deazaadenine (Z3). 

Previous studies of other nucleobases have taught us that the "canonical" structure is 

not always the most stable tautomer in the gas phase. We therefore calculated the 

possible tautomers of Z3 to ascertain which structure is likely to be the most stable in 

vacuo (Figure 5.8).  The results indicate that the canonical structure should be the most 

stable, by 4 kcal mol-1.  The acidities and proton affinities for the two most stable 

tautomers are also shown in Figure 5.8. 
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Figure 5.8.  Possible tautomers of Z3.  Relative stabilities are the parenthetical values.  

Acidities are in red and proton affinities are in blue. All are calculated values at 

B3LYP/6-31+G(d) (∆H at 298 K, kcal mol-1). 

The acidity of Z3 was measured using the bracketing method (see Experimental for 

details; data in Table 5.1).  We find that deprotonated Z3 is able to deprotonate 2-

chloropropanoic acid (∆Hacid = 337.0 ± 2.1 kcal mol-1).  The opposite reaction also occurs; 

that is, 2-chloropropanoate is able to deprotonate neutral Z3.  We therefore bracket the 

acidity of Z3 to be 337 ± 3 kcal mol-1
.  This value is consistent with (though about 2 kcal 

mol-1 higher than) the calculated N9-H acidity of the most stable Z3 tautomer (Figure 

5.8). 

Table 5.1. Summary of results for acidity bracketing of Z3 
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acid base 

methyl cyanoacetate 340.80 ± 0.60 – + 

trifluoro-m-cresol 339.3 ± 2.1 – + 
2-chloropropanoic acid 337.0 ± 2.1 + + 

malononitrile 335.8 ± 2.1 + – 
pyruvic acid 333.5 ± 2.9 + – 

difluoroacetic acid 331.0 ± 2.2 + – 

a Acidities are in kcal mol-1.33 bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer.  

 
We also bracketed the proton affinity of Z3 (Table 5.2). We find that di-sec-

butylamine (PA = 234.4 ± 2.0 kcal mol-1) is able to deprotonate protonated Z3, but that 

the opposite reaction (protonated di-sec-butylamine with Z3) does not occur.  1-

Methylpiperidine (PA = 224.7 ± 2.0 kcal mol-1) can not deprotonate protonated Z3, but 

Z3 can deprotonate protonated 1-methylpiperidine. We therefore bracket the PA of Z3 to 

be 233 ± 3 kcal mol-1.  The measured proton affinity is consistent with the N1 of Z3 

(Figure 5.8). 

Table 5.2. Summary of results for proton affinity bracketing of Z3. 

Reference compound PAa Proton transferb 

  Ref. 
base 

Conj. 
acid 

2,2,6,6-tetramethylpiperidine 235.9 ± 2.0 + – 

N,N-dimethylcyclohexylamine 235.1 ± 2.0 + – 

triethylamine 234.7 ± 2.0 + – 

di-sec-butylamine 234.4 ± 2.0 + – 

1-methylpiperidine 232.1 ± 2.0 – + 
N,N-dimethylisopropylamine 232.0 ± 2.0 – + 

1-methylpyrrolidine 230.8 ± 2.0 – + 
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piperidine 228.0 ± 2.0 – + 
a PAs are in kcal mol-1.33  bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer 

5.3.4.2. Measurements: 7-deazaadenine (Z). 

The possible tautomers for Z are shown in Figure 5.9.  The canonical tautomer is 

calculated to be the most stable by a large amount (over 10 kcal mol-1).  The acidities and 

proton affinities for the most stable tautomer are also shown in Figure 5.9. 

 

 
Figure 5.9.  Possible tautomers of Z.  Relative stabilities are the parenthetical values.  

Acidities are in red and proton affinities are in blue. All are calculated values at 

B3LYP/6-31+G(d) (∆H at 298 K, kcal mol-1). 

The bracketing results for the acidity of Z are shown in Table 5.3. (Bracketing 

experiments on compound Z were performed by Ms. Yuan Tian).  Butyrate deprotonates 

Z and deprotonated Z also reacts with butyric acid, placing the ∆Hacid at 347 ± 3 kcal mol-

1.  The experimental value is slightly higher than the calculated N9-H value. 

Table 5.3. Summary of results for acidity bracketing of Z. 
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Reference compound ΔHacid
a Proton transferb 

  Ref. 
acid 

Conj. 
base 

m-cresol 349.5 ± 2.1 – + 

acetic acid 347.4 ± 0.5 – + 
butyric acid 346.8 ± 2.0 + + 
formic acid 346.0 ± 0.5 + – 

methacrylic acid 344.1 ± 2.9 + – 
methyl cyanoacetate 340.80 ± 0.60 + – 

a Acidities are in kcal mol-1.33,182 bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer.  

