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This dissertation focuses on the experimental and theoretical studies of thermodynamic
properties and reactivity of two types of heterocyclic compounds: N-heterocyclic carbenes
(NHCs) and imidazoles.
In recent years, triazolylidene carbenes have drawn broad attention in stereoselective
organo-catalysis. These carbenes have dominated over thiazolylidene and imidazolylidene
carbenes with drastic improvement in the achievable stereoselectivity in a variety of NHCcatalyzed reactions. Although intensively applied and studied in a great variety of catalytic
transformations, the intrinsic properties of these carbenes remain mostly unknown. Our
group therefore measured and calculated the gas phase acidities of a series triazolium precatalysts (the conjugate acids of triazolylidene carbenes), both achiral and chiral, with mass
spectrometric experiments and quantum mechanical methods to probe their fundamental
properties. It was found that the gas phase acidities of the triazolium pre-catalysts can be
tuned by the subtle electronic properties of their substituents on the triazolium ring. The
correlation between the thermodynamic properties and the catalytic reactivities has also
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been discovered and further investigated. We have found the correlations between the gas
phase acidities of these triazolium pre-catalysts and the stereoselectivity of two
triazolylidene carbene-catalyzed Umpolung reactions. These correlations, the first of their
kind, can be potentially used to provide guidance for future stereoselective catalyst design.
These results are discussed in Chapter 2.
Carbon dioxide capture and sequestration (CCS) has become a research “hotspot” due to
the increasing concern regarding their roles in the global greenhouse effect and subsequent
climate change and environment destruction. We investigated the role that imidazolate
anion plays in the absorption of carbon dioxide. A series of imidazoles with structural
variations were characterized with both mass spectrometric experiments and computer
modeling, in the gas phase and in an ionic liquid medium. By establishing correlations
between the imidazolate properties and CO2 absorption capacity, we hope to provide
guidance for a future generation of greenhouse gas capture systems with improved
efficiency and robustness. During this process, we have also analyzed the substitution
effects on the imidazolate properties and CO 2 capture, and confirmed that mass
spectrometry-based experiments can be designed to investigate tautomerism of imidazoles.
These results are discussed in Chapter 3.
The difference in reactivity of organic species in solution phase compared to gas phase has
interested many organic chemists. Gas phase studies using mass spectrometry allow us to
penetrate the intrinsic property of various organic species and elucidate reaction
mechanisms without solvent effects. Only charged species could be detected by mass
spectroscopy, and organocatalysts with charged handles are therefore important for such
purposes. In Chapter 4, we discussed how we could utilize the charge-handled NHCs in
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Umpolung reactions such as Stetter reaction and benzoin condensation in the gas phase.
Selected imidazolylidene, thiazolylidene and triazolylidene carbenes, either synthesized ab
initio or commercially available, were examined both experimentally and theoretically.
Finally, in Chapter 5, we reported the preliminary data collected that explore the
relationship between the gas-phase properties of ionic liquids (cations/anions) with proton
conductivity/open-circuit potential (OCP) of ionic liquid-based electrolytes used in
anhydrous fuel cells.
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Chapter 1. Introduction
1.1 Overview
Gas phase studies achieved by mass spectrometry have long been employed by scientist
for identification and quantification of molecules, and to investigate ion-molecule
interactions in vacuo.1-5 Density functional theory (DFT) is a computational quantum
mechanical modelling method widely used to investigate the electronic structure of manybody systems, in particular atoms, molecules, and the condensed phases. By using both
mass spectrometry and DFT computational methods, we were able to characterize the
thermodynamic properties and reactivity of two types of heterocyclic compounds: Nheterocyclic carbenes (NHCs) and imidazoles.
1.1.1 N-Heterocyclic Carbenes (NHCs)
A carbene is a molecule containing a neutral carbon atom with a valence of two and two
unshared valence electrons. The general formula is R-(C:)-R' or R=C: where the R
represent substituents or hydrogen atoms. The majority of carbenes are too reactive to be
isolated and examined independently. N-heterocyclic carbenes (NHCs), as a type of
stabilized carbene species, emerged during the second half of the 20th century. A brief
comparison between the traditional carbenes and NHCs is shown in Figure 1.1. 6-9

Figure 1. 1 Comparison between traditional carbenes and NHCs
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In the early 1960's Wanzlick first investigated the reactivity and stability of N-heterocyclic
carbenes. Shortly thereafter, Wanzlick reported the first application of NHCs as ligands for
metal complexes, after which the field of NHCs as ligands in transition metal chemistry
remained dormant for 23 years. In 1991, the successful isolation and characterization of Nheterocyclic carbenes were revealed in a report by Arduengo and co-workers. In this work,
they reported the extraordinary stability, isolation and storability of crystalline NHC IAd.
The synthesized N-heterocyclic carbenes are not only electronically stabilized by the
nitrogen atom(s) adjacent to the center carbon, where the π-electrons of the nitrogen atom(s)
donate to the empty p orbital of the center carbon, but also by the sterically hindered
adamantyl group.
NHCs, based on the basic heterocyclic structure, can be derived from imidazole,
imidazoline, thiazole or triazole (Figure 1.2).

Figure 1. 2 Different types of N-Heterocyclic carbenes
NHCs are considered as singlet ground state and are electron rich due to resonance, which
makes them good sigma donors. Since the discovery and isolation of NHC, the rich
chemistry of the nucleophilic lone pair on its center carbon and its relatively high stability
has led to tons of applications in coordination chemistry and organocatalysis, both
theoretically and experimentally.10-26
NHCs were widely used as ligands in the second-generation Grubbs catalyst (transition
metal catalysts), which, compared to the first-generation Grubbs catalyst in which
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tricyclohexylphosphine (PCy3) was used, shows improved air and water resistance and
higher catalytic reactivity on olefin metathesis. 27 The increased effectiveness of the
catalysts with NHC ligands over phosphine ligands attracted many scientists to conduct
examinations towards the principle underneath. Recently we published a review article
where we discussed how the basicity of NHC would influence its catalytic ability. The fact
that NHCs are generally more basic than the phosphine ligands might contribute to the
increased efficiency of the second-generation Grubbs catalysts.
NHCs, in addition to serve as effective ligands for olefin metathesis, can themselves serve
as efficient organocatalysts to induce Umpolung in a variety of organic transformations.28
Umpolung (polarity inversion) is the chemical modification of a functional group with the
aim of polarity reversal, which allows further reactions of this functional group that would
otherwise not be available.29-31 Catalysts such as N-Heterocyclic Carbenes (NHCs) have
been using to achieve Umpolung of electrophilic aldehydes. These aldehydes are converted
to nucleophiles to react with aromatic aldehydes (benzoin condensation) or with
appropriate Michael acceptors (Stetter reaction). In 1958, Breslow postulated that the
thiazolium moiety in thiamine can be deprotonated under mildly basic conditions to
generate NHCs, which can be added to an activated carbonyl group, resulting in Umpolung
of the latter. The resulting intermediate, known as ‘‘Breslow intermediate’’ since then,
after a series of reaction steps, leads to decarboxylation of pyruvic acid, acetoin
condensation, etc. The mechanisms of the two most intensively studied Umpolung
reactions, benzoin condensation and the Stetter reaction, are shown in Figure 1.3.
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Figure 1. 3 Mechanisms of benzoin condensation and the Stetter reaction
Most organic transformations with NHCs as the catalysts were conducted in the condensed
phase, where factors such as solvent effect and diffusion control make a difference towards
the final results. Investigation on NHC-catalyzed reaction in a solvent-free environment to
explore the intrinsic reactivity has been very rare. We utilize mass spectrometry technique
and computational method to quantitatively measure the intrinsic, thermodynamic and
kinetic properties of organic species, including a series of heterocyclic compounds such as
NHCs and imidazoles. With both solution-phase and gas-phase data, we could help to lay
the foundation towards a better understanding of various reaction mechanisms.
1.1.2 Carbon Dioxide Capture by Imidazolates
The prosperity of human society nowadays is supported by energy mostly coming from
fossil fuels, which have released large amount of CO 2 into the atmosphere, and resulted in
climate changes that in turn endanger human beings.32 It is vital to find solutions to settle
this imminent threat. Carbon capture and sequestration (CCS) is a process that includes the
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initial capture of CO2 emitted mainly from fossil fuels combustion, the CO 2 transportation
that follows, and the final storage in geological formations.33 CO2 capture is the most costly
step, while geological storage requires large capacity and bears concerns about its effects
on the environment. Since the first International Conference on Carbon Dioxide Removal
(ICCDR-1) held in in March 1992, Amsterdam, more and more researchers have been
devoting themselves into this field, investigating new methods and materials for more
efficient CCS process.34
Ionic liquids (ILs) have received much attention in the field of CCS due to their unique
properties including low vapor pressure, high thermal stability, and a wide variety of
cation/anion combinations that enables designability.35 Compared to physical absorption
which usually requires high pressure, chemisorption achieved by task-speciﬁc ILs (TSILs)
can be applied in milder conditions with enhanced performance. 36 A major category of
TSILs bear amine moieties within the cation/anion structures. One major issue associated
with such TSILs is the dramatic viscosity increase after CO 2 absorption, which makes the
absorption rate decrease along with time, as well as making the CO 2 desorption difficult to
proceed. Molecular dynamics simulation indicates that the dramatic increase in viscosity
is due to the formation of strong and dense hydrogen-bonded networks between the cation
and anion species upon CO2 absorption.37
As is shown in Figure 1.4, The partial charges on the individual atoms of the -NH2, -NH3 +,
and -NHCO2- groups were calculated: there is a partial negative charge of -1.06 e on the
amine nitrogen of A versus -0.52 e on the ammonium nitrogen of B, with other charges
being comparable for terminal H and O atoms in the A, B, and C species. This points toward
a hydrogen-bonding interaction between B··· C that is much stronger than that between
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A ··· C. Upon CO2 capture, strong hydrogen-bonded networks of (B··· C) n chains or
clusters formed which results in the viscosity increase.

