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ABSTRACT OF THE DISSERTATION

GAS PHASE STUDIES OF N-HETEROCYCLIC ORGANIC SPECIES USING

MASS SPECTROMETRY

By KAI WANG

Dissertation Director:

Professor Jechiun K. Lee

This dissertation focuses on the examination of thermochemical properties,
including gas phase acidities, proton affinities and tautomerism of two types of N-
heterocyclic organic species: damaged nucleobases and 1,2,3-triazoles via mass
spectrometry methods (bracketing method on FTMS and Cooks kinetics method on LCQ)
and theoretical studies (quantum mechanical calculations). Reactivities of N-heterocyclic
carbenes as organocatalysts were also studied in the gas phase.

3-Methyladenine DNA glycosylase II (AlkA), which is found in Escherichia coli, is
an enzyme that cleaves a wide range of damaged nucleobases from DNA. Herein we
study the 3-methylated AlkA purine substrates, 3-methyladenine, non-substituted purine
and and a potential AlkA substrate, 6-chloropurine. We found that the damaged
nucleobases are more acidic than normal nucleobases. Resulting from this increasing of

acidity, it is expected that damaged nucleobases are easier to be cleaved from the DNA



chain since their conjugate bases should be better leaving groups. We also find that the
gas phase acidities correlate with AIkA excision rate. Thus, the results lend support to the
theory that AlkA differentiates among substrates by cleaving those nucleobases which are
the most facile to remove.

We also focus on studying the gas phase properties of 1,2,3-triazoles, which,
compared with their applications, are largely unknown. The gas phase acidities and
proton affinities of benzotriazole, 4-phenyl-1,2,3-triazole, substituted 4-phenyl-1,2,3-
triazoles are discussed herein. Moreover, the tautomerism prevalence of 4-phenyl-1,2,3-
triazole is acertained by ion-molecule reaction coordinate analysis and H/D exchange
studies.

In order to study the reaction mechanism of N-heterocyclic carbenes catalyzed
reactions such as benzoin condensation, we synthesized a thiazolium catalyst with ethyl
sulfonyl group on C4 position of five-membered thiazolium ring. Upon deprotonation,
the thiazolium-based carbene is given a negative charge, which renders the visibility for
both the carbene and reaction intermediates via mass spectrometry. We herein isolate and
study the fragmentation pattern of both free carbene and reaction intermediates using
ESI-MS/MS technique. As comparison, we also employ an imidazolium-based NHC to
study the benzoin condensation via mass spectrometry and characterize the catalyst as

well as the intermediates.
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Chapter 1 Introduction

1.1 Overview

1.1.1 DNA, normal nucleobases and damaged nucleobases

Deoxyribonucleic acid (DNA) is a molecule that restores all the genetic information
for the function of all living organisms. DNA is composed of two polymeric chains that
are complementary to each other. Each of the chain is further comprised of monomeric
units called nucleotides. Each monomer unit, the nucleotide, contains a nucleobase (could
be adenine (A), guanine (G), cytosine (T) or thymine (T)) which is attached to the
deoxyribose molecule by an N-glycosidic bond. A phosphate group is also linked to the

sugar via a phosphodiester bond.

Figure 1.1. Nucleotide structure (with guanine as nucleic base).

Normal nucleobases include adenine (A), guanine (G), cytosine (C) and thymine
(T). Both exogeneous agents (environmental mutagens, such as various chemicals, UV
light, nucleic radiation) and endogeneous (cellular metabolites) constantly attack DNA,

and cause nucleic base modification, thus jeopardizing the integrity of DNA and the



genetic information encoded within it, which may further interfere with DNA replication
and transcription and lead to permanent changes in DNA sequence and their biological
effects and finally mutation, carcinogenesis and aging.'” There are several kinds of
damage to the nucleobases, the most common ones are oxidation, deamination and
alkylation. These modifications result in the so called “damaged nucleobases” and

selected examples along with normal nucleobases are shown in Figure 1.2.

NH, o) NH; 0
H
N N >N N~
N~ HN
D D | |
Normal nucleobases: )I > )i > f\ fk
S Sy o
H H H H
adenine guanine cytosine thymine
NH, (|3|.|3 (0] (I;Ha (0] NH,
H H
N . N . N N
Damaged nucleobases: N| ) N ) N S N| A S
L~ PN Ho AN L s
N~ “Ne HNT N7 No NT NN N~ @
H H CHs H CH; H
7-methyladenine 7-methylguanine 3-methylguanine 3-methyladenine
H5;C.
o o H OH 0 4
H. N H. N N H N
N N N~ °N
ﬁI =0 )\JI =0 mﬁ A Wa
HNT °NT N 07 "NT N N" N HNTONT N
H H H H H
8-oxoguanine xanthine hypoxanthine O-methylguanine

Figure 1.2. Normal nucleobases and selected damaged nucleobases.

1.1.2 DNA glycosylases and base excision repair pathway

Base excision repair pathway (BER), which is a cellular mechanism found in a lot of

organisms, repairs damaged nucleobases from DNA. Other than glycosylases which



recognize and remove the damaged nucleobase, there are other types of enzymes
functioning in the base excision repair pathway such as “AP endonuclease” which
cleaves an AP site to yield a 3’-hydroxyl group next to a 5’-deoxyribosephosphate (dRP);
“end processing enzymes” which facilitate the formation of hydroxyl group on 3’ end and
phosphate group on 5’ end; “DNA polymerases” and “ligase” which fill the resulting
vacancy.

We are extremely intrigued by the first step of the BER pathway, the removal of
damaged nucleobases by glycosylases. Specifically, DNA glycosylases has the ability to
recognize the damaged nucleobases, followed by flipping them out of the double helix,
and cleaving the N-glycosidic bond of the damaged base to leave an abasic site (AP site)
while leaving the normal bases untouched. Different organisms have their own
glycosylases. The glycosylases found in Escherichia coli might be different from those
found in human. 3-Methyladenine DNA glycosylase II (AlkA), which can be found in
Escherichia coli, is an enzyme that cleaves a wide range of damaged bases from DNA
including 7-methyladenine (7-MeA), 7-methylguanine (7-MeG), 3-methyladenine (3-
MeA), 3-methylguanine (3-MeG), purine (P), xanthine, hypoxanthine, oxanine, etc.*®
Normal nucleobases might also be cleaved by AIkA but with much lower efficiency.®”
The reason why AlkA has the broad specificity on damaged nucleobases against normal
ones remains unclear. It is reasonable to argue that the rate of excision of damaged
nucleobases is dependent on the reactivity of the N-glycosidic bond which is related to its
stability.® The mechanism of the cleavage of N-glycosidic bond is believed to occur via

Sx1 mechanism, where the leaving of the leaving group happens first.” (Figure 1.3)
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Figure 1.3. Mechanism of the cleavage of N-glycosidic bond

Our group previously hypothesized that a similarly functioned enzyme found in
human body, alkyl adenine glycosylase (AAG) which also possesses the broad
specificity, provides a hydrophobic site that enhances the N-glycosidic bond stability

. 10-13
difference between damaged nucleobases and normal ones.

We hypothesized the
AlkA accomplished the work similarly. Since it is accepted that alkylated nucleobases
and other AlkA substrates have decreased N-glycosidic stability compared to normal
nucleobases, and therefore can be easily excised, studying the gas phase properties of
damaged nucleobases in the gas phase, which is the ultimate nonpolar environment, will
be very useful.''*

Therefore, we try to clarify how the AIkA removes such a broad range of damaged

nucleobases while leave the normal ones untouched.

1.1.3 Gas phase acidity and proton affinity

The gas phase acidity AH,.i4, unlike the acidity in condensed phases, is defined as

the enthalpy change for the deprotonation reaction of AH at 298 K (Eq. 1.1). On the other



hand, the proton affinity (PA) is the negative value of the enthalpy change of protonation

reaction at 298 K (Eq. 1.2).1°

HA>H +A Eq. 1.1

B +H - HB’ Eq. 1.2

The gas phase acidities range between 300 to over 400 kcal mol”', while the proton

affinities varies from 130 kcal mol” (methane) to over 250 kcal mol™ (super base).

Selected gas phase proton affinities and acidities values are shown in Table 1.1 and Table
1.2, respectively.

Table 1.1. Selected values of gas phase acidities'

Name of molecules Molecular formula AH? ., (kcal mol™)
Ethane C,Hs 420.1
Methane CH,4 416.6
Ethylene C,H,4 407.5
Benzene CsHs 400.7
Water H,O 390.7
Iodomethane CHsl 386.0
Acetylene CH, 377.8
Acetonitrile CH;CN 372.9
Acetone CH3;COCH; 369.1

Nitromethane CH3NO, 357.6




Phenol

Acetic acid

Benzoic acid

lodoacetic acid

Trifluoroacetic acid

PhOH
CH;COOH
PhCOOH
ICcH4COOH

CF;COOH

349.2

348.6

340.2

334.7

324.4

Table 1.2. Selected values of gas phase proton affinities'’

Name of molecules

Molecular formula

PA (kcal mol™)

Methane
Ethane
Acetylene
Ethylene
Water
Formaldehyde
Benzene
Acetic acids
Acetone
Diethyl ether
Ammonia

Aniline

Dimethylacetamide

CH4
C,He
CH,
C,Hy
H,O
CHO
CsHe
CH;COOH
CH;COCH;
CH;CH,OCH,CH3
NH;3
CsHsNH;

CH;CON(CHs)»

130.2

142.7

153.3

162.6

165.2

170.4

179.3

187.3

197.2

200.2

204.0

210.9

217.0




Piperidine CsHiIN 228.0
1,5- C7HioN; 248.2
Diazabicyclo[4.3.0]non-5-

enec

1.1.4 Triazoles

The cycloaddition of azides and alkynes to yield triazoles was first disclosed by
Huisgen in 1967.'® However, the reaction did not draw much attention due to the harsh
reaction conditions and lack of regioselectivity. Since the discovery of copper-catalyzed
version of Huisgen cycloaddition, the copper-catalyzed-azide-alkyne-cycloaddition
(CuAAC, also referred as “click chemistry”), 1,2,3-triazoles have become very popular
due to their unique properties and applications.'” " Click chemistry, on the other hand, is
a modular approach that only utilizes the most reliable and practical transformations and
CuAAC falls into this particular category.’> Click chemistry was first described by Barry
Sharpless, Valery Fokin and M. G. Finn in 2001."" It is not a specific reaction, but an idea

to mimic the nature to join small molecules together.

Huisgen thermal cycloaddition
R

1

R
A N, RN
R-N;, + =R —— JI N+ \[ N
R N

N

Copper-catalyzed-azide-alkyne cycloaddition (CUAAC)

Cu(l) (cat.)

N\
R-N; + =R > JI,N
H20 N

R




Figure 1.4. Huigen thermal cycloaddition and Copper-catalyzed-azide-alkyne

cycloaddition (CuAAC)

Huisgen thermal cycloaddition yields a mixture of C4 and CS5 substituted triazoles,
while CuAAC gives only C4 substituted triazole. In 2008, ruthenium was also used to
catalyze the cycloaddtion reaction and C5 substituted triazole was obtained.”> Our
collaborator, Xiaodong Shi from West Virginia University developed one-pot cascade
synthetic method for the synthesis of 4,5-disubstituted triazoles. Through post-triazole
alkylation and arylation of NH triazoles, efficient synthetic methods for N2 alkyl- and
aryl- substituted 1,2,3-triazoles were developed.’*° (Figure 1.5)

Lewis base-catalyzed three-component cascade reaction

R2
|
HNO2 Q Na—N; L-Proline Ry N\=N,
R L - _ NH
R 2 AT H DMSO A” N
Synthesis of N-2-substituted-1,2,3-triazoles
(@) @)
R™N\=N K,COj R™N\=N
- NH + Rx —_— - N-R
N N

Ar Ar
Figure 1.5. Lewis base-catalyzed three-component cascade reaction and synthesis of

N-2 substituted 1,2,3-triazoles by Dr. Xiaodong Shi

1,2,3-Triazoles are able to coordinate with transition metals such as ruthenium (Rh)
and gold (Au) to form triazole-Rh(I) and triazole-Au(I) complexes, the latter of which is a

catalyst with improved stability and efficiency for electrophilic activation of alkynes



3745 NH triazoles can be used as both

compared with traditional cationic Au(I) catalysts.
neutral ligands and anionic ligands. On the other hand, N-substituted triazoles can only
coordinate as neutral ligands.