The results for proton affinity measurement are shown in Table 5.4. Z deprotonates 

protonated piperidine, and piperidine deprotonates protonated Z, placing the PA at 228 ± 

3 kcal mol-1  (Table 5.4). The measured proton affinity is consistent with both the N1 and 

the N3 of Z . 

Table 5.4. Summary of results for PA bracketing of Z 

Reference compound PAa Proton transferb 

  Ref. base Conj. acid 

1-methylpiperidine 232.1±2.0 + _ 

1-methylpyrrolidine 230.8±2.0 + – 

piperidine 228.0±2.0 + + 
pyrrolidine 226.6±2.0 – + 
3-picoline 225.5±2.0 – + 

a PAs are in kcal mol-1.33  bA “+” indicates the occurrence and a “–” indicates the 

absence of proton transfer 
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5.4. Discussion. 

5.4.1. Gas phase data.   

A comparison of calculated and measured thermochemical values for Z3 and Z indicate 

that calculations (both acidity and PA) at B3LYP/6-31+G(d) are reasonably accurate 

(Table 5.5). These newly measured values therefore allow us to benchmark our 

calculations on these heretofore uncharacterized adenine analogs. 

Table 5.5. Comparison of calculated and measured thermochemical values. 

Substrate Acidity or 

proton affinity a 

Calculated  

(B3LYP/6-31+G(d)) a 

Experimental a 

adenineb ∆Hacid 334.8 333 ± 2 

 PA 223.7 224 ± 3 

Z3 ∆Hacid 335.3 337 ± 3 

 PA 233.2 233 ± 3 

Z ∆Hacid 343.5 347 ± 3 

 PA 228.4 228 ± 3 
aValues are in kcal mol-1; bReferences36-38,237,242  

5.4.2. Possible enzyme mechanisms. 

Our interest is to relate our results to the possible mechanisms by which MutY excises 

adenine from DNA.  The rates of excision by MutY of the nucleobase analogs are 

summarized in Table 5.6.243  

Table 5.6.  Relative MutY excision rates of nucleobase analogs.  
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Nucleobase Excision rate, relative to A 

A  

Z3 100x less than Aa 

Z1 40x less than Ab 

B 6000x less than Ac 

Q 10x less than Ac 

M Noned 

Z Nonee 

aReference228 b Reference230 cReference227 dReference229 eReference231 

 
Various mechanisms of cleavage by the enzyme are possible; in any scenario, the 

nucleobase substrate, in some form, is a leaving group (Scheme 5.1).  The primary 

possible mechanisms are either simple cleavage of the deprotonated anionic nucleobase 

(Mechanism A, Scheme 5.1) or pre-protonation of the nucleobase, which should enhance 

excision (Mechanisms B, C, D, Scheme 5.1, showing protonation of N1, N3, and N7, 

respectively).  The ease by which a given substrate is cleaved should be related to its 

leaving group ability.  Because typically better leaving groups have stronger conjugate 

acids, we calculated the gas-phase acidities at the cleavage site (N9) for the various 

nucleobase analogs to assess whether a correlation between acidity and MutY excision 

rates could be found.  We focus on gas phase values because these reveal intrinsic 

reactivity, and may be related as well to reactivity in the nonpolar active site.13,36,38,40,41,76 

 

Scheme 5.1. 
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5.4.2.1. Deprotonated adenine as the leaving group. 

The simplest mechanism would be the excision of the C1'-N9 bond wherein the 

nucleobase leaves as the deprotonated N9 anion (Scheme 5.1, Mechanism A).  The 

relevant thermochemical value for this mechanism is the acidity of the N9-H proton for 

each analog:  the more acidic that position, the more stable the conjugate base anion is.  

The more stable that conjugate base anion is, the better a leaving group it will be.  

Therefore, one would expect a correlation between N9-H acidity and the rates of excision 

by MutY shown in Table 5.6.   
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Our calculations indicate that the trend from most to least acidic in the gas phase is:  A > 

Z3 > Q > B > Z1 > Z > M (where A is most acidic, Figure 5.4). Table 5.6 indicates that 

the trend in terms of MutY excision (from highest to lowest excision rate) is A > Q > Z1 > 

Z3 > B > M ~ Z.  Therefore, the N9-H gas phase acidity does not follow the same trend 

as the MutY excision rates, implying that the cleavage of these damaged bases does not 

occur by simple cleavage of the N9– anion.  