Figure 1. 4 Mechanism of viscosity increase of amino-functionalized ILs upon CO 2
capture
This drastic increase in viscosity makes the amino-functionalized TSILs less practical for
carbon dioxide capture. Scientists have then adjusted the direction towards searching for
"amino-free functionalized ILs", to improve carbon dioxide chemical absorption.
Prominent within this type of IL are azolate ILs, which are also called aprotic heterocyclic
anion (AHA) ILs.38 Dai and Wang introduced this concept with a series of ILs that paired
superbases

such

as

1,3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido[1,2-a]pyrimidine

(MTBD) and trihexyl(tetradecyl) phosphon-ium hydroxide ([P66614][OH]) with weak
nitrogen acids such as imidazole, pyrazole, triazoles, tetrazoles and indoles. 39 In these AHA
ILs, the anionic moiety (such as an imidazolate) nucleophilically attacks the carbon dioxide.
Studies to date indicate that the basicity of the anion is important for carbon dioxide capture,
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capacity, and solubility, while the effect of the countercation identity is weaker. Therefore,
tuning the basicity is a key component for achieving effective CO 2 capture.38
Herein, we use computational and experimental methods to examine the acidity of fiftysix imidazoles, toward better understanding their properties. The experimental
measurements provide valuable data to benchmark computations and lend insight into the
inherent reactivity of these species. Gas-phase measurements are complemented by gasphase and solution-phase calculations. We aim to achieve predictive power for such
properties, which would allow for more facile tunability of potential ILs for carbon dioxide
capture.
1.1.3 Charge-Handled N-Heterocyclic Carbene Catalyst
As mentioned above in 1.1.1, Breslow and coworkers proposed a catalytic mechanism with
the thiazolylidene as the catalytic species. The reaction mechanism he proposed involves a
deprotonation of the thiazolium precatalyst to generate a thiazolyidene, which attacks an
aryl aldehyde and yields a so-called Breslow intermediate after proton transfer. Although
the Breslow mechanism is well accepted, other mechanisms, for example the one proposed
by Lemal and Castells involving a thiazolyidine dimer, have also been postulated. 40-44
There has been debate among different mechanisms. On the other hand, limited work with
detailed mechanistic studies for Stetter reaction impeded the development of intensive
application of NHC-catalyzed asymmetric Stetter reactions. 45,46
Gas phase studies in absence of solvent are able to reveal intrinsic organic reactivity and
elucidate complicated reaction mechanisms. Neutral species are, however, undetectable by
mass spectroscopy, and the reaction intermediates are usually unstable and have the
propensity of fragmentation. Introducing a charged handle to NHC will address the first
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issue, while using a “soft” electrospray ionization tandem mass spectrometry (ESIMS/MS), which has achieved recognition as a tool to probe the reaction mechanisms over
the years, will help the latter.47 Therefore, we analyzed two categories of charged-handled
carbenes both experimentally and calculationally. The first category includes two newly
designed and synthesized triazolylidene NHCs with carboxylate charge tags; the second
category includes two commercially available catalysts (one thiazolylidene and one
imidazolylidene) with alkoxide and carboxylate charge tags, respectively (Figure 1.5).

Figure 1. 5 The four charge-handled NHCs discussed in Chapter 4
The charged groups of these NHCs would not only make it possible to track the regents
and intermediates of benzoin condensation and Stetter reaction in vacuum by mass
spectrometry, but also serve as “proton shuttles” to effect the 1,2-proton transfer to form
the Breslow intermediate. In addition, these charged NHC catalysts possess different ring
structure (triazolylidene, thiazolylidene and imidazolylidene, respectively) so that we
could compare their intrinsic catalytic reactivity. 48,49
1.1.4 Heterocycle-based Ionic Liquids (ILs) Applied as Electrolytes in Anhydrous Fuel
Cells
Anhydrous proton conductors (e.g. fuel cells) have many advantages as electrochemical
units due to the absence of flammable and/or toxic solvents, which avoid the risk of
dangerous chemical reactions such as the thermal runaway reaction that potentially poses
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great damage to human beings and environment.50 Thermal runaway is a complicated
process. It is believed to be triggered by reaction of liquid electrolyte with electrode
surfaces and releases a lot of heat and flammable H2/O2 gases, which further react and
release heat, and finally result in fire or explosion.
Recently much attention has been paid to high temperature polymer electrolyte fuel cells
(PEFCs) due to their advantages over conventional PEFCs which exhibit poor proton
conductivity above 100°C due to their temperature and humidity dependence. 51 Therefore,
ionic conducting membranes based on low-volatility solvents, i.e., heterocycle-based
polymer or ILs-based polymer, have been widely studied. Heterocycles such as imidazole,
pyrazole, triazole, and benzimidazole have been considered as proton solvents to replace
water, so that high temperature polymer electrolyte fuel cells would be possible. 52,53
Our gas-phase study is conducted in anhydrous conditions where the properties of the
heterocycle-based electrolytes could be characterized in vacuo. By establishing the
relationship between heterocycle properties and proton conductivity in fuel cells we could
provide guidance for rational electrolytes design for novel anhydrous high temperature fuel
cells.
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1.2 Instrumentation
1.2.1 Electrospray Ion Source (ESI)
The electrospray ion source (ESI) is a technique used in mass spectrometry to produce ions
using an electrospray in which a high voltage is applied to a liquid to create an aerosol.
ESI, as a “soft” ion source, is not only applied in analysis of small molecules, but also
especially useful in producing ions from macromolecules because it overcomes the
propensity of these molecules to fragment when ionized, whereas the “hard” ion source
(e.g. electron ionization (EI)) produces fragment ions that have mass-to-charge ratios less
than that of the parent molecular ions. ESI could generate both cations and anions. ESI
happens under atmospheric pressure.54,55
As is shown in Figure 1.6, the liquid passes through a capillary tube, the end of which bears
a high electric field. Under the electric field, charges accumulate at the liquid surface at the
end of the capillary, and break the liquid into charged droplets. The evaporation of solvent
shrinks the droplets and the increasing repelling force break the droplets into small ones.
After cascades of this process, the solvent is dried out and ions are desorbed from the
solvent.56
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Figure 1. 6 Diagrammatic representation of ionization in an electrospray ion source (ESI)
1.2.2 Quadrupole Ion Trap Mass Spectrometer
A linear quadrupole mass spectrometer comprises four parallel rods of circular or
hyperbolic cross-section. These are connected to radio-frequency(V0cosωt) and directcurrent (U) power supplies, as shown in Figure 1.7.57

Figure 1. 7 Schematic diagram of a quadrupole mass spectrometer.
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The quadrupole analyzes different mass-to-charge ratios using the stability of their
trajectories. The rods opposite to each other always carry the same polarity, while the rods
next to each other carry opposite polarity. A polarity reversal of the potential applied on
the rods can change the ion travel direction before it hits the rods and discharges, thus
stabilizing the ion. By operating the quadrupole in a stable region, the ions will be
constrained to follow a path between the rods until they reach the detector. The mass
spectrum is scanned by varying V0 and U so that the ratio U/V0 remains constant. The
quadrupole mass analyzer acts as a mass filter, allowing one mass channel at a time to
reach the detector as the mass range is scanned.
Ion trap mass analyzers use a combination of electric or magnetic fields to capture or “trap”
ions inside the mass analyzer. There are multiple configurations of ion traps. For example,
3D ion traps, also called the Paul ion trap in honor of Wolfgang Paul, who invented the
device and shared the Nobel Prize in Physics in 1989 for this work. The 3D ion trap
basically works on the same principle as a quadrupole mass analyzer, using static DC
current and RF oscillating electric fields, but the hardware is configured differently, where
the parallel rods are replaced with two hyperbolic metal electrodes (end caps) facing each
other, and a ring electrode placed halfway between the end cap electrodes; ions are trapped
in a circular flight path based on the applied electric field (Figure 1.8).58 Another
configuration is the 2D trap, also named linear ion trap. A linear ion trap uses a set of
quadrupole rods coupled with electrodes on each end to facilitate the ion trapping. Tandem
mass analysis can be conducted on both 2D and 3D quadrupole ion traps. The magnetic
field-based trap (ion cyclotron resonance, ICR) will be introduced in 1.2.3.
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Figure 1. 8 Schematic diagram of a 3D ion trap.