The fundamental thermochemical properties of these compounds, on the other hand,

are little-known. *2

Furthermore, Abboud and coworkers gave some ambiguous results
for the gas phase proton affinity and tautomerism about 4-phenyl-1,2,3-triazole.”’

Therefore, we try to disclose the fundamental properties of 1,2,3-triazoles in the gas

phase using both computational and experimental methods.

1.1.5 Benzoin condensation, N-Heterocyclic carbenes

Stable N-heterocyclic carbenes (NHCs) were first reported by Arduengo and
coworkers in 1991 and have demonstrated broad applications in various areas™.
However, the idea of stable carbene was proposed long before that. In 1958, Breslow
proposed a thiazolium-based carbene to catalyze the benzoin condensation.”*’

The coupling of two benzaldehyde catalyzed by cyanide, the benzoin condensation,
was first reported by Liebig in 1832.°° Kinetics of this reaction has been studied by
Bredig and coworkers in 1904.>° This reaction is further carefully reviewed by Lachman
in 1923 who found that benzaldehyde and benzoin are able to convert to each other when
the reaction is catalyzed by cyanide ion in alcoholic-H,O solution.”” The reversibility of
this reaction was also studied experimentally by Buck in 1931, Sumrell in 1956,
Kuebrich in 1971; and theoretically by Yamabe in 2009.°'*

In 1958, Breslow proposed reaction mechanism of benzoin condensation catalyzed

by thiazolium and imidazolium salts. Breslow mechanism (Figure 1.6) features the

formation of C2-ylide II, generated in situ from the deprotonation of parent thiazolium
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salts I with mild bases. Subsequent nucleophilic addition to a benzaldehyde, after
deprotonation, yields a resonance-stablized intermediate IV (V), which is also referred as
“Breslow intermediate”. A second benzaldehyde adding to the intermediate IV gives
diphenylhydroxy thiazolium adduct VI, which eventually releases the benzoin and re-

generates thiazolium ylide II.

Ro ®N
i
Ry X
|
R=phenyl
o +H®1 HP R, Ry, Ry=alkyl or aryl
R N X=SorN

Figure 1.6. Mechanism of benzoin condensation catalyzed by thiazolium- or

imidazolium-based carbene proposed by Breslow.

In 1960, Wanzlick proposed that the carbene generated from vacuum pyrolysis is in

equilibrium with its dimer, which he believed, only acts as the carbene reservoir.”%
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Challenges to Breslow mechanism and Wanzlick equilibrium by Lemal, and later by

Winberg claimed that the carbene dimer is actually catalytically active in the catalytic

circle.””” Since the late 1980s, Castells and coworkers proposed alternative dimer

mechanism.”"””” Later, controversial results on Castells dimer mechanism were

reported.”®” Up till today, Breslow mechanism has still been the dominant and well-

accepted mechanism for benzoin condensation.

In the past half century, scientists have been taking efforts to develop chiral

thiazolium catalysts in order to give enantioselective benzoin condensation reaction. The

selected examples have been summarized in Table 1.3, and the catalysts shown in Table

1.3 are listed in Figure 1.7.

Table 1.3 . Benzoin condensation catalyzed by thiazolium catalysts

Entry Thiazolium Author Year Yield e.e. Reaction condtions
catalyst

1 1a* Sheehan 1966 9% 22%  MeOH; Et;N;
Ambient temperature

2 16" Sheehan 1974 6% 52%  MeOH; Et;N; 30 °C

3 1c* Sheehan 1974 78%  7.8%  MeOH; Et;N; 30 °C

4 1d% Tagaki 1980 20%  35%  H,0; Et:N; 0.5M phosphate
buffer (PH8)Room
Temperature

5 1d* Tagaki 1980 trace N/A MecOH; Et;N; 0.5M

phosphate  buffer (PHS)
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10

11

1e%

1f73
1f73
83
1h"*

.84
11

Tagaki

Calahorra
Calahorra
Leeper
Leeper

Rawal

1980

1993

1993

1997

1997

1998

82%

11.5%

20.6%

34%

50%

18%

0.8%

27%

26%

20%

20.5%

30%

Room Temperature

H,0; Et;N; 0.5M phosphate
buffer (PHS) Room
Temperature

MeOH; Et;N; 30 °C

MeOH; Et;N; 0 °C

MeOH; Et;N; 20 °C

EtOH; Et;N; 80 °C
MeOH-H,O (1:2.5); Et;3N;

Ambient temperature
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Figure 1.7. Thiazolium-based catalysts from Table 1.3.

Imidazolium-based NHCs have become more and more popular since the first

isolation of NHC by Arduengo in 1991.°%*** Benzoin condensation catalyzed by

imidazolium-based catalysts also have became popular since then and selected references

are summarized in Table 1.4.



Table 1.4. Imidazolium catalyzed benzoin condensation

14

Entry Imidazolium Author Year Yield ee Reaction condtions
catalyst
1 22" Miyashita 1994 79%  Not MeOH; NaOH;

reported Room Temperature
2 2b” Miyashita 1994 54%  Not MeOH:; NaOH;
reported Room Temperature
3 2¢”! Gao 2002 91%  Not THF; NaOH;
reported Refluxing
4 2d” Xu 2005 86%  Not CH.Cly; K>COs;
reported Room temperature
5 2d” Estagar 2006 97%  Not Solvent free; MeONa;
reported 150 °C; microwave
6 22 Iwamoto 2006 0%  Not H,0; EGN;
reported Room temperature
7 20 Iwamoto 2006 99%  Not H,0; EtN;
reported Room temperature
8 2g” Iwamoto 2006 98%  Not H,0; Et;N;

reported Room temperature
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Figure 1.8. Imidazolium-based catalysts from Table 1.4.

Other than thiazolium and imidazolium catalysts, 1,2,4-triazolium-based catalysts
also received great attention and developed significantly over the years.”'*

Neutral carbenes are undetectable by mass spectroscopy, and intermediates are
usually unstable and have the propensity of fragmentation. Introducing a charged handle
to NHC will address the first issue while using a “soft” electrospray ionization tendem
mass spectrometry (ESI-MS/MS) will help the latter.'” ESI-MS/MS has achieved

104-106
Thus, we

recognition as a tool to probe the reaction mechanisms over the years.
apply this method to characterize a novel thiazolium NHC with sulfonate group as
charged handle in an effort to develop a useful method to monitor the reaction via mass

spectrometry. A related imidazolium catalyst was also used to study the mechanism,

which has previously been described by Lalli and coworkers.'"’
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Figure 1.9. Thiazolium and imidazolium catalysts with charged handle.

1.2 Instrumentation

1.2.1 FTMS

Fourier Transform Ion Cyclotron Resonance (FT-ICR), also known as Fourier
Transform Mass Spectrometry (FTMS), is a unique type of mass spectrometry to analyze
the mass-to-charge ratio of charged species. FTMS has been known to yield excellent

"% In the

resolution and accuracy and out-perform most of the other mass spectrometers.
mean time, high maintenance is required for FTMS.'™!"? Fourier transform mass
spectrometry evolved from ion cyclotron resonance (ICR) spectrometry, which was first
developed in 1930s by Lawrence.''' In 1974, inspired by the development of FT-NMR
technique, Comisarow and Marshall applied the Fourier transform method to ICR-MS,

and built the very first FTMS instrument.'%'"?
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A superconducting magnet, accompanied by high-vacuum system, cell(s) and data-
processing system compose the FTMS.'” The magnet is kept cold by cryogens (liquid
helium and liquid nitrogen); high vacuum is achieved by diffusion pumps and mechanical
pumps. Our customized dual-cell Finnigan 2001 FTMS, equipped with a 3.3 Tesla
superconducting magnet and vacuum system (mechanic and diffusion pumps), is able to
pump to pressure as low as 10 Torr. Two adjacent 2-inch cubic cells are placed
collinearly with each other (also referred as the “source cell” (closer to solids probe) and
“analyzer cell (right cell when looking toward the control panel), see Figure 1.10. We use
batch inlets, pulsed valves, leak valves and solids probe to introduce compounds into the
cells, and conduct the gas phase studies. Solids probe only introduces solid samples while
pulsed valves, leak valves and batch inlets are able to send in liquid samples. Our FTMS
is also equipped with an ESI source (Figure 1.11) which is able to ionize the chemicals

softly.
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Figure 1.10 Detailed scheme of our FTMS (Finnigan 2001).
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Figure 1.11 Detailed scheme for transfer region and ESI of FTMS (Finnigan 2001).

1.2.2 Electrospray ionization and quadrupole ion trap mass spectrometer

Electrospray ionization (ESI) is a special way to generate ions in the gas phase. It
relies on the electronic repulsion to produce the liquid drops. Since it is conducted in the
atmospheric pressure, it belongs to the atmospheric pressure ionization (API) sources.
The advantage of using ESI is that it could give minimum fragmentation upon ionization
of analytes. Therefore, it is especially useful when conducting mechanism studies such as
generating “fragile” ions. As a soft ionization method, it could also be employed when

studying mechanisms by generating reaction intermediates from reaction aliquot.
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When using ESI, volatile solvent is often used such as methanol, acetonitrile and
water. Chemicals dissolved in such solvents will be evaporated and electrosprayed into a
heating capillary under a flow rate of 1 pL/min~1 mL/min.

An ion trap is a setup that is able to “trap” the ions in certain areas by applying
different electric field. The 3D quadrupole ion trap was invented by Wolfgang Paul in
1989, which rendered him the Nobel Prize in the same year.'” Therefore, the 3D
quadrupole ion trap is also called Paul trap. It is extremely intriguing by providing the
possibility of conducting tandem mass analyzing. ''* Our group utilized a quadrupole ion
trap spectrometry to conduct structural elucidation studies as well as thermochemical

property measurements via collision-induced fragmentation (CID).

1.3 Methodology

1.3.1 Bracketing method

As described previously, we have a dual cell setup for our FTMS. The cells are
called the source cell and the analyzer cell, individually. Essentially, these two cells are
the same and there is a 2 mm hole in the center of the trapping plate for ions to move
from one to the other. The pressure of the cells has to be pumped down to 1x10” torr as
appropriate vacuum needs to be achieved for ion detection. This is accomplished by a
diffusion pump-mechanical pump setup. Excited ions can be cooled by Argon. There are
different ways to introduce chemicals into the cells such as a heated solids probe to
introduce solid samples, heated batch inlets for liquid samples, or pulsed valves or

leaking valves.
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The protocol for bracketing experiments has been described in detail by our lab

. 10-12,14,115
previously. "~

Briefly, when conducting acidity bracketing experiments, hydroxide
ions are produced through chemical ionization in the FTMS cells by sending an electron
beam (8 eV, 6 pA) through the cell from a heated filament to ionize the water. The
hydroxide ions then deprotonate neutral molecules “HA” (either unknowns or reference
acids) to give the conjugate base, A~ ions. The A~ ions are transferred to the other cell
and initiate proton transfer reaction with either the unknown or reference. The reactions
for both directions are conducted and efficiencies calculated (Figure 1.12a and 1.12b), by
which we can assess the occurrence and non-occurrence of the proton transfer, which also

reflects whether the reaction is exothermic or endothermic. The same procedure is used

for proton affinity bracketing, while different electron energies (20 eV, 6 pA) are used.

Source Cell AnalyzerCell

Protonated Neutral
Analyte Reference

transfer >

a

Source Cell AnalyzercCell

Neutral Protonated
Analyte Reference
< transfer
b

Figure 1.12. Scheme of FT-ICR dual cell bracketing experiments: (a) S->A; (b) A->S
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Again, reaction efficiency is used to determine the occurrence (exothermicity) or
non-occurrence (endothermicity) of a proton transfer reaction (Eq. 1.1); If the calculated
value is higher than 10%, we assume the reaction occurs, and vice versa. The k., value is
obtained from experiments while k. is calculated using Average Dipole Orientation

(ADO) program.''®!'"’

k
Efficiency = —"x100% Eq. 1.1

coll

The experimental rate constant £, is calculated from Eq. 1.2:

- slope
ko= Eq.1.2
L x O q

neutral
In Eq. 1.2, @ is a conversion factor of 3.239 x 10'® molecule-cm™-torr™; The slope is a
parameter that reflects the decrease of reactant ions over time under pseudo-first-order
reaction conditions. Also, we need to eliminate the effects of neutral by dividing the
neutral pressure.