5.4.2.2. N1 pre-protonation. 

Another possibility is that the N1 is protonated prior to excision (Scheme 5.1, 

Mechanism B).  The acidity trend for those substrates which have a nitrogen at the 1 

position that can be protonated is A > Z3 > Z (where A is most acidic, Figure 5.5).  The 

trend for the excision of the nucleobase analogs by MutY is: A > Q > Z1 > Z3 > B > M ~ 

Z.  Therefore, the gas phase acidity of the three substrates does correlate to their MutY 

excision rates, though the comparison only involves a limited set of substrates (since only 

three of the analogs have an N1). Still, we can conclude that the gas phase acidity and the 

known MutY excision rates do correlate, such that pre-protonation of N1 could be 

involved in cleavage.  However, because other analogs that are cleaved quickly by MutY, 

such as Q and Z1, do not have a nitrogen at the 1-position, it seems unlikely that 

protonation of that site would be the sole mechanism by which the enzyme enhances 

excision. 

5.4.2.3. N3 pre-protonation. 

We therefore also consider N3 protonation prior to excision (Mechanism C, Scheme 

5.1). The calculated N9-H acidity values for those substrates which have a nitrogen at the 
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3 position that can be protonated are shown in Figure 5.6. The trend in terms of acidity 

for these substrates is A ~ Q > Z1 > Z (where A is most acidic).  Again, since the MutY 

excision rate is A > Q > Z1 > Z3 > B > M ~ Z, the acidity of N3-protonated substrates is 

consistent with the relative MutY cleavage rates.  However, because substrates such as B, 

which lacks an N3, are still cleaved more quickly than Z, it seems unlikely that N3 

protonation is the only advantage provided by the enzyme. 

5.4.2.4. N7 pre-protonation. 

The remaining ring nitrogen that could be protonated to enhance excision is the N7 

(Scheme 5.1, Mechanism D). The calculated acidity values for those substrates which 

have a nitrogen at the 7 position that can be protonated are shown in Figure 5.7.  The 

trend in terms of acidity for these substrates is A ~ Z3 > Q > B > Z1 (where A is most 

acidic).  The MutY catalyzed excision rate trend is A > Q > Z1 > Z3 > B > M ~ Z.  There 

does not appear to be a correlation between the two trends -- for example, while the 

calculations indicate that N7 protonation should make Z3 as acidic as A (and therefore as 

cleavable), the enzyme actually cleaves Z3 more slowly than it does Q and Z1.   

However, our other calculations do show that N1 and N3 protonation also enhance N9-

H acidity.  Therefore, an excision mechanism could involve protonation of one nitrogen 

and hydrogen bonding at other nitrogen(s) to further enhance acidity (and "cleavability").  

Because M and Z, which are missing N7, are cleaved most slowly by MutY, we reasoned 

that N7 is key to cleavage, probably as a protonation site.  Both N1 and N3 could then 

also be involved in hydrogen bonds in the active site to further encourage cleavage.   
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First we consider protonation at N7 with hydrogen bonding to N1.  Nucleobase analogs 

that can protonate at N7 and bind at N1 are A and Z3.  Because A and Z3 are already the 

two most acidic N7-protonated substrates, enhancement of those acidities via hydrogen 

bonding at N1 would not change the gas phase acidity trend. 

What about hydrogen bonding to N3? For the nucleobase analogs with protonation at 

N7, the acidity trend is: A ~ Z3 > Q > B > Z1 (where A is most acidic). N7-Protonated 

substrates that have an N3 to which a hydrogen bond could be formed are A, Q, and Z1.  

This hydrogen bonding could alter the aforementioned trend, to make Q and Z1 more 

acidic at the N9-H, comparable to or even more acidic than Z3.  The acidity trend of N3-

hydrogen bonded, N7-protonated substrates could therefore shift to A > Q> Z1 > Z3 > B, 

which is comparable to the MutY catalyzed excision rate trend of A > Q > Z1 > Z3 > B > 

M ~ Z. 