Specifically, our group uses both a Finnigan LCQ DUO (ESI-3D quadrupole ion trap) mass
spectrometer and a Finnigan LTQ (ESI-linear quadrupole ion trap) mass spectrometer for
the Cooks kinetic experiments to measure gas phase acidity and proton affinity.
Our group also uses a house-modified Finnigan LCQ DUO (ESI-3D quadrupole ion trap)
mass spectrometer for bracketing and gas-phase reaction mechanistic study. A schematic
presentation is shown in Figure 1.9. The analyte sample solution could be introduced
through ESI via a syringe pump, while a cross inlet was constructed on the buffering gas
line in order to introduce the neutral references, thus making the 3D ion trap as both a
“reaction container” where the reaction between charged analyte molecules and neutral
reference molecules can be monitored, and a mass spectrometer.
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Figure 1. 9 The house-modified Finnigan LCQ DUO Mass Spectrometer in the Lee group
1.2.3 Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR)
As we mentioned above in 1.2.2, ion cyclotron resonance (ICR) traps use a strong magnetic
field to induce a radial orbit of ions, where the frequency of orbit in the magnetic field is a
function m/z for the ion. A Fourier transform algorithm is required for the signal processing.
The advantage of an ICR trap is the ability to trap all ions at once and detect them on the
basis of their detected frequencies.59
The circular motion of an ion in a magnetic field is subject to Lorentz force. The Lorentz
force F that an ion feels in a magnetic field B can be depicted by Eq. 1.1.
𝐹 = 𝑞𝑣𝐵

Eq. 1.1

where 𝑣 is the velocity of the ion and 𝑞 is the ion net charge.
The circular trajectory of the ion can be stabilized when the Lorentz force F balances the
centrifugal force Fc (Eq. 1.2).
𝐹=𝐹 =

Eq. 1.2
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where m is the mass of the ion and r is the circular radius of its trajectory.
Therefore, from Eq. 1.1 and Eq. 1.2, we could derive Eq. 1.3, represented in angular
frequency:
𝜔 = 2𝜋𝑓 = =

𝒒
𝒎

𝐵=

𝒎/𝒛

𝐵

Eq. 1.3

As shown in Eq. 1.3, the angular frequency ω (ω =2π f) of the ion motion is proportionally
related to the mass-to-charge ratio (m/z) of the ion.
While the ion frequency is independent to its velocity, the trajectory radius is proportional
to the velocity. After an ion is trapped in the ICR cell, it is excited by a radio
electromagnetic wave that shares the same frequency as the circular motion, thus
irradiating the ions and transferring energy to the ions via resonance absorption, which
results in an increased motion trajectory radius. As the trajectory radius increases, the
resonance ions end up hitting the detector and the subsequent alternating current, the image
current, can be interpreted into frequency signals and further translated into mass-to-charge
ratio of the ion (Figure 1.10).60

Figure 1. 10 Schematic diagram of an ion cyclotron resonance instrument
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Our Finnigan 2001 FT-ICR mass spectrometer is equipped with two cubic ICR cells with
3.3 Tesla superconducting magnet field (Figure 1.11). We can introduce chemical
compounds into the instrument via batch inlets, leak valves, pulsed valves and a heatable
solids probe inlet. Chemical samples can be ionized by electron ionization (EI), chemical
ionization (CI) and electrospray ion (ESI) sources. The dual cell system allows ions to be
selectively transferred between two cells. This enables users to prepare ions in one cell and
study the property of the ions in the other cell, which introduces flexibility of experimental
designs.

Figure 1. 11 Schematic diagram of the Finnigan 2001 FT-ICR duel cell setup
1.3 Methodology
1.3.1 Bracketing Method
The bracketing method is used to measure the gas phase proton affinity (PA) and acidity
of organic bases and acids, respectively. Organic bases or acids with known proton affinity
or acidity are used as references to “bracket” the corresponding thermodynamic property
(PA or acidity) of the sample compounds into a narrow range (2-3 kcal/mol).
The reaction efficiency (Eq. 1.4) of the proton transfer reaction between a reference
compound and a sample compound is measured and calculated. Assuming this process to
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be barrier-free, this efficiency indicates the occurrence (indicated by the “+” symbol) or
absence (indicated by the “-” symbol) of the proton transfer, with a cutoff of 10%.

𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) =

𝒌𝒆𝒙𝒑
𝒌𝒄𝒐𝒍𝒍

Eq. 1.4

× 𝟏𝟎𝟎%

For example, if a reference base B1 is unable to deprotonate the conjugated acid of the
sample compound, but another reference base B2 can, then we could conclude that the PA
of the sample is higher than PA of B1 and lower than that of B2.
Specifically, kcoll, defined as the theoretical ion-molecule collision rate constant, can be
calculated using the Average Dipole Orientation (ADO) program, 61.62 while kexp
(experimental rate constant of the reaction) can be measured by the reaction kinetics study
using mass spectrometers (FT-ICR or quadrupole ion trap). Take the proton transfer
reaction below as an example, the proton transfer happens between the protonated sample
BH+ and the neutral reference compound Ref. The concentration of the neutral reference is
considered constant, and this reaction could be considered as pseudo-first order:
BH+ + Ref –> B + Ref-H+
Rate = kexp [BH+][Ref]
k’ = kexp [Ref] (pseudo-first order reaction)
𝑅𝑎𝑡𝑒 = 𝑘’ [𝐵𝐻 ] = −
[
[

]
]

𝑙𝑛

𝑑[𝐵𝐻 ]
𝑑𝑡

𝑑[𝐵𝐻 ]
= −
[𝐵𝐻 ]

𝑘 𝑑𝑡

[𝐵𝐻 ]
= −𝑘 𝑡
[𝐵𝐻 ]

𝑙𝑛[𝐵𝐻 ] = −𝑘 𝑡 + 𝑙𝑛[𝐵𝐻 ]
𝑠𝑙𝑜𝑝𝑒 = − 𝑘’ = − 𝑘

[𝑅𝑒𝑓]
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𝑘

=

[

][

]

= −

[

]

= −

∗

Eq. 1.5

As shown in Eq. 1.5, slope is the slope for the plot of ln[BH+] versus reaction time; Pref
is the pressure of the neutral reference which could be derived from the kinetic reaction; θ
is the conversion factor of 3.239 × 1016 molecule·cm-3·torr -1.
1.3.1.1 Bracketing Method using FT-ICR
The FT-ICR mass spectrometer has a dual cell setup (described previously). 36-40 The
magnetic field is 3.3 T; the baseline pressure is 1 x 10-9 Torr. The analyte sample is
introduced into the cell via a heatable solids probe, while the reference acids are introduced
via a system of heatable batch inlets or leak valves. Water is pulsed into the cell through
the pulse valves, and is ionized by an electron beam (typically 8 eV (for HO -), 20 eV (for
H3O+), 6 μA (for H3O+), 9 μA (for HO-), 0.5 s) to generate hydronium/hydroxide ions. The
reactions between the analyte sample compounds and reference compounds are measured
in both directions. In one direction, the sample cations/anions are generated by reaction of
the sample with the hydronium/hydroxide ions, respectively. The charged sample species
are then selected and transferred from one cubic cell to another via a 2-mm hole in the
middle trapping plate. Transferred ions are then cooled with pulsed argon gas that allows
the pressure to rise to 10-5 Torr. Reaction with the neutral reference compounds is then
tracked. In the opposite direction, the charged reference compounds are generated by
reaction with hydronium/hydroxide. These ions are then transferred to the second cell to
react with neutral sample molecules. The experiments are conducted at ambient
temperature. The typical protocol for obtaining gas phase rate constants has been described
previously in literatures36,37,40-42 and also in 1.3.1. The experiments are run under pseudo-
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first-order conditions with the neutral reactant in excess, relative to the analyte ions.
Reading the pressure of the neutral reference compounds from the ion gauges is not always
accurate; therefore, we “back out” the neutral substrate pressure from fast control reactions
(described previously).36,42-46
1.3.1.2 Bracketing Method using LCQ Mass Spectrometer
The LCQ (Liquid Chromatography Quadrupole Ion Trap) mass spectrometer in our lab has
been modified with a cross inlet bearing two needle valves in the buffer gas line, in order
to introduce the neutral reference vapor into the ion trap. The analyte sample is dissolved
in organic solvents such as methanol and acetonitrile to make a homogeneous solution with
concentrations of 10-4 to 10-5 M. The solution is then injected into the system by a syringe
pump and ionized by ESI. The charged analyte will then react with the neutral reference
molecules in the ion trap, and the resultant ions after proton transfer could be collected and
measured by the detector.
1.3.2 Cooks Kinetic Method
First developed by Cooks in 1977, the Cooks kinetic method is another technique to
measure proton affinity and acidity of organic compounds using mass spectrometers. 63
Thermodynamic properties, such as PA and acidity, can be obtained from the collisioninduced dissociation (CID) pattern of a proton-bound dimer (Figure 1.12).
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Figure 1. 12 CID-induced fragmentation pattern for a proton-bounded dimer of analyte
and reference
For example, after isolating the proton-bound dimer between a sample base B and a
reference base Ref (with known proton affinity), collision-induced dissociation (CID)
energy is applied and the dimer can be dissociated in two different pathways: forming a
protonated BH+ and a neutral Ref, or yielding a protonated RefH+ and a neutral B (Figure
1.11). The relative intensity of two product ion peaks can be used to calculate the proton
affinity of B.64-66
1.3.3 Computational Method
Computational methods are used to study the thermodynamic properties and structural
information of molecules described in this dissertation. All ground state calculations were
performed using density functional theory (B3LYP/6-31+G(d), and B3LYP/6311++G(d,p)) as implemented in Gaussian 09 and Gaussian 16. 67-72 All the geometries
were fully optimized and frequencies were calculated; no scaling factor was applied. The
optimized structures had no negative frequencies. The temperature for the calculations was
set to be 298 K.
Both acidity and proton affinity (PA) can be calculated. The ∆H acid is the enthalpy
associated with the deprotonation of HA, and the ∆Gacid is the free energy associated with
the deprotonation of HA; likewise, the ∆HPA

is the enthalpy associated with the

deprotonation of BH+, and the ∆GPA is the free energy associated with the deprotonation
of BH+.
HA –> A– + H+

∆Hrxn = ∆Hacid; ∆Grxn = ∆Gacid

BH+ –> B + H+

∆Hrxn = ∆HPA; ∆Grxn = ∆GPA
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For the transition state (TS) calculations, the SMD model was used and M06/6-31+G(d,p)
solution-phase single-point energy calculations (on the B3LYP/6-31+G(d) geometry) were
conducted. Reported energetics are the sum of the Gibbs free energy correction at
B3LYP/6-31+G(d) applied to the solution-phase single-point energy at M06/6-31+G(d,p).
For the solvation calculations, the SMD model was used with ionic liquid
[DBUH][OTf] as the solvent. The solvent descriptors for [DBUH][OTf] were derived
based on the “SMD-GIL” method developed by Cramer, Truhlar and coworkers. 73
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Chapter 2. Proton Affinity of Triazolylidene Carbenes:
Rationalizing Subtle Electronic Effects

2.1 Introduction
Since the discovery of stable carbenes, first reported independently by Bertrand and
Arduengo, these species have become key players in organic and organometallic
chemistry.1,2 N-Heterocyclic carbenes (NHCs), particularly imidazolylidenes, have come
to the forefront as effective ligands for transition-metal catalysts, with perhaps the bestknown example being the Grubbs second-generation ruthenium catalysts for olefin
metathesis.3 In addition to their role as key ligands for organometallic catalysts, NHCs
themselves can also function as organocatalysts, and in recent years, triazolylidene
carbenes have emerged as the most prominent structure.4,5 Work in this field has
encompassed both Umpolung and non-Umpolung reactions, with an eye to
stereoselectivity.4-6
For reactions catalyzed by triazolylidene carbenes, the carbene is often generated
in situ by deprotonation of the corresponding triazolium precatalyst. The resultant carbene
behaves as a nucleophile; for most reactions catalyzed by NHCs, the first step in the
catalytic cycle is NHC attack of an electrophile. An example of an NHC-catalyzed reaction
from our lab, the intramolecular Stetter reaction, is shown in Figure 2.1. Because of the
requisite deprotonation of the precatalyst and the nucleophilic nature of the carbene, the
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acidity of the triazolium precatalyst (which is equivalent to the basicity of the free carbene)
and the nucleophilicity of the triazolylidene carbene catalyst are of great interest.