Other than measuring the “most” acidic (basic) site of analytes, our group previously
developed a method to study the second most acidic (basic) sites using bracketing
method.'*"* We call it the “less” site measurements. Different from “most” acidic (basic)
site bracketing, reactant ions will be transferred from source cell to analyzer cell
immediately upon generation and react will the reference acid (base). The purpose of
removing the reactants immediately is to prevent from isomerization of the reactant ions

to maintain the existence of ions with deprotonated (protonated) “less” site. In the “less”
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site measurements, the 10% cutoff is no longer used. In this case, the observation of the

proton transfer determines the exothermicity of the reaction.

1.3.2 Cooks kinetic method

We also used the Cooks kinetic method (LCQ) to measure the acidities and proton

affinities of compounds.''®'*

Briefly, we first need to isolate the proton-bound dimer
between the unknown and reference. Collision-induced dissociation (CID) is applied and
results in the formation of protonated (deprotonated) unkown and neutral reference, or
the protonated (deprotonated) reference with neutral unkown. The ratio of the protonated

(deprotonated) unkown versus the protonated (deprotonated) references is related to the

difference of proton affinity (acidity) between the unknown and reference.

1.3.3 Computational method

We also employ computational methods to quantify the gas phase acidities and
proton affinities of chemicals.

The Gaussian 03 and Gaussian 09 programs were used with B3LYP as method and
6-31+G(d) as basis set.'>'** All the geometries are fully optimized and frequencies are
calculated and used. No scaling factor is applied. All the values used herein are in kcal

mol™! at 298K.
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Note: Adapted with permission from: Michelson, Anna Zhachkina; Chen, Mu; Wang, Kai;
Lee, Jeehiun K. J. Am. Soc. Chem. 2012, 134, 9622-9633. Copyright (2012) American
Chemical Society. Please see the end of the dissertation for permission from American

Chemical Society.

Chapter 2 Gas Phase Studies of Purine 3-Methyladenine DNA

Glycosylase II (AlkA) Substrates

2.1 Introduction

As we discussed in the first chapter, alkylation damage threatens proper cell
function and intervene with gene replication and expression.'” Damaged nucleobases are
repaired through base excision repair (BER) mechanism. The E-coli 3-methyladenine
DNA glycosylase II (AlkA) is an enzyme that removes a series of damaged bases from
DNA.*" AIKA is extrememly intriguing due to its ability to excise a vast variety of
damaged bases, in despite of size and structure.

We have previously proposed that for a similar enzyme, alkyladenine DNA
glycosylase (AAG) which is found in human body, differentiates among substrates by
cleaving those nucleobases which are the most facile to remove. We postulate that the
AIKA functions in a similar way. The rate of excision of damaged nucleobases by AIkA is
related how good the leaving groups (conjugate bases) are, which are ultimately related to
the gas phase acidities at the N-glycosidic position of the nucleobases. Our theory is that
damaged nucleobases are better leaving groups than normal bases, thus, are more acidic

than normal nucleobases. Moreover, we propose that the difference of leaving group
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ability between normal and damaged nucleobases are enhanced in the nonpolar
enviroment, by which the AIkA is able to exhibit its broad specificity.

Our goal here is to test and verify our theory. Meanwhile, the damaged bases are of
interest in its own right. Studying the gas phase properties (gas phase acidites, proton
affinities and tautomerism) will lend us insight of fundamental properties of these
heterocyclic compounds. Therefore, one of the most fundamental structure, the
unsubstituted purine which is also a substrate of AIlkA, is studied herein firstly.
Moreover, we will lay our eyes on two interesting nucleobases, 6-chloropurine and 3-
methyladenine, the former of which is a potential substrate for AlkA and the latter

potentially could either be a positively charged substrate or a neutral one.

2.2 Experimental

All the chemicals were commercially available and were used as received.

2.2.1. Bracketing method

Acidity and proton affinity bracketing measurements were conducted via a Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer (FTMS) with a dual cell setup,

which has been described in the first chapter.'*'*!"°

There are two adjoining 2-inch cubic
cells positioned collinearly in the 3.3 T superconducting magnet. The pressure of the dual
cell is pumped down to less than 1x10™ Torr by a diffusion pump-mechanical pump
setup. Solid purines are introduced into the cell via a heatable solids probe, which are

then protonated or deprotonated by hydroxide or hydronium ions, depending on whether

it is acidity measurement or PA measurement. Hydroxide or hydronium ions are
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generated from water pulsed into the cell, and ionized by an electron beam (typically 8
eV (for OH"), or 20 eV (for H;0") and 6 pA, ionization time 0.5 s). Liquid reference
acids or bases are introduced through 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). lons are generated from reference acids/bases or purine,
selected, transferred to another adjoining cell through a 2-mm hole in the center of the
central trapping plate, cooled by a pulse of argon, and allowed to react with neutral
purine or reference/base. Proton transfer reactions are conducted in both directions. The
occurrence of proton transfer is regarded as evidence that the reaction is exothermic (“+”
in the Tables).

The bracketing experiments were conducted under pseudo-first order conditions,
where the amount of the neutral substrate is in much excess relative to the reactant ions.
Reading the pressure from an ion gauge is often unreliable, both because of the gauge's

125,126
“ Therefore, we

remote location as well as varying sensitivity for different substrates.
first evaluate the pressure by a controlled reaction. Briefly, we first calculate the rate
constant of reaction between hydroxide and neutral compound. We assume the reaction
proceed with theoretical rate since hydroxide is very basic.''®''” We then could exclude

: 10-14,115,126
the influence of pressure. ™ >

2.2.2. Cooks kinetic method

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

spectrometer to measure the gas phase acidities and proton affinities of purines and

. . 118-121
substituted purines.



27

The theory of Cooks kinetic method is related to the formation of a proton-bound

dimer of the unknown AH" and a reference acid BiH" of known acidity (eq. 2.1).

AH® + B,<*—[4---H®---B]—>—> A+ BH® E.q. 2.1

Collision-induced dissociation (CID) is then conducted on the proton-bound dimer. The

ratio of rate constants k; and &, in eq. 2.2 are proportional to the ratio of abundances of A

and B".
@ _ - _
n K i AH® AG(B,) - AG(A) _ AH(B,) - AH(A) _ PA(A) - PA(B,) Eq.2.2
k, B.H® RT RT,; RT,,

R is the gas constant and T is the effective temperature of the activated dimer
complex.'*'*"1*7 Cooks method requires the assumptions: (1) dissociation has no reverse
activation energy barrier, (2) the dissociation transition state structure is late. The proton-

bound dimers mostly fall into this category.'*>'**'*’

In order to obtain the proton affinity
of compound A, the natural logarithm of relative intensity ratios is plotted against the
proton affinities of a series of reference bases which could be easily found in NIST. The
slope is (-1/RT¢) and the y-intercept is (PA(A)/ RTes). The Tefr is then obtained from the
slope. The proton affinity of compound A, (PA(A)), is calculated from either Eq. 2.2 or
the y-intercept. The same procedure can be applied for acidity measurements (via
negatively charged proton bound dimers).

For purine acidity and proton affinity studies, the dimers were produced through ESI

and introduced to LCQ. Methanol or water—methanol (20%) solutions are used as

solvents. An electrospray needle voltage of ~4 kV and the flow rate of 25 pL/min is
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applied. The proton-bound complex ions are isolated and then dissociated using 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.

2.2.3. Calculations

Calculations are conducted at B3LYP/6-31+G(d) using Gaussian 09.'**1**132 The
geometries are fully optimized and frequencies are calculated. No scaling factor is

applied. All the values reported are AH at 298 K.
2.3 Results

2.3.1 Purine

i. Calculations: Purine tautomers, acidity, proton affinity.

Purine is a known substrate for AlkA, and is also of interest as it is the most
fundamental structure for the species studied herein (thus its name!). There are four
possible purine tautomers, of which the most stable one is the canonical structure la
(Figure 2.1). The acidity of this tautomer is calculated to be 329.8 kcal mol (at the N9-

H); the proton affinity is 219.2 kcal mol™ (at N1).
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Figure 2.1. Tautomeric structures of purine. 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 AH at 298 K.

ii. Experiments: Purine acidity

We measured the acidity of purine using the bracketing method (Table 2.1).
Deprotonated purine can deprotonate perfluoro-tert-butanol (AHueq = 331.6 + 2.2 kcal
mol™) but not pyruvic acid (AHuiq = 333.5 £ 2.9 kcal mol™). Pyruvate deprotonates
purine, but perfluoro-tert-butanoxide does not. We therefore bracket the acidity of the

more acidic site of purine to be AHqiq = 333 £ 4 kcal mol™.

Table 2.1. Summary of results for most acidic site bracketing of purine (1).

Reference compound AH i Proton transfer”

Ref. acid Conj. base

2,4-pentanedione 3438+ 2.1 — +
o, a,a-trifluoro-m-cresol 3392 +2.1 - +

pyruvic acid 333.5+£29 — +
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perfluoro-tert-butanol 331.6+£2.2 + —
difluoroacetic acid 331.0+2.2 + —
3,5-bis(trifluoromethyl) phenol 329.7+2.1 + -

1,1,1-trifluoro-2,4-pentanedione 3283+2.9 + -

(1A

. 115 b T T
8AH,iq 1s in kcal mol™."” °A “+” indicates the occurrence and a indicates the absence

of proton transfer

The acidity was also measured using the Cooks kinetic method. Five reference acids
were used: 3-(trifluoromethyl) benzoic acid (AH,eq = 332.2 + 2.1 kcal mol™), 2-nitro-
benzoic acid (AHuia= 331.7 + 2.2 kcal mol™), perfluoro-tert-butanol (AHuiq= 331.6 +
2.2 kecal mol™), difluoroacetic acid (AH.iq = 331.0 + 2.2 kcal mol™"), and 3,5-
bis(trifluoromethyl) phenol (AH,eia= 329.7 + 2.1 kcal mol™), to yield an acidity of 332 +
3 kecal mol™.

Our group also developed a method to measure the “less” acidic/basic site of
compound, which has been described in chapter 1. Here, we apply this method to
measure the less acidic site of purine (Table 2.2). Deprotonated purine, when transferred
to the analyzer cell instantly after being deprotonated, is not able to deprotonate 2-ethyl-
1-butanol (AHgiq = 373.1 %+ 2.0 kcal mol™), but can deprotonate 3-ethylpentane-3-ol
(AH,eia= 370.9 + 2.8 kcal mol™). Therefore, we bracket the less acidic site of purine to be

372 + 4 kcal mol™', which correspond to C8-H.

Table 2.2. Summary of results for less acidic site bracketing of purine (1).
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Reference compound ~— AH,./  Proton transfer’

Ref. acid
methanol 382.0+1.0 -
ethanol 3783 +1.0 -
1-butanol 3753+2.0 -
2-butanol 374.1+2.0 -
dimethyl sulfoxide = 373.5+2.1 -
2-ethyl-1-butanol 373.1+2.0 -
3-ethylpentane-3-ol  370.9 £2.8 +
1-hexene-3-ol 369.4 + 2.1 +
aninline 366.4+2.1 +
2,4-pentadione 343.8+2.1 +

“AH,iq is in keal mol™."> A “+” indicates the occurrence and a “—” indicates the absence
of proton transfer
iii. Experiments: Purine proton affinity.

The proton affinity of purine was bracketed as shown in Table 2.3. For the reaction
of protonated purine and n-butylamine (PA = 220.2 + 2.0 kcal mol') and that of
protonated n-butylamine and purine, proton transfer is observed in both directions,
yielding a bracketed PA of 220 + 3 kcal mol™. This value is consistent with a previous

equilibrium measurement.'>>

Table 2.3. Summary of results for proton affinity bracketing of purine (1).
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Reference compound PA* Proton transfer’

Ref. base Conj. acid

3-picoline 225.5+£2.0 + —
pyridine 222.0£2.0 + —
N-ethylaniline 221.0£2.0 + —
n-butylamine 220.2+2.0 + +
N-methylpropionamide 220.0+£2.0 — +
propylamine 219.4+2.0 - +
benzylamine 2183+2.0 — +
dimethylacetamide 217.0+£2.0 — +
m-toluidine 214.1+2.0 - +

[ XA

%PA is in keal mol™.”®> °A “+” indicates the occurrence and a indicates the absence of

proton transfer

For the Cooks PA measurement of purine, nine reference bases were used:
cyclohexylamine (PA = 223.3 + 2.0 kcal mol™), ethanolamine (PA = 222.3 + 2.0 kcal
mol™), octylamine (PA = 222.0 + 2.0 kcal mol™), isobutylamine (PA = 221.0 + 2.0 kcal
mol™), L-phenylalanine (PA = 220.6 + 2.0 kcal mol"), n-butylamine (PA = 220.2 + 2.0
kcal mol™), propylamine (PA = 219.4 + 2.0 kcal mol™), benzylamine (PA = 218.3 + 2.0
kcal mol™), and dimethylacetamide (PA = 217.0 + 2.0 kcal mol™), to yield a PA of 221 +

3 keal mol ™.
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2.3.2 6-Chloropurine

i. Calculations: 6-Chloropurine tautomers, acidity, proton affinity.