In summary, our measurements and calculations of the thermochemical properties of 

the various MutY nucleobase analogs are consistent with a mechanism where hydrogen 

bonding to N3 and protonation of N7 lead to more facile cleavage at N9.  Hydrogen 

bonding at N1 could also be involved.  Other experimental data provide support for this 

mechanism as well. The most recent crystal structure, from Bacillus stearothermophilus, 

is a complex of MutY with a fluorinated 2'-deoxyadenosine, and shows multiple 

hydrogen bonding contacts as well as hydrophobic interactions between substrate and 

enzyme.30,244,245  Glu-43 and Tyr-126 coordinately contact the N7; the position of the 

glutamate indicates that it is probably protonated (the carboxylic acid as opposed to the 

carboxylate).  Glu43 is expected to be quite acidic, allowing partial or full bonding of its 

proton to N7. A hydrogen bond from Arg-26 to water to N3 is observed, as well as a 
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hydrogen bond from Arg-31 to N1. Various salt bridges exclude water and create a 

hydrophobic environ.  The crystal structure is therefore consistent with protonation at N7 

and hydrogen bonding to N1 and N3, which correlates to the thermochemical properties 

of the nucleobase analogs.  Furthermore, recent kinetic isotope effect studies indicate an 

inverse 15N7 KIE (in E. coli MutY), consistent with protonation at N7.29  

5.4.3. Possible aqueous mechanisms. 

We have also studied the excision of some of these nucleobase analogs in acidic 

aqueous solution and found that B, Q and Z1 are depurinated more quickly than A while 

Z3 is depurinated more slowly (Table 5.7).227,230 Because these cleavage reactions occur 

in water under acidic conditions, relevant calculations should involve pre-protonation and 

a polar environment. To that end, we calculated the N9-H acidity for the nucleobase 

analogs when the most basic site is protonated. To mimic water, we conducted the 

calculations in a water dielectric (Figure 5.10).  The acidity values are much lower than 

those in the gas phase, as would be expected.  These calculations indicate an N9-H 

acidity trend of:  Q > B > Z1 > A > Z3.  We would therefore expect Q, B and Z1 to be 

cleaved more quickly than adenine, and Z3 to be cleaved more slowly, which is 

consistent with the experimental results.  The calculations, which do not include specific 

solvation, are not perfect; experiments indicate that Q and Z1 are cleaved with equal 

facility in acidic water, but the calculations predict that Q is more acidic at N9-H than Z1, 

and therefore should be easier to excise.  However, the overall trend of which bases 

should be cleaved more quickly than A and which less quickly is consistent between 

calculations and experiment.  
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Table 5.7. Relative excision rates of nucleobase analogs in acidic aqueous solution.  

Nucleobase Acid-catalyzed depurination rate, relative to A 

A – 

Z3 3x less than Aa 

Z1 7x more than Aa 

B 2x more than Ab 

Q 7x more than Ab 

aReference230. bReference227 

 

 
Figure 5.10.  Aqueous N9-H acidities of nucleobase analogs with the most basic site 

protonated, in kcal mol-1.  

5.4.4. 1,3-Deazaadenine (Z13) Prediction.  

One additional substrate we studied computationally is Z13 (Figure 5.11).  This is a 

logical extension of the various analogs already studied (Figure 5.2); this particular 

derivative is missing an "N" at both the 1 and 3 positions.  Z13 could be a substrate for 
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MutY, although the only nitrogen available for hydrogen bonding and/or protonation is 

the N7.  Compared to the other nucleobase analogs, the acidity at N9-H when that N7 is 

protonated is fairly poor (∆Hacid = 230.1 kcal mol-1), comparable to Z1 (Figure 5.11 

versus Figure 5.7).  We would therefore expect Z13 to be cleaved by MutY slowly, 

comparable to Z1.  Protonation of the N7 and calculation of the N9-H acidity in a water 

dielectric drops the ∆Hacid to 23.6 kcal mol-1 (Figure 5.11).  Comparing this value to 

those for the other nucleobase analogs (Figure 5.10), we would predict that Z13 would 

be depurinated in acidic water quite quickly, certainly with more ease than adenine.  

 

 

Figure 5.11. Calculated (B3LYP/6-31+G(d)) gas phase and (aqueous) acidities (kcal 

mol-1) of the N9-H for N7-protonated nucleobase analog Z13.  

 

5.5. Conclusions.  

The heretofore unknown thermochemical properties of adenine and six adenine analogs 

have been calculated and measured herein. Gas phase measurements benchmark our 

calculations.  Comparison of the stability of the N9-H bond (in terms of acidity) when 

various nitrogens are protonated versus known MutY excision rates point to a MutY-

catalyzed mechanism involving protonation at N7, and hydrogen bonding at N3 (and 

possibly N1).  This conclusion is consistent with other MutY mechanistic studies (crystal 
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structures, kinetic isotope effects).  We also find that our calculations for the N9-H 

acidity when the most basic site is protonated are consistent with experimental data for 

acid-catalyzed depurination in water.  Our work shows that fundamental studies of 

biological species are valuable for lending insight into mechanisms for which these 

species are substrates.  
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