Figure 2. 1 Intramolecular Stetter reaction cycle as catalyzed by a triazolylidene NHC
Despite great progress in the development and optimization of triazolylidene carbenes as
catalysts for enantioselective reactions, fundamental studies of these species are relatively
limited. With respect to the evaluation of the acidity of these triazoliums, Smith,
O'Donoghue and coworkers conducted a seminal study that yielded the acidity of twenty
triazolium salts in aqueous solution.7,8 Mayr and coworkers examined a series of NHCs to
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evaluate nucleophilicity and Lewis basicity. 9 They found that triazolylidene 2c is less
nucleophilic than imidazolylidene 2a and imidazolinylidene 2b; all three had moderate
nucleophilicity relative to a high Lewis basicity (Figure 2.2).

Figure 2. 2 NHCs studied by Mayr Group
In this chapter, we describe our studies of two series of triazolium cations that, upon
deprotonation, deliver catalysts that are active in a variety of transformations. 4 We use
experiment and theory to characterize the intrinsic basicity of triazolylidenes by measuring
and computing the acidity of the corresponding triazolium cations in the gas phase, for a
wide range of achiral and chiral species not heretofore examined in vacuo.
2.2 Experimental
The synthesis of the protonated carbenes studied herein have been previously described. 4
The reference bases were purchased from Sigma-Aldrich and used as received.
Bracketing experiments were conducted using a house-modified quadrupole ion trap mass
spectrometer as previously described (1.3.3).10 To generate the protonated carbene ions via
electrospray ionization (ESI), the triazolium cations were dissolved in 1:10 water/methanol.
About 2 μL formic acid was added into every 10ml water/methanol solution to facilitate
ionization. Final concentrations of these solutions were ~10 -4 M.
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The flow rates of ESI injection were 15-25 µL/min. The capillary temperature was 190°C.
Neutral reference bases were added with helium gas flow. The protonated carbene ions
were allowed to react with neutral reference bases for 0.03-10000 ms. A total of 10 scans
were averaged. The typical electrospray needle voltage was ~1.80 kV.
All calculations were performed using density functional theory (B3LYP/6-31+G(d)) as
implemented in Gaussian 09.11-16 All the geometries were fully optimized and frequencies
were calculated; no scaling factor was applied. The optimized structures had no negative
frequencies. The temperature for the calculations was set to be 298 K. For the enol TS
calculations, the SMD model was used with ethanol as the solvent. M06/6-31+G(d,p)
solution-phase single-point energy calculations (on the B3LYP/6-31+G(d) geometry) were
conducted.17-21 Reported energetics are the sum of the Gibbs free energy correction at
B3LYP/6-31+G(d) applied to the solution-phase single-point energy at M06/6-31+G(d,p).
2.3 Results and Discussion
2.3.1 Achiral pyrrolidine-based triazoliums
i. Calculations: Achiral pyrrolidine-based triazolium cations
We first studied a series of achiral pyrrolidine-based triazolium cations as shown in Figure
2.3. These compounds were chosen to assess the electronic effect of the various substituted
phenyl moieties; also, the aqueous pKa has been measured for some of these, which would
allow us to compare gas and solution phase values. The calculated acidities of the
triazolium cations, which correspond to the proton affinity of their respective triazolylidene
carbenes, are listed in Figure 2.3 and Figure 2.4. In our experience, density functional
theory (DFT) methods generally yield accurate values for thermochemical properties of
heterocyclic rings, so we utilized B3LYP/6-31+G(d) to calculate the acidities (∆H acid).22-27
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The overall trend in terms of acidity for these substrates is as follows (from most acidic to
least acidic; note that as with pKa values, more acidic species have lower ∆Hacid values):
3c > 3b = 3e > 3g > 3f > 3i > 3h > 3a > 3l > 3d > 3j > 3k. Overall, this trend makes sense:
3c is most acidic, with a 3,5-di-CF3 substitution on the phenyl, followed by perfluorophenyl
and 4-cyanophenyl. Ultimately the least acidic is 3k, with a largely electron donating Naryl group substituent.

Figure 2. 3 Calculated acidities for a series of pyrrolidine-based achiral triazolium cations
(kcal/mol). Calculations were conducted at B3LYP/6-31+G(d); reported values are ∆H at
298 K
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Figure 2. 4 Calculated acidities for a series of pyrrolidine-based achiral triazolium cations
(kcal/mol), arranged in the order of acidity
There is one surprise in this trend, however, which is the higher acidity of 3c (242.7
kcal/mol) versus 3g (248.0 kcal/mol). 3c has a phenyl ring with 3,5-di-CF3 substitution
while 3g has a phenyl ring with an additional trifluoromethyl group, as well as diortho
substitution (2,4,6-tri-CF3). One might initially expect 3g to be more acidic than 3c, due to
the additional electron withdrawing trifluoromethyl group. However, we suspected that the
additional trifluoromethyl group (as well as the diortho substitution pattern) alters the
phenyl ring geometry unfavorably, which calculations confirmed (Figure 2.5). For 3c, the
phenyl ring is relatively planar relative to the triazolium ring; the dihedral angle for the
calculated structure (for the atoms labeled 1-2-3-4) is 34.7˚. For 3g, however, the relatively
bulky trifluoromethyl groups, placed at the ortho positions of the phenyl ring, cause the
ring to become nearly perpendicular to the triazolium ring (dihedral 90.4˚). A perpendicular
disposition of the aryl ring leads to reduced orbital overlap with the azolium and a
minimization of its impact on the electronic character of the carbene center. Therefore,
although the additional trifluoromethyl would be expected to increase the acidity, the lack
of planarity of the phenyl ring relative to the triazolium core mitigates the effect of the third
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CF3. This is reminiscent of the surprisingly similar acidities of diphenylmethane and
triphenylmethane; the third phenyl ring is less effective than might be expected due to the
inability of all three phenyl rings to be in the same plane.
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CF3
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H
3c
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34.7º
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N 2

N
4

CF3

3

H F3C
3g
248.0
90.4º

CF3

Figure 2. 5 Calculated (B3LYP/6-31+G(d)) geometries of the 3c and 3g achiral
triazolium cations
To avoid this type of complication when looking at trends, a more reasonable comparison
is to focus on structures that have the same substitution pattern. For example, among the
2,4,6-substituted phenyl compounds, the order from most to least acidic is: 3g (2,4,6-triCF3) > 3i (2,4,6-tri-Cl) > 3h (2,4,6-tri-Br) > 3j (2,4,6-tri-CH3(mesityl)) > 3k (2,4,6-triOCH3). In terms of electron withdrawing capability, this trend is reasonable: the most
acidic is the compound with the 2,4,6-tri-CF3-phenyl moiety and the least acidic has a
2,4,6-tri-OCH3-phenyl group. For the 4-substituted phenyls, the acidity order is (from most
to least acidic): 3e (4-CN) > 3f (4-F) > 3d (4-OMe), which also makes sense.
ii. Experiments: Achiral pyrrolidine-based triazolium cations
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To experimentally measure the gas phase acidity of the achiral triazolium cations, we
utilized mass spectrometry and proton transfer reactions between the protonated carbene
precursors and various bases in the gas phase whose proton affinities are known.
Electrospray ionization of the protonated carbene successfully yields the triazolium cation
as the major signal. Reference bases are then added and the presence or absence of proton
transfer is assessed.
DBU (PA = 250.5 kcal/mol) is unable to deprotonate 3a, but MTBD (PA = 254.0
kcal/mol) can. We therefore bracket the acidity of 3a to be between DBU and MTBD (252
± 4 kcal/mol). For 3b, as well as 3e, N,N,N',N'-tetramethyl-1,3-propanediamine (PA =
247.4 kcal/mol) is unable to effect deprotonation, but DBN (PA = 248.2 kcal/mol) can,
placing the acidity of 3b and 3e at 248 ± 3 kcal/mol. 1-(Cyclopent-1-en-1yl)pyrrolidine
(PA = 243.6 kcal/mol) cannot deprotonate 3c, but N,N,N',N'-tetramethyl-1,3propanediamine (PA = 247.4 kcal/mol) can; we therefore bracket the acidity of 3c to be
246 ± 4 kcal/mol. For 3d, no reaction is observed with MTBD (PA = 254.0 kcal/mol), but
proton transfer occurs with HP1(dma) (PA = 257.4 kcal/mol), placing the acidity of 3d at
256 ± 4 kcal/mol. For 3f, 3h and 3i, no proton transfer is observed with DBU (PA = 250.5
kcal/mol) but MTBD (PA = 254.0 kcal/mol) deprotonates all three, allowing us to bracket
the acidity of 3f, 3h and 3i to be the same, 252 ± 4 kcal/mol. 3j is least acidic; HP1(dma)
(PA = 257.4) cannot deprotonate it, but tbuP1(dma) (PA = 260.6) can, bracketing the acidity
of 3j to 259 ± 4 kcal/mol. MTBD (PA = 254.0 kcal/mol) does not deprotonate 3l, but
HP1(dma) (PA = 257.4 kcal/mol) does, placing the acidity of 3l at 256 ± 4 kcal/mol.
The overall trend for the experimental acidity values tracks reasonably well with
calculation (from most acidic to least acidic): 3c > 3b = 3e > 3a = 3f = 3h = 3i > 3d = 3l >
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3j (Table 2.1). Reference bases are limited in this region, which is at the high basicity range
for compounds in the gas phase. Therefore, although calculations indicate that 3a, 3f, 3h,
and 3i have different acidities (ranging from about 251-254 kcal/mol), all four substrates
have a measured acidity of 252 ± 4 kcal/mol. There are simply not enough reference bases
to differentiate within this region. However, the calculations and experiments are in
agreement, within the experimental uncertainty.
Table 2. 1 Summary of results for gas phase acidity bracketing of achiral pyrrolidinebased triazoliums
a,b