6-Chloropurine has not been experimentally tested as an AlkA substrate. We chose
to study this as a potential substrate, based on the assumption that the chloride group
would render the compound quite acidic at N9 (more in Discussion). 6-Chloropurine has
four possible tautomeric structures, of which the N9-H canonical is calculated to be most
stable (Figure 2.2). The most acidic site of the canonical tautomer has a calculated AHgcig

of 322.8 kcal mol™ (N9-H); the most basic site, at N1, has a PA of 212.5 kcal mol™.

321.4

209.8 T 2018 T 2a8 307.3 7 2251
2125 N 2110N N1673
)\ 3 o >—H 362.7 )\ />—H 361.6 )\ \9>_H3861 1554)\\35 7\>—H 390.6
N 168.0 355.6 Hls3 1 .
385. 4 205.1 M 370" 216_5 213 2 53. 216.8 3580 207 4 230 0
2a 2b 2c 2d
6-CI-N9H purine 6-CI-N7H purine 6-CI-N3H purine 6-CI-N1H purine
0) (2.4) (10.7) (16.5)

Figure 2.2. Tautomeric structures of 6-chloropurine. 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 AH at 298 K.

ii. Experiments: 6-Chloropurine acidity.

6-Chloropurine is predicted to be quite acidic (calculated AHaciq of 322.8 kcal mol™).
Because reference acids in this range are limited, we bracketed an upper limit for the
AH,cig of 6-chloropurine (Table 2.4). The most acidic reference acid we used was 1,1,1-
trifluoro-2,4-pentanedione (AHaia = 328.3 + 2.9 kcal mol). Deprotonated 6-

chloropurine is unable to deprotonate 1,1,1-trifluoro-2,4-pentanedione and acids with
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higher AH,i4 values (Table 2.3). Likewise, deprotonated 1,1,1-trifluoro-2,4-
pentanedione and stronger bases can deprotonate 6-chloropurine, so we bracket an upper

limit of the AH,.;q of 328.3 kcal mol™*.!**

Table 2.4. Summary of results for acidity bracketing of 6-chloropurine (2).

Reference compound AH i Proton transfer”

Ref. acid Conj. base

2,4-pentanedione 343.8 £2.1 — +
perfluoro-tert-butanol 331.6+£2.2 — +
3,5-bis(trifluoromethyl) phenol 329.8+2.1 — +
1,1,1-trifluoro-2,4-pentanedione 3283+2.9 - +

“AH,iq is in keal mol™."> A “+” indicates the occurrence and a “—” indicates the absence
of proton transfer
iii. Experiments: 6-chloropurine proton affinity.

The bracketing of the PA of 6-chloropurine is shown in Table 2.5. For the reaction
of protonated 6-chloropurine with both methylamine and m-toluidine, proton transfer is
observed; the reaction occurs in the opposite direction as well, yielding a 6-chloropurine

bracketed PA of 214 + 3 kcal mol™*.'**

Table 2.5. Summary of results for proton affinity bracketing of 6-chloropurine (2).

Reference compound PA* Proton transfer’
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Ref. base Conj. acid

pyridine 222.0£2.0 + —
propylamine 219.4+2.0 + -
dimethylacetamide 217.0+£2.0 + -
3-chloropyridine 2159+2.0 + -
methylamine 2149+2.0 + +
m-toluidine 214.1+£2.0 + +
N-methylacetamide 2124+2.0 - +
aniline 2109+2.0 - +
2,4-pentanedione 208.8£2.0 - +

(1A

%PA is in kcal mol™'."> A “+” indicates the occurrence and a indicates the absence of

proton transfer

2.3.3 3-Methyladenine

i. Calculations: 3-methyladenine tautomers, acidity, proton affinity.

Our group previously reported the calculated the acidity and the relative stabilities of
the possible tautomers of 3-methyladenine; these data plus new calculations of PA are
shown in Figure 2.5."% 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™ (for the proton on the amino group). The most basic

site has a PA of 234.5 kcal mol'l, at the N7.
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Figure 2.3. 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 AH at 298 K.

ii. Experiments: 3-methyladenine acidity and proton affinity.

The acidity of 3-methyladenine was previously measured by us to be 347 + 4 kcal
mol™.'> We bracket the PA of 3meA herein (Table 2.6). Di-sec-butylamine (PA = 234.4
+ 2.0 kcal mol™) can deprotonate protonated 3-methyladenine, but 1-methylpiperidine

(232.1 + 2.0 kcal mol™") cannot. In the reverse direction, 3-methyladenine deprotonates
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protonated 1-methylpiperidine, but not protonated di-sec-butylamine. We therefore

bracket the PA of 3-methyladenine to be 233 + 3 kcal mol ™.

Table 2.6. Summary of results for proton affinity bracketing of 3-methyladenine (3).

Reference compound PA* Proton transfer’

Ref. base Conj. acid

2,2,6,6-tetramethylpiperidine 235.9 + 2.0 + -

trimethylamine 234.7+£2.0 + -
di-sec-butylamine 2344 +2.0 + -
I-methylpiperidine 232.1+2.0 - +
2,4-lutidine 230.1+2.0 - +
3-picoline 225.5+2.0 - +

[ XA

%PA is in keal mol™.”®> A “+” indicates the occurrence and a indicates the absence of

proton transfer

2.4 Discussion

Biological implications.

As mentioned previously, AlkA is an enzyme with broad specificity that can cleave

a variety of substrates disregard of the shape, size and functional groups. '*-'3>'*

However, the reason of its broad specificity has not been deciphered yet. The main

hypothesis is that AlkA discriminate damaged nucleobases against normal ones by

1,3,8,143
d. 5950,

identifying the intrinsic stabilities of N-glycosidic bon Therefore, since the
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stability of N-glycosidic bond is related to the leaving group ability, which is ultimately
related to the gas phase acidity, we would expect the damaged nucleobases are more
acidic than normal nucleobases.

We further postulate that the acidity differences between damaged and normal bases

10,12,126
» =% Thus, we

are further enhanced by AlkA through providing a non-polar active site.
first compare the gas phase acidities of a series of AlkA substrates with normal
nucleobases to see whether damged nucleobases are more acidic. The biological relevant
structures are summarized in Figure 2.4.

In Figure 2.4, two types of nucleobases are shown. The first row possesses positive
charge, while the rest are neutral species. AlkA is interesting in that it not only cleaves
neutral nucleobases, but also excise positively charged nucleobases. The N-glycosidic
bond stability is related to N9H acidity of these substrates. Cleaving of positively charged
nucleobases result in neutral species while the cleavage of neutral ones will yield anionic

species. It is easy to postulate that neutral species are better leaving group than anionic

species, which is supported by the calculated gas phase N9H acidity values in Figure 2.4.
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Figure 2.4. Gas phase acidity (AH298K, calculated, B3LYP/6-31+G(d), in kcal mol-1) of

biologically relevant structures.

10-12

For neutral species, the gas phase acidities of damaged nucleobases are indeed more

acidic than normal ones (adenine and guanine).

To further verify our hypothesis, we summarize the gas phase acidities of

nucleobases along with their excision rates.

Table 2.7. Rate constants for excision of various nucleobases by AlkA compared to gas

phase acidity.

Substrate kg (min™)*? AH,eiq (kcal mol™)°
TmeGH" 300 231.4
3meAH (3H")/3meA (3) 0.5 232.4/324.2
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ethenoadenine 7.5x 107 330.77
purine (1) 5.4x 107 329.8

hypoxanthine 29x107 330.5°
guanine 6.9x 107 334.3
adenine 52x107 334.8%

*Reference °; bkst is single turnover rate constant with saturating AlkA; “Calculated AH,iq
values at 298 K (B3LYP/6-31+G(d)); “Reference ''; °Reference '°; 'Reference ' ;
References '*'*

As can be seen from Table 2.7, the gas phase acidity of N9-H correlate with excision

rate very well, which gave further support of our hypothesis. Based on the results, we

predict that 6-chloropurine will also be cleaved by AlkA.

2.5 Conclusion

Our experimental and computational study of gas phase properties of AlkA
substrates indicate that damaged nucleobases are all more acidic than the normal
nucleobases adenine and guanine, by which AlkA is able to discriminate them. The fact
that the gas phase acidities tracks the excision rate further supports our hypothesis that
AIkA excise the damaged nucleobases based on the intrinsic stability of N-glycosidic

bond.
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Note: Adapted with permission from: Wang, K.; Chen, M.; Wang, Q.; Shi, X; Lee, J. K.
J. Org. Chem. 2013, 78, 7249-7258. Copyright (2013) American Chemical Society.

Please see the end of the dissertation for permission from American Chemical Society.

Chapter 3 1,2,3-Triazoles: Gas Phase Properties

3.1 Introduction

The 1,3-dipolar cycloaddition reaction between acetylene and azide to give 1,2,3-
triazole was first brought into sight by Huisgen and coworkers in 1967.'"® Since the
discovery of "click chemistry", the synthesis of substituted 1,2,3-triazoles via copper-
catalyzed alkyne—azide 1,3-dipolar addition have come to the forefront ,'"2*30-1146-130
Thermal Huisgen cycloaddition often yields mixtures of 1,4-substituted and 1,5-
substituted regio-isomers, while CuAAC method allows the synthesis of 1,4-disubstituted
regio-isomer. Our collaborator, Xiaodong Shi from West Virginia Univeristy, developed
a cascade reaction to make 4,5-disubstituted NH-1,2,3-triazoles, which gives us access to
the regioselective synthesis of N2-substituted-1,2,3-triazoles.>*

Triazoles can function as neutral and anionic ligands, so we became interested in
characterizing their acidity and basicity, using gas phase calculations and experiments to
uncover intrinsic properties. Fundamental studies on the properties of 1,2,3-triazoles are
scarce.** Therefore, we here studies the fundamental properties of 4-phenyl-1,2,3-
triazole and benzotriazole (parent and 1-phenyl-substituted). We have also found that
such triazoles can be used as ligands to produce new cationic Au(l) catalysts that have

improved stability and effective reactivity (relative to known catalysts).*®*%4>*
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Therefore, we not only characterize the fundamental gas-phase properties of all the
triazoles, but also focus on effects of substitution on the 1-phenylbenzotriazoles,
examining how electron donating and withdrawing groups affect proton affinity and
binding to gold. Such studies will aid in the design of catalysts containing triazole ligands

bound to metal cations.

3.2 Experimental

3.2.1. Bracketing method

Acidity and proton affinity bracketing measurements of triazoles were conducted
using a Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FTMS) with a

dual cell setup, which has been described in chapter 2.

3.2.2. Calculations

For all reported calculated values except for those for the Hammett plot, B3LYP/6-
31+G(d) (using Gaussian03 and Gaussian09) was used.'*'**1**132 Geometries were fully
optimized and frequencies were calculated. No scaling factor was applied. All the acidity,

proton affinity and relative stability values reported are AH at 298 K.
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3.3 Results and Discussion.

3.3.1. 4-phenyl-1,2,3-triazole (1)
i. Calculations: 4-phenyl-1,2,3-triazole tautomers, acidity, proton affinity.

We first studied 4-phenyl-1,2,3-triazole (1), which had been the subject of a
previous study, but with some ambiguous results (vide supra).*’ There are eight possible
tautomeric structures (five lowest are shown in Figure 3.1). In our experience DFT
methods generally yield accurate values for thermochemical properties of heterocyclic
rings, so we utilized B3LYP/6-31+G(d) to calculate the relative tautomeric stabilities,
acidities (AHuq), and proton affinities (PA).'*'2!#!1312615 Of the eight possible

tautomeric structures, three are within 5 kcal mol™ (1a, 1b, 1c).

333 2
382. 0 202 0 364. 6 383 8 219 9
389.7H 1N H 337.1 |1 N 205.9 N2099
205 3 219 2
332 5
N2H N1H N3H CSH C4H
(0.0) (+3.9) (+4.6) (+23.4) (+32.4)

Figure 3.1. The possible tautomers of 4-phenyl-1,2,3-triazole (1). 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 AH (kcal mol™)

at 298 K.
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ii. Experiments: 4-Phenyl-1,2,3-triazole acidity.