Reference base

PA
c
(kcal/mol)

Proton transfer to reference base
3c

3b

3e

3f

3i

3h

3a

3l

3d

d

3j

N,N,N',N'tetramethylethylenediamine

242.1

–

1-(cyclopent-1-en-1yl)pyrrolidine

243.6

–

–

–

–

N,N,N',N'-tetramethyl-1,3propanediamine

247.4

+

–

–

–

–

–

DBN

248.2

+

+

+

–

–

–

–

DBU

250.5

+

+

+

–

–

–

–

–

–

MTBD

254.0

+

+

+

+

–

–

–

HP1(dma)

257.4

+

+

+

+

+

+

–

tBuP1(dma)

260.6

+

+

+

tOctP1(dma)

262.0

a

+

Reference28 ; bDBN = 1,5-Diazabicyclo[4.3.0]non-5-ene; DBU = 1,8diazabicyclo[5.4.0]undec-7-ene; MTBD = 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene;
HP1(dma) = Imino-tris(dimethylamino)phosphorane; tBuP1(dma) = tert-Butyliminotris(dimethylamino)phosphorane;
tOctP1(dma)
=
tert-Octyliminotris(dimethylamino)phosphorane; BEMP = 2-tert-Butylimino-2-diethylamino-1,3dimethylperhydro-1,3,2-diazaphosphorine. c Reference base PAs typically have an error of
±2 kcal/mol. d The “+” symbol indicates the occurrence and the “–” symbol indicates the
absence of proton transfer.
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The aqueous pKa values for some of these achiral triazoliums have been determined. 7 In
Table 2.2, we list our calculated and experimental gas phase acidity values as well as
known pKa values. The data in Table 2.2 is arranged in order of decreasing calculated gas
phase acidity. The aqueous acidity trend more or less reflects the gas phase trend, meaning,
as one moves down the table, the acidity generally decreases for both the gas phase and
solution. There are two exceptions: the first is for 3b (-F5 substituted phenyl) versus 3e (4CN). The gas phase calculations predict the same gas phase acidity but in water 3e is less
acidic than 3b by 0.4 pKa units. The second exception is for 3d (4-OMe) versus 3j (1,3,5trimethyl (Mes)). Calculations predict that 3d is more acidic than 3j, by 1.5 kcal/mol. In
water, 3d is less acidic than 3j by 0.1 pKa units.
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Table 2. 2 Calculated (B3LYP/6-31+G(d); 298 K) and experimental data for achiral
triazolium cations.a

a

Substrate

Calculated ∆Hacid

Experimental ∆Hacid b

pKac

3c

242.7

246

3b

245.1

248

16.5

3e

245.1

248

16.9

3g

248.0

3f

251.2

252

17.4

3i

252.1

252

3h

253.0

252

3a

253.9

252

3l

255.5

256

3d

257.1

256

17.8

3j

258.6

259

17.7

3k

267.5

17.5

∆Hacid values are in kcal/mol; b Error is ±3-4 kcal/mol; c Reference7

It is well known that acidity trends will sometimes differ in the gas versus solution phases;
the classic case is that tert-butanol is more acidic than methanol in the gas phase, while the
opposite is true in water.29 In the gas phase, the polarizable methyl groups in tert-butoxide
stabilize the anion; this is less keenly felt in solution, and also, water molecules may more
poorly solvate the bulkier tert-butyl group. For our substrates, the gas phase results indicate
that perfluoro and 4-CN phenyl moieties in 3b and 3e, respectively, have similar intrinsic
anion stabilizing ability. In solution, however, the polarizability of the cyano group may
have less of an influence, causing 3e to be slightly less acidic than 3b.
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The other feature that is true for relative gas phase versus solution phase acidities is that
the range is generally wider in the gas phase than solution. Thus, in Table 2.2, the range of
gas phase acidities for those cations for which we have solution phase data is 13.5 kcal/mol
(245.1 kcal/mol for 3b to 258.6 kcal/mol for 3j). The pKa range is 16.5 to 17.7, which is
1.2 pKa units, or roughly 1.6 kcal/mol at room temperature. This tighter range for the
solution phase acidities makes it less surprising that 3d and 3j, which only differ by 1.5
kcal/mol in the gas phase, have a mere 0.1 pK a unit difference in solution (0.14 kcal/mol).
The wider range of acidity for the catalysts in the gas phase also implies that differences in
reactivity of catalysts will be more pronounced in nonpolar environments. Thus, for
example, using a less polar solvent will allow for nuances among catalyst reactivity to stand
out. Also, less solvent interference can increase catalyst efficacy; recent work by Kimura
and coworkers using NHCs in solvent-free benzoin and Stetter reactions indicated efficient
reactions with low catalyst loading.30
2.3.2 Chiral aminoindanol-based triazoliums
i. Calculations: Chiral triazolium cations
We also studied a series of chiral aminoindanol-based triazoliums that over the years have
been used as precatalysts for a wide range of reactions.4-6 The calculated acidities of the
triazolium cations are shown in Figure 2.6 and Figure 2.7. The overall trend from most to
least acidic, in the gas phase, is: 4f > 4d > 4j = 4c > 4g > 4i = 4h ≥ 4l > 4k = 4a > 4m >
4b > 4e. As with the achiral triazoliums, the overall trend in acidity seems reasonable, with
the most acidic species being the 3,5-bis(trifluoromethylphenyl) and the least being the
mesityl-substituted catalyst. One perhaps surprising ordering is 4a versus 4m; the
aminoindanol triazolium with an unsubstituted phenyl is more acidic than that with a 2,6-
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dibromo substituted phenyl. As with the achiral series, however, we find that the dihedral
angle for 4a indicates a nearly flat phenyl ring (36.6˚) whereas for 4m, the dibromophenyl
substituent is perpendicular (95.0˚) to the triazolium ring. Presumably that perpendicularity
will mean less of an electronic influence on the carbene center basicity (triazolium acidity)
(Figure 2.8).
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Figure 2. 6 Calculated acidities for a series of aminoindanol-based chiral triazolium
cations, in kcal/mol. Calculations were conducted at B3LYP/6-31+G(d); reported values
are ∆H at 298 K
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Figure 2. 7 Calculated acidities for a series of aminoindanol-based chiral triazolium
cations (kcal/mol), arranged in the order of acidity
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Figure 2. 8 Calculated (B3LYP/6-31+G(d)) geometries of the 4a and 4m chiral
triazolium cations.
A comparison between achiral and chiral triazoliums and phenyl substitution also shows
consistency in terms of the influence of the phenyl ring substitution on the triazolium
carbene center acidity. Both series have a 3,5-bis(trifluoromethylphenyl) substituent that
renders the triazolium to be the most acidic of their respective groups (3c and 3f). This is
followed by the perfluorophenyl substituted triazoliums and the 1,3,5-trihalophenyl
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substituted species, for both the 3 and 4 series. The acidity trend then continues for both
series with an unsubstituted phenyl followed by 4-OMe then mesityl.
ii. Experiments: Chiral triazolium cations
The experimental bracketing for the 4 series are shown in Tables 3.3. DBU (PA = 250.5
kcal/mol) cannot deprotonate 4a but MTBD (PA = 254.0 kcal/mol) can, placing the acidity
of 4a at 252 ± 4 kcal/mol. Triazoliums 4k and 4m bracket to the same acidity. For 4b,
MTBD (PA = 254.0 kcal/mol) cannot deprotonate the triazolium but HP 1(dma) (PA =
257.4 kcal/mol) can, which allows us to bracket the acidity of 4b to be 256 ± 4 kcal/mol.
We find that N,N,N',N'-tetramethyl-1,3-propanediamine (PA = 247.4 kcal/mol) is unable
to effect deprotonation of 4c, but DBN (PA = 248.2 kcal/mol) can, placing the acidity of
at 248 ± 3 kcal/mol. Triazoliums 4d and 4j bracket to 248 kcal/mol as well. For 6e,
HP1(dma) (PA = 257 kcal/mol) cannot effect deprotonation but tBuP1(dma) (PA = 260.6
kcal/mol) does, placing the acidity of 4e at 259 ± 4 kcal/mol. 1-(Cyclopent-1-en1yl)pyrrolidine (PA = 243.6 kcal/mol) cannot deprotonate 4f but N,N,N',N'-tetramethyl1,3-propanediamine (PA = 247.4 kcal/mol) can, which gives an acidity of 246 ± 4 kcal/mol.
Last, DBN (PA = 248.2 kcal/mol) cannot deprotonate 4g, but DBU (PA = 250.5 kcal/mol)
can. We thus bracket 4g to be 249 ± 3 kcal/mol; substrates 4h, 4i, and 4l have the same
acidity.
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Table 2. 3 Summary of results for acidity bracketing of chiral aminoindanol-based
triazolium 4a-4m

a

Reference
a,b
base

PA
c
(kcal/mol)