We measured the acidity of 4-phenyl-1,2,3-triazole using acidity bracketing (details
in the Experimental Section). The conjugate base of 4-phenyl-1,2,3-triazole deprotonates
2-chloropropionic acid (AH,iq = 337.0 + 2.1 kcal mol™); however, the reaction in the
opposite direction (2-chloropropionate with 4-phenyl-1,2,3-triazole) does not take place
(Table 3.1). Deprotonated 4-phenyl-1,2,3-triazole is unable to deprotonate a,o,o-
trifluoromethyl-m-cresol (AH,q = 339.3 £ 2.1 kcal mol') but the cresolate does
deprotonate 4-phenyl-1,2,3-triazole. We therefore bracket the AH,ciq of 4-phenyl-1,2,3-

triazole as 338 + 3 kcal mol ™.

Table 3.1. Summary of results for acidity bracketing of 4-phenyl-1,2,3-triazole (1).

Reference compound AH,../" Proton transferb
Ref. Conj. base
acid
methylcyanoacetate 340.80 + 0.60 - +
a,a,a-trifluoromethyl-m-cresol 339.3+2.1 - +
2-chloropropionic acid 337.0+2.1 + —
malononitrile 335.8+2.1 + —
per-fluoro-tert-butanol 331.6+2.2 + —

(132

T . 115151 b T T
? Acidities are in kcal mol™.™ A “+” indicates the occurrence and a indicates the

absence of proton transfer
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iii. Experiments: 4-Phenyl-1,2,3-triazole proton affinity.

We find that 3-bromopyridine (PA = 217.5 + 2.0 kcal mol") deprotonates protonated
4-phenyl-1,2,3-triazole; the opposite reaction (4-phenyl-1,2,3-triazole deprotonating
protonated 3-bromopyridine) does not occur (Table 3.2). With 3-fluoropyridine (PA =
215.6 £ 2.0 kcal mol™), the reference base does not deprotonate protonated 4-phenyl-
1,2,3-triazole, but 4-phenyl-1,2,3-triazole does deprotonate protonated 3-fluoropyridine,
putting the PA at 217 + 3 kcal mol™.

Table 3.2. Summary of results for proton affinity bracketing of 4-phenyl-1,2,3-triazole

(D).
Reference compound PA* Proton transfer’
Ref. Conj. acid
base
pyridine 2223+£2.0 + —
butylamine 220.2+2.0 + -
3-bromopyridine 217.5+2.0 + —
3-fluoropyridine 215.6 +2.0 — +
2-chloropyridine 2153+2.0 — +
o-toluidine 2129+2.0 - +
aniline 2109+£2.0 — +
2,4-pentadione 208.8 £2.0 - +

9

3PAs are in kcal mol . A “+” indicates the occurrence and a indicates the absence

of proton transfer
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An examination of the computational versus experimental results indicates some
discrepancies (Table 3.3). The most stable tautomer 1a has a predicted acidity of 337.1
kcal mol”', which is consistent with the experimentally bracketed value (338 kcal mol™).
In contrast, the calculated PA value for the more stable tautomer 1a, 205.3 kcal mol™
does not agree with the bracketed PA (217 kcal mol'). Instead, the measured PA
corresponds to the less stable tautomer (1b or 1c¢). These results seem to imply that in our
acidity studies, tautomer la predominates, whereas in our PA studies, tautomer 1b
predominates (or maybe even 1c, though calculations indicate that 1¢ should be even less

stable than 1b).

Table 3.3. Calculated (B3LYP/6-31+G(d); 298 K) and experimental acidity and proton

affinity data for 4-phenyl-1,2,3-triazole (1).

Substrate Relative Calculated Experimental
tautomer value value”
stability”

AHgcid"

4-phenyl-1,2,3-triazole (1) 338

"N2H" tautomer (1a) 0.0 337.1

"N1H" tautomer (1b) 3.9 333.2

"N3H" tautomer (1¢) 4.6 332.5
PA°

4-phenyl-1,2,3-triazole (1) 217
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"N2H" tautomer (1a) 0.0 205.3
"N1H" tautomer (1b) 3.9 219.2
"N3H" tautomer (1¢) 4.6 219.9

“Values are in kcal mol™'; "Experimental value is from bracketing measurement; error is +
3 keal mol™.

The PA of 1 was measured previously by Abboud and coworkers, who obtained a
value similar to ours (216 kcal mol™, using the equilibrium method in an FTMS).*” The
authors were unable to explain why the measured PA corresponded to the less stable
tautomer 1b so they made the assumption that "the phenomenon is a thermodynamic one
and involves the most stable neutral tautomer or isomer and the most stable cation, even
if these are not directly linked..."*” This explanation seems unsatisfactory to us; all proton
transfers must occur within ion-molecule complexes and reactants and products must in
fact be "directly linked." We therefore must explain why the measured acidity points to

the predominance of tautomer 1a yet the proton affinity to the less stable tautomer 1b.

We first considered the possibility that the calculations are inaccurate. To test the
accuracy of the calculations, we examined the methylated derivatives 1-methyl-4-phenyl-
1,2,3-triazole and 2-methyl-4-phenyl-1,2,3-triazole (Figure 3.2). These methylated
derivatives cannot tautomerize, so we can compare calculated and experimentally

measured PA values without the complicating factor of tautomer ambiguity.
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Figure 3.2. Computed proton affinities for 1-methyl- and 2-methyl-4-phenyl-1,2,3-
triazole. Calculations were conducted at B3LYP/6-31+G(d); reported values are AH (kcal

mol™) at 298 K.

Calculations predict that the most basic site of 1-methyl-4-phenyl-1,2,3-triazole is
the N3, with a PA of 224.3 kcal mol™”. The bracketing reaction of 1-methyl-4-phenyl-
1,2,3-triazole with 3-picoline proceeds in both directions, placing the PA at 226 + 3 kcal

mol' (Table 3.4).

Table 3.4. Summary of results for proton affinity bracketing of 1-methyl-4-phenyl-

1,2,3-triazole.

Reference compound PA* Proton transfer’

Ref. Conj. acid

base
piperidine 228.0£2.0 + —
4-picoline 226.4+2.0 + —
3-picoline 225.5+2.0 + +

pyridine 2223+£2.0 — +
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isobutylamine 221.0+£2.0 — +

¢ 9

2PAs are in kcal mol ™. A “+ indicates the occurrence and a “—” indicates the absence

of proton transfer

The most basic site of 2-methyl-4-phenyl-1,2,3-triazole is predicted to be the N3,
with a calculated PA of 210.8 kcal mol”'. Bracketing experiments indicate a "crossover"
point between 210.9 and 212.4 kcal mol™” (Table 3.5). N-Methylacetamide is able to
deprotonate protonated 2-methyl-4-phenyl-1,2,3-triazole, but 2-methyl-4-phenyl-1,2,3-
triazole cannot deprotonate protonated N-methylacetamide. Aniline does not deprotonate
protonated 2-methyl-4-phenyl-1,2,3-triazole, but the opposite reaction does occur. We

therefore bracket the PA of 2-methyl-4-phenyl-1,2,3-triazole as 212 + 3 kcal mol™.

Table 3.5. Summary of results for proton affinity bracketing of 2-methyl-4-phenyl-

1,2,3-triazole.

Reference compound PA* Proton transfer’

Ref. Conj. acid

base
m-toluidine 214.1+£2.0 + -
o-toluidine 2129+2.0 + —
N-methylacetamide 2124+2.0 + -
aniline 2109+2.0 — +
isopropyl sulfide 209.5+2.0 — +
2,4-pentadione 208.8 £2.0 — +

9

2PAs are in kcal mol . A “+” indicates the occurrence and a indicates the absence

of proton transfer
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The studies with the methylated derivatives indicate that our DFT calculations
should be quite accurate (for 1-methyl-4-phenyl-1,2,3-triazole the computed versus
experimental PA is 224 versus 226 kcal mol™; for the 2-methyl derivative, it is 211
versus 212 kcal mol™).

If we trust our calculations, we still have a mystery. The acidity measurement is
consistent with structure 1a: our experimental AH,.q of 338 kcal mol™ is closer to that
calculated for 1a (337 kcal mol™) than that for 1b (333 kcal mol™), Table 3.3). However,
the experimental PA is consistent with 1b: the measured PA is 217 kcal mol”', which is
much closer to the calculated PA for 1b (219.2 kcal mol™) than for 1a (205.3 kcal mol™,
Table 3.3).

First let us consider proton affinity. In the bracketing experiment, two reactions are
conducted: protonated reference base (BH") with the triazole, and protonated triazole
with the neutral reference base (B).

For the reaction of the protonated B (BH") with 1 (column with header "Conj. acid"
in Table 3.2 (fourth column)), 4-phenyl-1,2,3-triazole can deprotonate protonated 3-
fluoropyridine (PA = 215.6 kcal mol™) and any protonated base with a PA lower than
215 kecal mol”'. We believe that these data could be consistent with the presence of 1a,
1b or some mixture thereof. If only 1b, or a mixture of 1b and 1a were present, then
certainly we would bracket a value close to 217 kcal mol™, which we do. However, if
only 1a were present, then the triazole should not be able to deprotonate any protonated
reference base above 205 kcal mol”. However, the reaction depicted in Figure 3.3 could

be taking place. In Figure 3.3, the protonated reference base BH' first forms an ion-
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molecule complex with triazole 1a, which is roughly 20 kcal mol™” exothermic (to form
A).>*>* Proton transfer between the most basic site of 1a (N3, calculated PA = 205 kcal
mol ™) and BH" is endothermic (to form complex B), but allowed energetically since the
complex is still less than the total energy of the system (indicated by the dotted line).">
Now the reference base B can access the N2-H proton (exothermic by 5 kcal mol™) to
form the 1c¢ tautomer of the triazole (complex C). The N1 of 1c¢ is basic enough to
deprotonate the protonated BH' (to form complex D), which can then lead to the
observable products, B and protonated triazole, in an overall thermoneutral reaction. The
structure of the protonated triazole would not be that of 1aH" but instead, that of 1bH"
(or 1¢H" - these have the same structure). By mass spectrometry, however, one only
tracks the m/z ratio, so the presence of any protonated triazole yields the "+" in Table 3.2.
Computationally, the path in Figure 3.3 would be predicted to be accessible for any base

with a PA of about 215 kcal mol" or lower, which is what we observe experimentally

(Table 3.2).
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Figure 3.3. Pathway by which a protonated reference base BH' could react with the
N2H tautomer of 4-phenyl-1,2,3-triazole (1a). Values are in kcal mol”'. Blue values are

PAs; for the triazole, values are calculated at B3LYP/6-31+G(d)(AH).

Thus, from the results for the proton transfer in this direction, we can only conclude
that we may have 1a, 1b or a mixture.

What about the opposite direction? When B is allowed to react with protonated 1,
we find that reference bases with PAs below that of 3-bromopyridine (PA = 217.5 kcal
mol™) do not appear to deprotonate protonated triazole (Table 3.2, third column). This
would imply that only 1bH" (which has the same structure as 1c¢H') is present.

However, does this mean that the initial vaporized triazole was only structure 1b?
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In our experiment, we sublime the neutral triazole into the gas phase via the solids
probe. Hydronium ion (H;0") is then used to protonate the triazole. Because crystal
structures of the neutral triazole indicate that 1a is the most stable structure in the solid
state, we would expect the initially vaporized neutral triazole to be the more stable
structure 1a.*” However, after protonation to form 1aH", further reaction with neutral 1a
can take place to form the thermodynamically more stable protonated structure 1bH"
(Figure 3.4). Essentially, by the time we form protonated 1 and transfer it to the second

cell for reaction (see Methods for details), the 1H" ions are predominantly 1bH".

i
®1N\220
| 5N
ph” N219

H
1bH*/1cH*

1bH*/1cH*
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Figure 3.4. Pathway for reaction of neutral and protonated forms of the N2H tautomer
of 4-phenyl-1,2,3-triazole (1a with 1aH"). Values are in kcal mol”'. Blue values are PAs;

for the triazole, values are calculated at B3LYP/6-31+G(d) (AH).

Thus, in the direction where we bracket protonated triazole with reference bases B,
we probably have only 1bH' (although we may have started under our gas phase
conditions with some amount of, if not all, 1a). To probe this possibility and our theory
that 1aH" could be isomerizing to 1bH', we performed the protonation of 1 under
conditions that would minimize isomerization: we remove the protonated 1 from the
neutral 1 environment as quickly as possible. First, we vaporize 1 into the gas phase via a
heated solids probe. Second, we allow hydronium to protonate 1 and form 1H". At this
point, we transfer protonated triazole out of the neutral triazole environment, to the
second adjoining cell of our FTMS, to allow it to react with reference bases.