TMEDA

Proton transfer to reference based
4f

4d

4j

4c

4g

242.1

–

–

1-CP

243.6

–

TMPDA

247.4

DBN

–

–

–

–

+

–

–

–

–

–

–

–

248.2

+

+

+

+

–

–

–

–

–

DBU

250.5

+

+

+

+

+

+

+

+

MTBD

254.0

+

+

+

+

+

+

HP1(dma)

257.4

+

+

tBuP1(dma)

260.6

+

tOctP1(dma)

262.0

+

+

BEMP

263.8

+

+

+

4i

4h

4l

4k

4a

4m

4b

–

–

–

–

–

–

–

–

–

–

–

–

+

+

+

+

–

–

+

+

+

+

+

–

+

+

–

4e

Reference28; b TMEDA = N,N,N',N'-tetramethylethylenediamine; 1-CP = 1-(cyclopent-1en-1yl)pyrrolidine ; TMPDA = N,N,N',N'-tetramethyl-1,3-propanediamine; DBN = 1,5Diazabicyclo[4.3.0]non-5-ene; DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene; MTBD = 7Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene;
HP1(dma)
=
Iminotris(dimethylamino)phosphorane;
tBuP 1(dma)
=
tert-Butyliminotris(dimethylamino)phosphorane;
tOctP 1(dma)
=
tert-Octyliminotris(dimethylamino)phosphorane; BEMP = 2-tert-Butylimino-2-diethylamino-1,3dimethylperhydro-1,3,2-diazaphosphorine. cReference base PAs typically have an error of
±2 kcal/mol. dThe “+” symbol indicates the occurrence and the “–” symbol indicates the
absence of proton transfer.
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The computed and experimental gas phase acidity values for the chiral triazoliums are
compiled in Table 2.4; the catalysts are listed in order of decreasing calculated gas phase
acidity. The experiment gas phase acidities roughly track with the calculated values. Given
the small number of available reference bases in this superbasic range, it is not surprising
that some of the experimental values are not exactly the same as the calculated values,
though all are within error. Taken together, the achiral and chiral experimental data
benchmark B3LYP/6-31+G(d) as a reasonable method and level to calculate the triazolium
acidities.
Table 2. 4 Calculated (B3LYP/6-31+G(d); 298 K) and experimental data for chiral
triazolium cations.a

a

Substrate

Calculated ∆Hacid

Experimental ∆Hacid

4f

241.8

246

4d

244.6

248

4j

246.6

248

4c

246.7

248

4g

248.5

249

4i

251.1

249

4h

251.2

249

4l

251.6

249

4k

252.7

252

4a

252.9

252

4m

254.0

252

4b

256.0

256

4e

257.3

259

∆Hacid values are in kcal/mol; b Error is ±3-4 kcal/mol.

b
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2.3.3 Acidity and diastereoselectivity
To further explore the relationship between the acidity of triazolylidenes 3 and reactivity,
we explored the NHC-catalyzed homoenolate addition of cinnamaldehyde to nitroalkenes,
shown in Figure 2.9.31-33

Figure 2. 9 NHC-catalyzed homoenolate addition of enals to nitroalkenes, with proposed
catalytic mechanism

44

This reaction has two potential products, anti and syn (one enantiomer of each is shown in
Figure 2.9, but this racemic reaction yields both enantiomers for anti and for syn). An
examination of the anti versus syn preference reveals a correlation to gas phase acidity.
Figure 2.10 shows a plot of the natural log of the ratio of the anti to syn products versus
the calculated acidity, for the reaction with (E)-1-nitrobut-1-ene. A correlation is
observable, wherein a more acidic triazolium precatalyst corresponds to more syn product,
and conversely, decreasing acidity correlates to increasing anti selectivity.34

Figure 2. 10 Natural log plot of the anti/syn ratio for the reaction in Figure 2.9 (R=Et)
versus calculated gas phase acidity of the precatalyst
While there is a clear overall trend, one pair of data points stands out: 3b and 3e. Both of
these precatalysts have the same acidity (245.1 kcal/mol); however, they have different
anti/syn selectivity, with 4-CN precatalyst 3e showing more anti selectivity than the
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perfluorinated precatalyst 3b. We suspect this difference is related to the substitution
pattern for the two precatalysts. The N-aryl group on 3b has diortho substitution, while 3e
does not.35 Therefore, we also composed separate analyses, one with precatalysts that have
diortho substituents and one with precatalysts that do not (Figures 2.11 and 2.12); these
plots show the same trend (more acidic, more syn selectivity), but with slightly better
correlations. In a study with this same class of catalysts, for the benzoin and Stetter
reactions, O'Donoghue, Smith and coworkers proposed that perpendicularity of the N-aryl
group, which should be greater with diortho substitution, influences reactivity. 36 Our
calculations do indicate that the catalysts with diortho substitution examined herein adopt
geometries with a more perpendicular N-aryl group, which we assume influences the
selectivity slightly differently than those catalysts without diortho substituents, which are
less nonplanar.
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Figure 2. 11 Natural log plot of the anti/syn ratio for the reaction in Figure 2.9 (R=Et)
versus calculated gas phase acidity of the precatalyst, for catalysts with diortho aryl
substitution

Figure 2. 12 Natural log plot of the anti/syn ratio for the reaction in Figure 2.9 (R=Et)
versus calculated gas phase acidity of the precatalyst, for precatalysts lacking diortho aryl
substitution.
What is the provenance of this selectivity?
This type of reaction was first reported by Nair, using imidazolium precatalyst 5 (Figure
2.13), which yielded the anti product as the major diastereomer.31 Enantioselective
variations, using chiral triazolium precatalysts, were reported by the Rovis and Liu groups,
respectively, in 2013 and 2012.32,33 Liu's precatalyst, 6, favors the anti isomer, while Rovis'
precatalyst 7 favors the syn isomer. The difference in diastereoselectivity is proposed to
arise from a difference in the Breslow intermediate geometry. Because the two chiral
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precatalysts 6 and 7 only allow approach from one face, the observed stereochemistry can
be explained by E versus Z Breslow enol geometry (Figure 2.14).

Figure 2. 13 various NHC enantioselective precatalysts

Figure 2. 14 Transition states leading to the observed major isomers in asymmetric
homoenolate reactions
Applying what we learned from these chiral catalysts to our achiral system, we postulate
that anti selectivity corresponds to a preference for the E enol, while syn selectivity arises
from a preference for the Z enol. To further probe this hypothesis, we calculated the
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transition states for the formation of the E and Z enols via deprotonation by acetate (Figure
2.15). Intermediate 8a is deprotonated by acetate, via TSa, to form the E enol 9a;
intermediate 8b reacts via TSb to form Z enol 9b. For 3c (Ar = 3,5-di-CF3), experimentally,
we see syn selectivity (Figure 2.10). Our calculations show that the transition state to form
the Z enol (TSb) is lower than that to form the E enol (TSa) by 3.3 kcal/mol (Figure 2.16A).
This is consistent with our hypothesis that syn selectivity arises from the Z enol. For 3d
(Ar = 4-OMe), we find that the transition state for Z enol formation is higher than that for
E enol formation, by 1.5 kcal/mol (Figure 2.16). This reversal, as compared to 3c, is
consistent with the anti selectivity we experimentally observe for catalyst 3d.
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Figure 2. 16 Free energy profiles for E versus Z enol formation for 3c (A) and 3d (B)
We are not certain why electron withdrawing groups would favor Z-enol formation. An
examination of the calculated geometries for the transition state leading to the Z-enol (TSb)
indicates that TSb might be stabilized by an interaction between the enol oxygen and the
N-aryl substituent (Figure 2.17). This interaction would be more favorable for an electron

50

deficient ring; we find that the distance between the enol oxygen and the N-aryl ring plane
is indeed less for 3c (2.23 Å) than for 3d (2.39 Å), indicating a possibly stronger interaction.
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Figure 2. 17 Calculated TSb structures for 3c and 3d
The postulate that the E enol leads to anti selectivity and the Z enol to syn selectivity is
also consistent with calculations conducted by Fu and coworkers on precatalyst 7, which
shows syn selectivity.37 Their computations indicate that for 7, the Z enol is afforded via a
lower energy transition state relative to the E enol, consistent with the syn selectivity that
7 presents.
Thus, subtle electronic changes appear to exert their effect on these relative transition states,
favoring formation of the Z enol for electron withdrawing groups, and the E enol for
electron donating groups. These electronic changes are reflected nicely in the gas phase
acidities.

51

2.3.4 Acidity and enantioselectivity
To explore whether a correlation between acidity and enantioselectivity exists for reactions
catalyzed by chiral triazolylidenes 4, we examined an NHC-catalyzed asymmetric
intramolecular Stetter reaction (Figure 2.18).38
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0.008 M Toluene,
23 C, 1.5 h

Br

O
Br

Major Enantiomer

NHC Precatalyst:
O
N

N
N

BF 4
X

Figure 2. 18 NHC-catalyzed intramolecular Stetter reaction with dienones
An examination of the stereochemical outcome of this reaction reveals a linear correlation
for the natural log of the ratio of major to minor enantiomer products versus the gas phase
acidity of triazolium precatalysts 4 (Figure 2.19).39 For this reaction, a more acidic
triazolium corresponds to reduced enantioselectivities and a less acidic triazolium results
in higher enantiomeric excesses.
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Figure 2. 19 Natural log plot of the major/minor enantiomer ratio for the reaction in
Figure 2.18 versus the calculated gas phase acidity of the precatalyst
This correlation with acidity also allowed us to improve the ee of this reaction. The
previous ee benchmark for this particular substrate and for the antipode of precatalyst 4b
was an acceptable 73%. Realizing that a precatalyst with a lower gas phase acidity should
improve enantioselectivity, we tried precatalyst ent-4e, resulting in 90% ee, exceeding our
previous benchmark for this substrate by 17% (~0.6 kcal/mol at ambient temperature).
Thus, calculated and experimental acidities may aid in a more rational catalyst optimization
for Umpolung-themed reactions.
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We postulate that the correlation between acidity and enantioselectivity for this reaction
may be related to a bimolecular event in the mechanism. In a previous study of this reaction,
we found that when using a solvent mixture of toluene and isopropanol, increasing the
concentration of the alcohol decreased the ee.40
We proposed that the alcohol was involved in the transition state structure via hydrogen
bonding, either to the Breslow enol oxygen or the dienone carbonyl, or both. In the absence
of alcohol, another species could provide the hydrogen bonding. Since more hydrogen
bonding decreases the ee, then it should follow that a more acidic Breslow enol would favor
hydrogen bonding, and decrease the ee. More electron withdrawing aryl substituents should
increase the acidity of the precatalyst as well as the acidity of the Breslow intermediate.
Thus, we see the correlation in Figure 2.19, between higher acidity and lower ee.
Our achiral and chiral selectivity studies, taken together, indicate that using gas phase
acidity is a powerful and simple method to assess intrinsic properties of carbenes that can
thus provide the backbone for predictive models for Umpolung-themed reactions. The
nonpolar environment of the gas phase enhances the differences among acidities, making
acidity trends clear. These acidity trends correlate with selectivity. Solution phase acidities
should also correlate to selectivity, but are generally more difficult to obtain; 7,8,41-47
furthermore, it is potentially more difficult to ascertain acidity trends among pK a values
since the overall acidity range, as we show herein, is much tighter in solvent than in the
gas phase. Gas phase acidity calculations are easily obtained, and the experimental
measurements of acidity validate the calculations.
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2.4 Conclusions
In this chapter, we calculate and measure the gas phase acidity of a series of achiral and
chiral triazolium precatalysts whose acidities were heretofore unknown. The measurements
benchmark the calculations, indicating that the DFT method (B3LYP/6-31+G(d)) is
reasonably accurate. Calculations aid in the explanation of surprising trends in gas phase
acidity, which are attributable to geometry and the planarity of the N-aryl substituent,
relative to the triazolium ring. For the achiral catalysts, the few pK a values that are known
track reasonably well with the gas phase acidity values, though the acidity range is much
tighter in solution than in the gas phase. This wider range of acidities in the gas phase
allows for a clear correlation to be tracked between intrinsic acidity values and selectivity
in both a homoenolate addition reaction, as catalyzed by achiral triazolylidene catalysts,
and a Stetter reaction, as catalyzed by chiral triazolylidene catalysts. Acidity is shown to
be a useful and powerful predictive tool for these types of reactions, and may well extend
to other Umpolung reactions as well. We believe that different substituents affect the
stereoelectronics of the system in such a way that is reflected in the acidity, allowing the
gas phase acidity to track with selectivity.
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Chapter 3 Imidazole Acidity and Carbon Dioxide Capture
3.1 Introduction
Fossil fuels have for many years been the primary source of energy worldwide. The burning
of fossil fuels releases carbon dioxide, which has become an urgent environmental concern,
primarily due to carbon dioxide's prominence as a greenhouse gas and related implications
for climate change (Figure 3.1). The development of strategies to capture and store carbon
dioxide is therefore a pressing research area.

Figure 3. 1 Greenhouse gas emission within U.S. in 2017
In recent years, ionic liquids (ILs) have come to the forefront as an effective means of
trapping carbon dioxide.1-9 ILs have various advantages, including low vapor pressure,
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high thermal stability, lack of flammability, property tunability, and a high solvent
capacity.1 Early IL studies focused on the physical absorption of carbon dioxide; this
method, however, was found to be limited by insufficient carbon dioxide absorption
capacity, as the partial pressure and solubility of carbon dioxide is low post-combustion. 10
To overcome this limitation, researchers turned to the development of "active sitecontaining" ILs. Such ILs contain a functionality that will chemically react with carbon
dioxide, thus effecting chemical (as opposed to physical) CO2 absorption. Davis and coworkers developed the first of this kind, in which a primary amine was covalently tethered
to the imidazolium cation of the ionic liquid.2
One drawback of such amino-functionalized ILs is a large increase in viscosity after carbon
dioxide absorption, which has been attributed to a strong hydrogen-bonded network. 11-14
This increase in viscosity renders such ILs less practical. This issue led to the search for
"amino-free functionalized ILs", to improve carbon dioxide chemical absorption.
Prominent within this type of IL are azolate ILs, which are also called aprotic heterocyclic
anion (AHA) ILs.1,13,15-18 Dai and Wang introduced this concept with a series of ILs that
paired superbases such as 1,3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido[1,2-a]pyrimidine
(MTBD) and trihexyl(tetradecyl)phosphonium hydroxide ([P66614][OH]) with weak
nitrogen acids such as imidazole, pyrazole, triazoles, tetrazoles and indoles. 13,15 In these
AHA ILs, the anionic moiety (such as an imidazolate) nucleophilically attacks the carbon
dioxide. Studies to date indicate that the basicity of the anion is important for carbon
dioxide capture, capacity, and solubility, while the effect of the countercation identity is
weaker.1,13,15,19 Therefore, tuning the basicity is a key component for achieving effective
CO2 capture.1,20-31
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Herein, we use computational and experimental methods to examine the acidity of fiftysix imidazoles, toward better understanding their properties. The experimental
measurements provide valuable data to benchmark computations and lend insight into the
inherent reactivity of these species. Gas-phase measurements are complemented by gasphase and solution-phase calculations. We aim to achieve predictive power for such
properties, which would allow for more facile tunability of potential ILs for carbon dioxide
capture.
3.2 Experimental
All the experimentally measured imidazoles are commercially available and were used
without further purification.
Measurement of the gas-phase acidities of imidazoles was carried out in a Fourier
Transform ion cyclotron resonance mass spectrometer (FTMS). The FTMS has a dual cell
setup (described previously).36-40 The magnetic field is 3.3 T; the baseline pressure is 1 x
10-9 Torr. The imidazoles were introduced into the cell via a heatable solids probe, while
the reference acids were introduced via a system of heatable batch inlets or leak valves.
Water was pulsed into the cell, and ionized by an electron beam (typically 8 eV (for HO -),
20 eV (for H3O+), 6 μA (for H3O+), 9 μA (for HO-), 0.5 s) to generate hydronium ions. The
reactions between the imidazoles and reference acids were measured in both directions. In
one direction, the imidazolate anions were generated by reaction of the imidazoles with the
hydroxide ions. The imidazolate anions were then selected and transferred from one cubic
cell to another via a 2-mm hole in the middle trapping plate. Transferred ions were cooled
with pulsed argon gas that allowed the pressure to rise to 10-5 Torr. Reaction with the
reference acid was then tracked. In the opposite direction, the conjugate bases of the
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reference acid were generated by reaction with hydroxide. These anions were then
transferred to the second cell to react with neutral imidazoles. Experiments were conducted
at ambient temperature. The typical protocol for obtaining gas phase rate constants has
been described previously.36,37,40-42 The experiments are run under pseudo-first-order
conditions with the neutral reactant in excess, relative to the reactant anions. Reading the
pressure of the neutral compounds from the ion gauges is not always accurate; therefore,
we “back out” the neutral substrate pressure from fast control reactions (described
previously).36,42-46
All calculations were performed using density functional theory (B3LYP/6-311++G(d,p))
as implemented in Gaussian 16.47-51 All ground state geometries were fully optimized and
frequencies were calculated; no scaling factor was applied. The optimized structures had
no negative frequencies. For the solvation calculations, the SMD model was used
with ionic liquid [DBUH][OTf] as the solvent. The solvent descriptors for [DBUH][OTf]
were derived based on the “SMD-GIL” method developed by Cramer, Truhlar and
coworkers (details in SI).52 The temperature for the calculations was set to be 298 K.
3.3 Results and Discussion
3.3.1 Acidity
i. Gas Phase Acidity: Calculations.