Our theory is that if we do generate 1aH", exposure to neutral 1 (which is constantly
being vaporized from the solids probe) in the first cell will cause isomerization to 1bH".
Therefore, we varied the time that we waited after protonation and before transfer out of
the neutral triazole environment. We then measured the efficiency of proton transfer
between the protonated triazole and aniline, which has a PA of 211 kcal mol”'. With a
PA of 211, aniline will only be protonated if 1aH" is present. As can be seen from Table
3.6, as the time before transfer decreases, the efficiency of the reaction by which aniline
deprotonates protonated triazole increases. That is, when the protonated triazole is taken
out of the neutral triazole environment more quickly, we see more proton transfer with

aniline. This implies that more 1aH" is present. We therefore believe that under our
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normal conditions (4 seconds before transfer), isomerization from 1aH" to 1bH" occurs.

Thus, by the time we add the reference base, we are only seeing results with 1bH".

Table 3.6. Efficiencies of reactions between protonated 4-phenyl-1,2,3-triazole (1H")

and aniline as a function of time before transferring protonated 4-phenyl-1,2,3-triazole

from neutral triazole environment.

Time before transfer (seconds)

Efficiency of proton transfer from 1H" to aniline (PA =

211 keal mol™)

4 1.2%
0.2 7.0%
0.05 11.4%

Another way to test this theory is through the use of an appropriately chosen

deuterated reference base. Ethylene glycol-O-d; has a PA of 195 kcal mol™. If allowed to

react with 1aH", we would expect exchange of a proton for a deuteron, resulting in a unit

increase in the mass-to-charge ratio (m/z 146 to m/z 147, Figure 3.5). This reaction

should be thermoneutral.




56

=2 N

N, =N 210

Lﬁ'N_H 2 ):\E’N_H HO 0D
Ph” ) 205 Do OD o @Ezos ’195\
1aH* m/z 146 1aD* m/z 147

=N.210 =N.210
N—H / \ 3,N_H / \
=N DO OD SN HO oD
Ph” @\ 205 195 Ph @b 205 195
H
1aH* 1aD*

Figure 3.5. Pathway for reaction of protonated N2H tautomer of 4-phenyl-1,2,3-
triazole (1aH") with ethylene glycol-O-d,. Values are in kcal mol™. Blue values are PAs;

for the triazole, values are calculated at B3LYP/6-31+G(d)(AH).

In contrast, because of its higher PA, 1bH" should not be able to exchange its proton

(Figure 3.6).
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Figure 3.6. Pathway for reaction of protonated N1H tautomer of 4-phenyl-1,2,3-
triazole (1bH") with ethylene glycol-O-d,. Values are in kcal mol”. Blue values are PAs;

for the triazole, values are calculated at B3LYP/6-31+G(d)(AH).

Again, we varied the time in which the protonated triazole remained in the neutral
triazole environment (before transfer to the second cell for reaction with deuterated
ethylene glycol). The longer we wait after the protonation step (and before transfer out of
the neutral triazole environment), the more neutral-triazole-catalyzed isomerization
should occur (to transform 1aH" to 1bH"). We find that at shorter times before transfer
(1s and 2s), we do in fact see m/z 147, indicating that H/D exchange takes place. For 4 s

and higher, we no longer see an appreciable amount of m/z 147. This would indicate that
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at shorter times before transfer, we have 1aH", which is capable of undergoing H/D
exchange. At longer times before transfer, the ion population has isomerized to 1bH"
and reaction with deuterated ethylene glycol does not effect H/D exchange. This lends
further evidence to our theory that our vaporized triazole definitely has 1a present, which
when protonated forms 1aH', which, given enough time in a neutral triazole
environment, will isomerize to 1bH". Although we know that 1a must be present, we

cannot know whether 1b is or is not present.

Can our acidity experiments shed more light on this puzzle? The bracketed value of
338 kcal mol™ is consistent with the calculated acidity value of 1a (337 kcal mol™). Does
this indicate the presence of 1a only? First, let us consider the reaction of deprotonated
triazole with reference acids (third column in Table 3.1). Whether we have 1a or 1b
present, deprotonation results in the same structure, so one will bracket in this direction to

the most basic site, which is the N2.

deprotonated 1

In the opposite direction, conjugate bases of reference acids are allowed to react
with 1 (Table 3.1, rightmost column). If 1b (AH,q (calculated) = 333 kcal mol”, Figure
3.1) were present, one would expect the conjugate bases of 2-chloropropionic acid (AHgcig
=337.0 kcal mol™") and malononitrile (AH,iq = 335.8 keal mol™) to effect proton transfer,

but they do not ("-" in rightmost column of Table 3.1). This result certainly implies that
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little to no 1b is present. There is always the possibility that a base with PA higher than
the acidity of 1b follows the path shown in Figure 3.7, though it seems unlikely that ion-
molecule complex B would never decomplex to give deprotonated triazole (indicating
proton transfer). Because of this possible path, however, we cannot fully discount the

presence of 1b though we consider it unlikely.

1IT|333.2

N\
335 QI/,N N
Ph 3N A@ J:/;‘N_H
A 1b 335 o SN 337.1
1a
c

Figure 3.7. Pathway by which conjugate bases of reference acids could react with 1b.
Values are in kcal mol. Red values are AH,eiq values; for the triazole, values are

calculated at B3LYP/6-31+G(d)(AH).
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Thus, our results indicate the certain presence of 1a, with a possibility of some 1b,
under our gas phase conditions. This is consistent with the calculations, which indicate
that 1a is the most stable structure.'”

Benzotriazoles: parent and 1-phenyl-substituted.

3.3.2. Benzotriazole (parent, 2)

i. Calculations: benzotriazole tautomers, acidity, proton affinity.

Benzotriazole has two possible tautomeric structures (Figure 3.8). The most stable
tautomer "N1H" (2a) is calculated to be only 0.2 kcal mol”' more stable than the "N2H"
tautomer 2b. We also calculated the acidities and basicities of both tautomers. The most
acidic site of 2a is predicted to be the N1-H (AH,qq = 334.0 kcal mol™). (One C-H
acidity was calculated to show that those sites will be less acidic than the N-H sites). The
most basic site of tautomer 2a is the N3 (PA = 217.5 kcal mol™). For the N2H tautomer
2b, the N-H has a AH,jq of 333.8 kcal mol™. For 2b, the N1 and N3 are equivalent and

have a calculated PA of 205.0 kcal mol ™.

3884H  1334.0
| 205.0

N =N
5N 204.8 ©:\3 N—-H333.8
N N

217.5 205.0
2a 2b

"N1 HII IIN2HII

(0.0) (0.2)

Figure 3.8. The two possible tautomeric structures of benzotriazole (2). 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 AH

(kcal mol™) at 298 K.
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ii. Experiments: Benzotriazole acidity.

We measured the acidity of benzotriazole using acidity bracketing (Table 3.7). The
conjugate base of benzotriazole deprotonates 2-chloropropionic acid (AHgeq = 337.0 +
2.1 kcal mol'); the reaction in the opposite direction (2-chloropropionate with
benzotriazole) also occurs (Table 3.7). We therefore bracket the AH,.iq of benzotriazole

as 337 + 3 kcal mol ™.

Table 3.7. Summary of results for acidity bracketing of benzotriazole (2).

Reference compound AH,../" Proton transferb
Ref. Conj. base
acid
2,4-pentadione 343.8+2.1 — +
methylcyanoacetate 340.8+ 2.1 - +
a,a,a-trifluoromethyl-m-cresol 339.3+2.1 - +
2-chloropropionic acid 337.0+2.1 + +
malononitrile 335.8+2.1 + —
pyruvic acid 333.5+£29 + —
per-fluoro-tert-butanol 331.6 £2.2 + —
difluoroacetic acid 331.0+2.2 + —
1,1,1-trifluoro-2,4-pentadione 328.3+2.9 + -

({32

2 Acidities are in kcal mol™.">P'®A “+ indicates the occurrence and a indicates the

absence of proton transfer.



iii. Experiments: Benzotriazole proton affinity.
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In bracketing the PA of benzotriazole, we find that 3-chloropyridine (PA = 215.9 +

2.0 kcal mol") deprotonates protonated benzotriazole; the opposite reaction

(benzotriazole deprotonating protonated 3-chloropyridine) also occurs (Table 3.8). We

therefore bracket the PA of benzotriazole to be 216 + 3 kcal mol™'.

Table 3.8. Summary of results for proton affinity bracketing of benzotriazole (2).

Reference compound PA* Proton transfer’
Ref. Conj. acid
base
pyridine 2223+£2.0 + —
propylamine 219.4+2.0 + -
dimethylacetamide 217.0+£2.0 + -
3-chloropyridine 2159+2.0 + +
methylamine 2149+2.0 — +
m-toluidine 214.1 £ 2.0 - +
aniline 2109+£2.0 - +
2,4-pentadione 208.8 £2.0 - +

3PAs are in kcal mol . A “+” indicates the occurrence and a

of proton transfer

indicates the absence
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We also examined the "locked" tautomer 1-methylbenzotriazole (3, Figure 3.9), to
assess the accuracy of the calculations (since there is no tautomer ambiguity for this
compound). We bracket a gas phase acidity of 379 + 3 kcal mol” (calculated value is
379.1 kcal mol ™) and a gas phase proton affinity of 223 + 3 kcal mol™ (calculated value

18 .4 kcal mol ), indicating that the calculations do appear to be accurate.
is 222.4 kcal mol™), indicating that the calculations do app b 136

389.4H C|:H3379'1

5_N
5 N209.1

N
2224
3

Figure 3.9. Calculated properties of 1-methylbenzotriazole (3). Gas phase acidities are

in red; gas phase proton affinities are in blue. Calculations were conducted at B3LYP/6-

31+G(d); reported values are AH (kcal mol™) at 298 K.

Thus, the experimental acidity of the parent benzotriazole 1 is measured to be 337 +
3 kcal mol'. This value is consistent with an earlier measurement by Taft and coworkers
(338 + 2 kecal mol™)."”” Because the calculated acidity of the N1H and N2H tautomers is
roughly the same (334 kcal mol™), the experimental acidity value cannot be used to
differentiate which structure(s) exist in the gas phase under our conditions. The
experimental proton affinity is 216 + 3 kcal mol™. This value is consistent with the N1H
tautomer 2a (calculated PA = 217.5 kcal mol™) but not the N2H tautomer 2b (PA = 205.0
kcal mol™). Because the calculations predict that 2b should be only minimally less stable
(0.2 kcal mol™) than 2a, one might expect experimental evidence for the presence of 2b.

However, this system would have the same caveats that the 4-phenyl-1,2,3-triazole
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system has, wherein protonated bases can cause tautomerization, and so we cannot be
sure of the structures present under our conditions: it could be 2a, 2b, or some mixture
thereof. Previous gas phase studies (UV, FTIR) give conflicting results as to which
tautomer predominates, although solid state and aqueous studies point to the N1H

50-52,158-165
tautomer 2a. ’

3.3.3. 4°-Substituted-4-phenyl-1,2,3-triazoles

We also probe the substituent effect on gas phase properties of 4-phenyl-1,2,3-
triazole. In the unsubstituted 4-phenyl-1,2,3-triazole studies, we found the discrepancy
between calculated and experimental proton affinity values. Studying the substituted
analogues is interesting also because we can compare their calculated gas phase
acidities/proton affinities with experimental values as well to see whether their calculated

PA values track their experimental values.

4’-Fluoro-4-phenyl-1,2,3-triazole (5)
i. Calculations: 4’-fluoro-4-phenyl-1,2,3-triazole tautomers, acidity, proton affinity.
2’,4’-Dinitro-1-phenylbenzotriazole has eight possible tautomers, five of which are

listed in Figure 3.10. Of the eight tautomers, three are within 5 kcal mol™.
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Figure 3.10. The possible tautomers of 4’-fluoro-4-phenyl-1,2,3-triazole (5). 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

AH (kcal mol™) at 298 K.

ii. Experiments: 4’-fluoro-4-phenyl-1,2,3-triazole proton affinity.

We find that N-methylacetamide (PA = 212.4 + 2.0 kcal mol") deprotonates
protonated 4’-fluoro-4-phenyl-1,2,3-triazole; the opposite reaction (4’-fluoro-4-phenyl-
1,2,3-triazole deprotonating protonated N-methylacetamide) also occurs (Table 3.9).

Therefore, we bracketed the PA at 212 + 3 kcal mol™.

Table 3.9. Summary of results for proton affinity bracketing of 4’-fluoro-4-phenyl-

1,2,3-triazole (5).

Reference compound PA* Proton transfer’
Ref. Conj. acid

base

butylamine 220.2+2.0 + -

dimethylacetamide 217.0+£2.0 + -
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3-chloropyridine 2159+2.0 + —
m-toluidine 214.1+£2.0 + -
N-methylacetamide 2124+2.0 + +
aniline 210.9+£2.0 — +
2,4-pentadione 208.8£2.0 - +

9

2PAs are in kcal mol . A “+” indicates the occurrence and a indicates the absence

of proton transfer
4'-Methyl-4-phenyl-1,2,3-triazole (6)
i. Calculations: 4’-methyl-4-phenyl-1,2,3-triazole tautomers, acidity, proton affinity.
The calculated values of 4’-methyl-4-phenyl-1,2,3-triazole are listed in Figure 3.11.
Similar to the parent compound 1 and fluoro substituted triazole 5, 4’-methyl-4-phenyl-

1,2,3-triazole has eight possible tautomers. Three of the tautomers are within five kcal

mol ™.
334 2
383.0,, 203.8 365.6 384.9 221 9 )
H
/1 N
1N H 338.1 |3N2078 |3N2122 H ?\j/N
D078 214
3337
HsC
N2H N1H N3H C5H "C4H"
(0.0) (+4.0) (+4.4) (+22.9) (+32.2)

Figure 3.11. The possible tautomers of 4’-methyl-4-phenyl-1,2,3-triazole (6). 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

AH (kcal mol™) at 298 K.

ii. Experiments: 4’-methyl-4-phenyl-1,2,3-triazole proton affinity.
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We measured the PA of 4’-methyl-4-phenyl-1,2,3-triazole. Dimethylacetamide (PA
=217.0 + 2.0 kcal mol™) deprotonates protonated 4’-methyl-4-phenyl-1,2,3-triazole; the
opposite  reaction  (4’-methyl-4-phenyl-1,2,3-triazole =~ deprotonating  protonated
dimethylacetamide) also happens (Table 3.10). Therefore, we bracketed the PA at 217 +

3 keal mol ™.

Table 3.10. Summary of results for proton affinity bracketing of 4’-methyl-4-phenyl-

1,2,3-triazole (6).

Reference compound PA* Proton transfer’

Ref. Conj. acid

base
cyclohexylamine 2233+2.0 + -
pyridine 2223+£2.0 + —
butylamine 220.2+2.0 + -
propylamine 219.4+2.0 + -
dimethylacetamide 217.0+£2.0 + +
2-chloropyridine 2159+2.0 — +
2-chloropyridine 2152+2.0 - +

(1R

. 115 b T T
4PAs are in kcal mol™".”> °A “4” indicates the occurrence and a indicates the absence

of proton transfer
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4'-Methoxy-4-phenyl-1,2,3-triazole (7)
i.  Calculations: 4’-methoxy-4-phenyl-1,2,3-triazole tautomers, acidity, proton
affinity.

4’-Methoxy-4-phenyl-1,2,3-triazole also has eight tautomers, five of which are
shown in Figure 3.12. N2H tautomer is the most stable one, which is more stable than
N1H tautomer by 3.9 kcal mol”. N3H tautomer is 4.4 kcal mol” less stable than N2H

tautomer. The other five tautomers are much less stable than these three tautomers.

3359
3845, 2053 367.1 386.7 223 5
N N
1N -H339.8 |3N2093 3N2147 oN “IN
=N N
%103 2231
5354
H3CO H3CO
1856 7a 186.8 7b
"N2H" "N1H" N3H CSH C4H
(0.0) (+3.9) (+4.4) (+22.1) (+32.2)

Figure 3.12. The possible tautomers of 4’-methoxy-4-phenyl-1,2,3-triazole (7). 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

AH (kcal mol™) at 298 K.

ii. Experiments: 4’-methoxy-4-phenyl-1,2,3-triazole proton affinity.

We measured the PA of 4’-methoxy-4-phenyl-1,2,3-triazole. Dimethylacetamide
(PA = 217.0 £ 2.0 kcal mol™) does not deprotonate protonated 4’-methoxy-4-phenyl-
1,2,3-triazole; the opposite reaction (4’-methyl-4-phenyl-1,2,3-triazole deprotonating

protonated dimethylacetamide) occurs (Table 3.11). On the other hand, butylamine (PA =
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220.2 + 2.0 kcal mol™) deprotonate protonated 4’-methoxy-4-phenyl-1,2,3-triazole; the
opposite  reaction  (4’-methyl-4-phenyl-1,2,3-triazole ~ deprotonating  protonated
dimethylacetamide) does not happen (Table 3.18).Therefore, we bracketed the PA at 219

+ 4 kcal mol ™.

Table 3.11. Summary of results for proton affinity bracketing of 4’-methoxy-4-

phenyl-1,2,3-triazole (7).

Reference compound PA* Proton transfer’

Ref. Conj. acid

base
pyridine 2223+£2.0 + —
butylamine 220.2+2.0 + -
dimethylacetamide 217.0+£2.0 — +
“PAs are in kcal mol™."”> °A “+” indicates the occurrence and a “—” indicates the absence

of proton transfer

Both calculated and experimental proton affinities of 4-phenyl-1,2,3-triazoles are

summarized in Table 3.12.

Table 3.12. Summary of results for proton affinity of 4-phenyl-1,2,3-triazoles.
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Substituent R Tautomer Most  basic  site | Most  basic  site
(calculated, kcal | (experimental, kcal
mol™) mol™)
fluoro N2H (5a) 202.7 212+3
N1H (5b) 216.5

H N2H (1a) 205.3 217+3
N1H (1b) 219.2

methyl N2H (6a) 207.8 217+3
NI1H (6b) 221.4

methoxy N2H (7a) 210.3 219+4
N1H (7b) 223.1

Same as unsubstituted 4-phenyl-1,2,3-triazole 1, the bracketed proton affinities of
fluoro, methyl and methoxy substituted 4-phenyl-1,2,3-triazoles are not consistent with
either N2H tautomer or N1H tautomer. In order to verify that triazole S, 6 and 7 have the
same tautomeric situations as triazole 1, we choose one of the triazoles, triazole 6, to

analyze the PA bracketing data (Figure 3.13).
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Figure 3.13. Pathway by which a protonated reference base BH' could react with the
N2H tautomer of 4’-methyl-4-phenyl-1,2,3-triazole (6a). Values are in kcal mol™'. Blue

values are PAs; for the triazole, values are calculated at B3LYP/6-31+G(d)(AH).

The proton affinity of triazole 6 is bracketed to be the same as dimethylacetamide
(217.0 + 2.0 kcal mol™). If only 6a were present, then the triazole should not be able to
deprotonate any protonated reference base above 217 kcal mol”'. However, the reaction
depicted in Figure 3.13 could be taking place. In Figure 3.13, the protonated reference

base BH" first forms an ion-molecule complex with triazole 6a, which is roughly 20 kcal



72

mol” exothermic (to form A). Proton transfer between the most basic site of 6a (N3,
calculated PA = 208 kcal mol™) and BH' is endothermic (to form complex B), but
allowed energetically since the complex is still less than the total energy of the system
(indicated by the dotted line). Now the reference base B can access the N2-H proton
(exothermic by 5 kcal mol™) to form the 6¢ tautomer of the triazole (complex C). The N1
of 6¢ is basic enough to deprotonate the protonated BH" (to form complex D), which can
then lead to the observable products, B and protonated triazole, in an overall
thermoneutral reaction. The structure of the protonated triazole would not be that of
6aH" but instead, that of 6bH" (or 6¢H" - these have the same structure). By mass
spectrometry, however, one only tracks the m/z ratio, so the presence of any protonated
triazole yields the "+" in Table 3.13. Computationally, the path in Figure 3.13 would be
predicted to be accessible for any base with a PA of about 217 kcal mol or lower, which
is what we observe experimentally (Table 3.13). This explains the discrepancy between
calculated and experimental results, which further lend support to our theory that the

N2H tautomer predominates.

3.4 Conclusions.

We have measured the proton affinity and acidity of 4-phenyl-1,2,3-triazole; the
acidity has not heretofore been measured. Together with H/D exchange data, we can
establish that under our gas phase conditions, the N2H tautomer la is definitively
present. Tautomer 1b may be present, though it seems unlikely. The parent and
substituted 4-phenylbenzotriazoles have also been -characterized, with previously

unknown acidity and proton affinity values being assessed.
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Chapter 4 N-heterocyclic Carbene Catalyst with Charged Handle:

Benzoin Condensation Studies

4.1 Introduction

It has been known that thiamine and thiazolium salts catalyze benzoin condensation
in the presence of mild base since 1943.'°° As an analogous mechanism of catalysis using
cyanide ion by Lapworth,'®” Breslow proposed that a persistent carbene acts as a key role

in this transformation in the 1950s,>"’

which has been well accepted ever since.
Recently, Berkessel and coworkers isolated the Breslow intermediate for the first time,
lending more support in the Breslow mechanism.'®® Imidazolium-based NHCs have
become more and more popular since the first isolation of NHC by Arduengo in
1991.%% Benzoin condensation catalyzed by imidazolium catalysts has been largely
reported ever since.”””* Aside from thiazolium and imidazolium based catalysts,

triazolium-based catalysts have been proven to effect the benzoin condensation.”>’”

100,102,169

Breslow mechanism (Figure 4.1) features the formation of C2-ylide 1b, generated in
situ from the deprotonation of parent thiazolium salts 1a with mild bases. Subsequent
nucleophilic addition to a benzaldehyde, after deprotonation, yields a resonance-stablized
intermediate 1d (1le), which is also referred as “Breslow intermediate”. A second
benzaldehyde adding to the intermediate 1d gives diphenylhydroxy thiazolium adduct 1f,
which eventually release the benzoin and re-generate thiazolium ylide 1b.

In 1960, Wanzlick proposed that the carbene generated from the vacuum pyrolysis is
65,67,68

in equilibrium with its dimer, which he believed, only acts as the carbene reservoir.

Challenges to Breslow Mechanism and Wanzlick equilibrium by Lemal, and later by
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Winberg claimed that the carbene dimer is catalytically active in the catalytic circle.*"

Lemal dimer mechanism (Figure 4.2) is different from Breslow mechanism in that when
treated with electrophile (e.g., benzaldehyde), carbene dimer 2d will attack electrophile
rather than carbene monomer, followed by the dissociation to form the adduct 2g and free

carbene 2b. The free carbene will either react with electrophile, or form the dimer again.

R4
Row_N OH
P
Ry X Ph
1e
Figure 4.1. Detailed Breslow mechanism for benzoin condensation using thiazolium

salt as catalyst.

Since the late 1980s, Castells and coworkers proposed alternative dimer

. 1-76.170 . . . . . .
mechanism.”!7%17° Castells dimer mechanism is different from Lemal dimer mechanism
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in that the dimer-electrophile adduct (3¢) will not undergo dissociation, but rather react

with a second electrophile. (Figure 4.3)

N R Ry Ry
Re ® RaN® R ®ON N Re
T Tde — JI>AT
R Ry X Ry X H XTOg,
2a 2b 2c
+H@1L-H@
Ri R
Ra N N_ R
L=
X X H

Ro N® 2d R, @N N Ro
T TR
X Ry X A XTR,

2g
Figure 4.2. Lemal dimer mechanism for benzoin condensation using imidazolium salt

as catalyst.
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3 HO ©Ph 3 X=N,S
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H R

Figure 4.3. Castells dimer mechanism for benzoin condensation using thiazolium salt

as catalyst.

Of the three mechanisms, many studies of benzoin condensation point to the the

78,79,168,171,172

Breslow menchanism. Traditional mechanistic studies (kinetic studies) are

mainly conducted using NMR.'7%1"?

Recently, mass spectrometry has been used in many
areas. Our group takes an effort to conduct studies of the organic reactions via mass
spectrometry. Thus, we start from a well known reaction, benzoin condensation. Neutral
carbenes are undetectable by Mass Spectroscopy; and intermediates are usually unstable
and have the propensity of fragmentation. Introducing charged handle to NHC will

address the first issue while using a “soft” electrospray ionization tandem mass

spectrometry (ESI-MS/MS) will help the latter.'”” ESI-MS/MS has achieved recognition
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104-106 Therefore, we first apply

as a tool to probe the reaction mechanisms over the years.
this method to characterize a novel thiazolium NHC with sulfonate group as charged
handle. As a comparison to the thiazolium catalyst, we also employed an imidazolium-

based catalyst to track the benzoin condensation reaction. The imidazolium catalyst Sa

has previously been described by Lalli and coworkers.'"’

®,L1 B: ®,L
b=
HO5S 3 Dss S
m/z 220
4a ab
H_ @ B: H @)

Th-

H 3 H
) o )
HOOC 0o0cC
m/z 139
5a 5b

Figure 4.4. Thiazolium catalyst with sulfonate as charged tag.

4.2 Experimental

4.2.1. Chemicals and Materials
1,5-Dimethyl-4-(sulfoethyl) thiazolium iodide (4a)'’*'"
A solution of 1,5-dimethyl-4-(hydroxyethyl) thiazolium iodide (I1mmol),
methylsulfonyl chloride (1.2mmol) and triethylamine (Smmol) in CH3CN (5ml) was

stirred for 2 hrs at 0 °C. Reaction was protected by N, gas. Then, the potassium
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methylthiaoate (1.2 mmol) and ethanol (15 ml) were added to the reaction mixtures and

refluxed for 72 hrs. Hydrogen peroxide (8mmol) and formic acid (12 mmol) were then

®/ ® /
N>_ N
| S—H o] CH3CN 20ml | S—H
s’ o . —&.q iethylamine 0.35m s>_ o
Step 1: I (0] 0 °C, Ar ,2h. 9 '
o 1 2 —$-07 3
2.5mmol 3 mmol
700mg 0.25ml
®/ ® /
N N
| \>_H | \>_H
S S
o) e, @ Ethanol 25mI o =
Step 2: I o ® EE—— )J\
50 S K reflux 72h, Ar s
3 4 5
3 mmol
343mg
/
@N/ ®N>_
N | S>—H
Step 3: | s>_H (1)0°C s
B © 4+  H0, + HCOOH ~_—— > O ©
M @r 480 54
S 1l
o)
S 6
14mmol 30mmol
1.8ml 1.4ml

added to the reaction at 0 °C, and let it react at room temperature for 2 hrs. Compound

was purified using HPLC.

Figure 4.5. Synthesis route for 1,5-Dimethyl-4-(sulfoethyl) thiazolium iodide (4a).

(2) 1-Methyl-3-(carboxylmethyl) imidazolium chloride (5a) was purchased from BOC

Sciences and used as recieved.
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4.2.2. ESI-MS/MS experiments

Catalysts 4a (5a) was dissolved in methanol and diluted to make 100 uM solution.
Inert Argon gas was sprayed into the bottle to expel oxygen for 5 mins. 2.5 Equivalents
of triethylamine (potassium tert-butoxide), along with benzaldehyde (10 equivalents)
were added to the catalyst solution. The reaction was kept in a sealed vial for 1 day (1
week when using 5a). The aliquot was injected and electrosprayed to generate the ions.
An electrospray needle voltage of ~4 kV and the flow rate of 25 pL/min was applied. The
ions were isolated and then dissociated using collision-induced dissociation (CID); the
ions were activated for about 30 ms. Finally, the dissociation product ions were detected,
recorded and fragmentation patterns analyzed. A total of 20 scans were averaged for the

product ions.

4.3 Results and discussion

4.3.1. Thiazolium carbene 4a

The first step we take is to identify the catalyst using mass spectrometry. In order to
obtain negatively charged NHCs, a sulfoethyl group is introduced at C4 position in 4a.
Upon deprotonation, “free” carbene with charged handle is formed and “fished out” to
apply colllison-induced dissociation (CID). Surprisingly, the HSO3™ (m/z 81) anion was
knocked off from the parent ion, and no other significant fragmentation pathways were

observed (See Figure 4.6 and 4.7).
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Figure 4.6. Formation of negatively charged NHC via double deprotonation from

thiazolium parent ions.

The double bond in the side-chain of daughter product 4¢ is resonance-stabilized by
the five-membered thiazolium ylide ring, which prevents the formation of SO;™ radical
ion (m/z 80) observed by Lalli and coworkers for a similar thiazolium carbene.'”’
Moreover, the HSO3" (m/z 81) peak lend us a tool to identify the thiazolium catalyst-bond
intermediates. After we fish out the ions with m/z corresponding to the intermediates,
followed by CID, whether HSO;  (m/z 81) ion is observed will give us preliminary
information whether the desired intermediates were isolated. The MS/MS spectra of

thiazolium carbene (m/z 220) is shown in Figure 4.7.
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Figure 4.7. ESI-MS/MS spectra of 4b at m/z 220.

In order to deprotonate thiazolium catalyst 4a, we used either NH4OH or
triethylamine as base. Hydroxide and triethylamine are both strong bases, while
hydroxide is much more nucleophilic than TEA. Thus, the shortcoming of using a
hydroxide is that it could attack the C2 position rather than abstracting C2-H. To verify
our postulation, when NH4OH was used as a base, we trapped the “carbene-water adduct”
(4d) and apply CID (Figure 4.8), daughter ions with m/z 81 and 156 are obtained.
Therefore, all the thiazolium-related experiments discussed in chapter 4 employes

triethylamine as base.
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Figure 4.8. Collision-induced dissociation pathways for “carbene-water adduct” 4d.

4.3.2. Benzoin condensation by thiazolium carbene

Four characteristic intermediates for benzoin condensation are shown in Figure 4.9.

4h and 4i have same mass-to-charge ratio, thus it is difficult to differentiate them; same

for 4j and 4k. Ions with m/z 326 and m/z 432 were isolated in the ion-trap and CID

conducted. The m/z 326 (4h or 4i) yields a m/z 220 upon CID, indicating a loss of

benzaldehyde; other daughter ions m/z 311 (loss of CH; radical); m/z 308 (loss of H,O);

m/z 298 (loss of two CHj radicals); m/z 244 (loss of H,SO,) are also observed (see Figure

4.10). All these fragmentation support the proposed structure of 4h or 4i.

o\
oS s” 'Pn
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Figure 4.9. Possible intermediates for benzoin condensation catalyzed by thiazolium
4a.

The fragmentation pathways of 4h or 4i are summarized in Figure 4.10.

®./
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Figure 4.10. Fragmentation pathways of benzaldehyde-thiazolium adduct.

On the other hand, the m/z 432 (4j or 4k) yields more complicated fragmentation
patterns. Firstly, ions of m/z 326 and m/z 220 were observed, which correspond to the loss
of benzaldehyde and benzoin, respectively. Other peaks such m/z 298 (loss of two CH3

radicals); m/z 211 (deprotonated benzoin); m/z 163 (di-charged Breslow intermediate
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radical) were also seen, which is consistent with the expected structure 4j or 4k. The

fragmentation patterns are shown in Figure 4.11.
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Figure 4.11. Fragmentation pathways of benzaldehyde-thiazolium (2) adduct.

To summarize, we isolate the ion with mass-to-charge ratio that corresponds to the
reaction intermediates of Breslow mechanism for benzoin condensation. Fragmentation
pathways are consistent with the expected structures of intermediates. Is this method only
feasible when using our thiazolium catalyst? Can we use other charged N-heterocyclic

carbene to conduct the same experiment? In order to further our research, we employed a
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imidazolium catalyst with carboxylic group as the charged tag and study on benzoin

condensation.

4.3.3. Imidazolium Catalyst 5a

Imidazolium catalysts S5a with carboxyl group on N3 site, upon double
deprotonation and CID, yields a daughter ion 5¢ and CO, as a main fragmentation
pathway (Figure 4.12). There is also another minor daughter peak observed upon CID of
5b (m/z 124). The ion of m/z 124 probably results from the loss of CHs radical on N1

site, followed by the abstraction of a H radical (Figure 4.13).

| . | |
H <IE)N1 B: H @N CID H @N
IZ\>_H —_— I Yo —= Y + co,

Ho N H” N Ho N
o ) CH>

HOOC (e]e]e} o
m/z 139 m/z 95

5a 5b 5¢c

Figure 4.12. Formation of negatively charged NHC via double deprotonation from

imidazolium parent ions.
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Figure 4.13. ESI-MS/MS spectra of Sb at m/z 139.

4.3.4. Benzoin Condensation using imidazolium

There are also four expected intermediates of Breslow mechanism for benzoin
condensation catalyzed by imidazolium catalyst 5a (Figure 4.14). Again, Se and 5f have
same mass-to-charge ratio, same for Sg and 5h. Ion with m/z 245 was fished out and
underwent dissociation to give m/z 201 (loss of CO;) and m/z 139 (loss of benzaldehyde).
We also observed daughter ions of m/z 231 (loss of CHj; radical, followed by an
abstraction of H radical); m/z 230 (loss of CHj radical); m/z 227 (loss of H,O); m/z 213
(loss of CHj radical and OH radical); m/z 121 (loss of CO, and benzaldehyde). The

fragmentation pathways are summarized in Figure 4.15.



| |
HEON H HON  OH
Phte b
H r} Ph H r} Ph
®ooc ®o0c

5e 5¢
m/z=245 m/z=245

87

I I o
H®N  oH He o
j[ \ Ph@ | A\
4 N) Ph ° 4 ’\)l Ph
S
@OOC 0ooC
5¢g 5h
m/z=351 m/z=351

Figure 4.14. Characteristic intermediates for benzoin condensation catalyzed by

imidazolium 5a.

H_ N  OH .
\> /
I s + +CHj3
(2)(11) H N\
) I )
m/z=109 mw.=77 m.w.=15
HO-N__ OH !
\N>—< + Co, N6 . oH
HOON P 1>=(  + HC=CH
N
o / Ph
m/z=201 m.w.=44 © miz=175 m.w.=26
Ho N
I
H '} H™ > Ph
Sooc
/ = =
H N OH m/z=139  mw.=106
X~ .
N o VI(1O)H N . HON
) I >=  + .CHy I\>—\ + .on VIO I\ ..
©00C "N Ph w N Ph 4’H N>_\Ph
m/z=245 o ) . ) N
[e]e]¢] 00C
or m/z=230 mw.=15 m/z=213 mw.=17 m/z=155
/
H ® / /
N) {H HO N OH Ho
I R | =< IX (7) B Q
N Ph H0 ——— + J
y ) HOON PR H N H” “Ph
“ooc ’C/,Ce cf’C@
m/z=245 0~ o
m/z=227 m.w.=18 m/z=121 m.w.=106
H | OH o) H H
IN>_< XI (3) N OH .
N Ph + A | >—< + CH,
H 0o H N Ph
o)
)
m/z=187 m.w.=58 miz=173 m.w.=14
H
HON OH
| = .
HIN Ph + CH,
Cooc
m/z=231 m.w.=14

0]

e A

m.w.=58

Figure 4.15. Fragmentation pathways of benzaldehyde-imidazolium adduct.
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On the other hand, ion of m/z 351 (corresponds to imidazolium catalyst with two
benzaldehyde) yields m/z 307 (loss of CO,) and m/z 245 (loss of benzaldehyde). Other
ions such as m/z 337 (loss of CHjs radical, followed by an abstraction of H radical); m/z
336 (loss of CHj radical); m/z 319 (loss of CHjradical and H,O); m/z 213 (loss of H,O
and benzaldehyde); m/z 203 (loss of benzaldehyde and C,H4N radical resulting from the
ring-opening reaction) were also observed. The fragmentation patterns are summarized in

Figure 4.16. All these results are consistent with the postulated intermediates (Se, 5f, 5g

and Sh).
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Figure 4.16. Fragmentation pathways of benzaldehyde-imidazolium (2) adduct.

In summary, we found that after deprotonation, the imidazolium catalyst with
carboxylic group (5a) will undergo double deprotonation to give imidazolium carbene 5b
which is visible on mass spectrometry. CID on 5b will knock off the CO, from the
imidazolium carbene and give a charged NHC. We also successfully isolated the ions
with m/z ratio corresponds to the reaction intermediates of benzoin condensation
catalyzed by imidazolium catalyst. CID on these ions gave various fragmentation

pathways which are consistent with the intermediates.

4.4 Conclusion

We have designed a thiazolium salt with negatively charged sidearm, and used it for
catalysis analysis. The “charged tag” not only makes the intermediate visible through
mass spectroscopy, but also helps us obtain the structural information of intermediates.
Free NHCs were characterized by tandem mass spectroscopy and intermediates of
Breslow mechanism for benzoin condensation catalyzed by both salts were monitored
and analyzed by MS/MS. Intermediates of carbene monomer with one substrate, two
substrates were observed and fragmentation pattern studied, respectively. We also extend
this method to an imidazolium-based catalyst and successfully characterized the free

carbene as well as reaction intermediates via mass spectrometry.
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