Fifty-six imidazoles were examined computationally. Figure 1 depicts the imidazoles
examined. Note that for the imidazoles, 4- and 5- substituted structures are tautomers. For
benzimidazoles, the 5- and 6- substituted structures are tautomers. In Figure 3.2, the 4substituted imidazoles and the 5-substituted benzimidazoles are shown.
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Figure 3. 2 The substrates studied herein. For imidazoles with possible tautomers, the 4substituted structure is shown. For benzimidazoles, the 5-substituted structure is shown.
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In Table 3.1, the calculated gas phase acidities of the fifty-six imidazoles, using B3LYP/6311++G(d,p), are tabulated.32 (The last column lists ∆Grxn values, which will be discussed
later). Both ∆Hacid and ∆Gacid values are shown; the substrates in Figure 1 are ordered in
decreasing acidity. The ∆Hacid is the enthalpy associated with the deprotonation of the
imidazole HA, and the ∆Gacid is the free energy associated with the deprotonation of the
imidazole HA:

HA –> A– + H+

∆Hrxn = ∆Hacid; ∆Grxn = ∆Gacid

For those imidazoles for which there is more than one tautomer, no "prime" mark next to
the structure indicates that the most stable tautomer AH is the 4-substituted imidazole or
5-substituted benzimidazole (the structures shown in Figure 1). A "prime" (') next to the
structure number indicates that the most stable tautomer AH is the 5-substituted imidazole
or the 6-substituted benzimidazole.
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Table 3. 1 Gas phase calculations (B3LYP/6-311++G(d,p)) on fifty-six substrates.
Acidity, ∆Hacid

Acidity, ∆Gacid

∆Grxn, CO2

(kcal/mol)

(kcal/mol)

addition, kcal/mol

1

306.7

299.4

3.5

2

311.4

304.0

3.3

3'

315.9

308.6

3.0

4

317.2

309.5

6.7

5

317.6

309.9

10.2

6'

324.5

316.9

3.1

7

324.7

317.3

3.6

8

325.0

317.5

8.1

9

325.4

318.2

4.5

10

326.2

318.5

2.4

11'

326.8

319.6

2.4

12

328.7

321.3

6.2

13

328.8

321.3

0.8

14

330.8

323.3

4.0
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Acidity, ∆Hacid

Acidity, ∆Gacid

∆Grxn, CO2

(kcal/mol)

(kcal/mol)

addition, kcal/mol

15

331.5

324.9

1.6

16

332.3

324.4

1.1

17

333.1

326.2

2.2

18

333.2

325.7

7.2

19

333.6

325.9

-1.1

20

333.9

327.0

6.4

21'

334.0

326.5

0.2

22

334.6

327.2

5.1

23

334.7

327.7

-1.1

24

335.5

327.7

0.2

25

336.3

330.8

4.6

26

336.5

329.3

-1.7

27'

336.7

329.2

-1.1

28

337.1

329.8

-1.9

29

337.4

330.3

-4.3

30'

337.5

329.4

-1.1
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Acidity, ∆Hacid

Acidity, ∆Gacid

∆Grxn, CO2

(kcal/mol)

(kcal/mol)

addition, kcal/mol

31

337.7

330.1

4.7

32

338.0

331.0

5.1

33

338.4

330.8

3.7

34

338.7

331.2

0.3

35

338.8

331.9

-2.8

36

339.2

331.7

-0.4

37

339.7

331.8

-1.4

38'

339.8

332.2

-1.2

39'

340.0

332.5

-1.2

40

340.2

332.4

-1.2

41

340.8

333.9

5.1

42

341.0

333.5

-2.4

43'

341.6

334.0

-2.3

44'

341.7

334.1

-0.4

45

341.8

334.4

-5.1

46

342.2

335.0

-1.8
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Acidity, ∆Hacid

Acidity, ∆Gacid

∆Grxn, CO2

(kcal/mol)

(kcal/mol)

addition, kcal/mol

47

348.2

340.0

-5.6

48

348.9

341.2

-7.3

49

349.1

342.4

-4.8

50

349.6

341.7

-4.5

51

349.7

342.0

-4.9

52

349.9

342.0

-4.7

53

350.0

342.3

-6.5

54

350.9

343.3

-8.4

55

351.1

343.9

-5.7

56

351.1

343.3

-6.5

Overall, the acidity trends are as one might expect; substrates with electron withdrawing
groups (for example, -NO2, -CN, -X where X is a halide) are more acidic. The less acidic
imidazoles are those that are substituted with more electron-donating alkyl groups. For
example, the series 4, 6', 13, 19, and 54 are all 4/5-substituted imidazoles, with,
respectively, substituents -SO2Cl, -NO2, -CN, -CF3, and -CH3. Their acidity decreases with
the trend: 4 > 6' > 13 > 19 > 54, where 4 is most acidic. This is consistent with the
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substitution patterns. Likewise, for the 2-substituted imidazoles, the acidity trend is: 5 >
10 > 12 > 18 > 56, where substitution is, respectively, -SO2Cl, -NO2, -CN, -CF3, and -CH3.
ii. Gas Phase Acidity: Experiments.
While calculations are valuable, the accuracy of any chosen method and level is always in
question. To benchmark some of our calculated values, we measured imidazole gas phase
acidity. We utilized acidity bracketing in a Fourier Transform mass spectrometer. We
selected imidazoles that by computations represented a range in acidity. Proton transfer
reactions between reference acids whose acidities are known and the conjugate base of the
imidazoles, as well as the reverse reaction, were tracked. The presence or absence of proton
transfer was assessed.
The results are shown in Tables 3.2 and 3.3. Column "a" represents the reaction between
the conjugate base of the imidazole and the neutral reference acid. Column "b" represents
the reaction between the deprotonated reference acid and the neutral imidazole. For
imidazole 9, the conjugate base of 9 cannot deprotonate 1,1,1-trifluoro-2,4-pentadione
(∆Gacid = 322.0 kcal/mol), but 1,1,1-trifluoro-2,4-pentadione enolate can deprotonate 9.
The conjugate base of 9 deprotonates trifluoroacetic acid (∆Gacid = 317.4 kcal/mol), but the
reverse reaction does not take place. We therefore bracket imidazole 9 to have a ∆Gacid of
320 ± 4 kcal/mol. Imidazole 11 reacts the same as 9; thus 11 has a ∆Gacid also of 320 ± 4
kcal/mol. The conjugate base of 13 cannot extract a proton from difluoroacetic acid (∆Gacid
= 323.8 kcal/mol); however, difluoroacetate is basic enough to abstract a proton from 13.
The conjugate base of 13 is basic enough to proton transfer from 3,5bis(trifluoromethyl)phenol (∆Gacid = 322.9 kcal/mol), but the reverse reaction does not
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occur, placing the ∆Gacid of 13 at 323 ± 3 kcal/mol. Pyruvate (∆Gacid = 326.5 kcal/mol) can
deprotonate 19, while the reverse reaction does not occur. The conjugate base of 19 can
deprotonate difluoroacetic acid (∆Gacid = 323.8 kcal/mol) but difluoroacetate is not basic
enough to deprotonate 19. We place the ∆Gacid of 19 to be 326 ± 4 kcal/mol. For 34, 38,
and 40, the deprotonated imidazoles do not react with methyl cyanoacetate (∆G acid = 334.5
kcal/mol) but deprotonated methyl cyanoacetate can deprotonate 34, 38 and 40. The
conjugate base of all three imidazoles can abstract a proton from trifluoro-m-cresol (∆Gacid
= 332.4 kcal/mol), but the cresolate does not deprotonate the imidazoles, placing the acidity
for 34, 38 and 40 at 333 ± 3 kcal/mol. The reaction of deprotonated 41 and acetylacetone
(∆Gacid = 336.7 kcal/mol) does not result in proton transfer; however, the reverse reaction
between 41 and acetylacetone enolate does result in proton transfer. The conjugate base
of 41 does deprotonate methyl cyanoacetate (∆Gacid = 334.5 kcal/mol), but the reverse
reaction does not occur, placing the ∆Gacid of 41 at 336 ± 3 kcal/mol. Imidazole 46 reacts
the same as 41, so its acidity is also 336 ± 3 kcal/mol. For imidazole 49, reaction between
the conjugate base and p-cresol (∆Gacid = 343.4 kcal/mol) does not occur, but the reverse
reaction does. Acetate (∆Gacid = 341.1. kcal/mol) cannot deprotonate 49, but the conjugate
base of 49 can deprotonate acetic acid. We therefore bracket 49 to 342 ± 3 kcal/mol. The
conjugate base of 56 cannot transfer a proton from 1-pentanethiol ((∆Gacid = 346.2
kcal/mol), but 1-pentanethiolate can deprotonate 56. The conjugate base of 56 can
deprotonate p-cresol ((∆Gacid =343.4 kcal/mol); the reverse reaction does not occur. The
∆Gacid of imidazole 56 is therefore 345 ± 4 kcal/mol.
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Table 3. 2 Summary of results for gas phase acidity bracketing of imidazoles 9, 11, 13,
19, 34, and 38.
Reference acid

Aciditya

Proton transferb,c

(∆Gacid,
kcal/mol)

a) from reference acid; b) from imidazole
9
a

11
b

a

13
b

a

19
b

a

34
b

a

38
b

a

b

–

+

formic acid

339.2 ± 1.5

acetylacetone

336.7 ± 2.0

–

+

–

+

methyl cyanoacetate

334.5 ± 2.0

–

+

–

+

trifluoro-m-cresol

332.4 ± 2.0

pyruvic acid

326.5 ± 2.8

difluoroacetic acid

323.8 ± 2.0

–

+

–

3,5-bis(trifluoromethyl)phenol

322.9 ± 2.0

–

+

1,1,1-trifluoro-2,4-pentadione

322.0 ± 2.0

–

trifluoroacetic acid

317.4 ± 2.0

3,5-bis(trifluoromethyl)pyrazole

317.3 ± 2.0

a

–

+

+

–

+

–

+

–

+

–

–

+

–

+

+

–

+

+

–

–

+

+

–

+

–

+

–

+

+

–

+

–

+

–

+

–

+

–

Reference 33;bThe “+” symbol indicates the occurrence and the “–” symbol indicates the
absence of proton transfer. c "a" represents the reaction between the deprotonated imidazole
and the neutral reference acid; "b" represents the reaction between the deprotonated
reference acid and the neutral imidazole.
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Table 3. 3 Summary of results for gas phase acidity bracketing of imidazoles 40, 41, 46,
49 and 56.
Reference acid

Aciditya

Proton transferb,c

(∆Gacid,
kcal/mol)

a) from reference acid; b) from imidazole
40
a

41
b

a

46
b

a

49
b

56

a

b

a

b

2-propanethiol

347.1 ± 2.0

–

+

–

+

1-pentanethiol

346.2 ± 2.5

–

+

–

+

p-cresol

343.4 ± 2.0

–

+

+

–

acetic acid

341.1 ± 2.0

+

–

+

–

butyric acid

339.5 ± 2.0

+

–

formic acid

339.2 ± 1.5

–

acetylacetone

336.7 ± 2.0

methyl cyanoacetate

–

+

–

+

+

–

+

–

+

–

+

+

–

–

+

–

+

–

+

334.5 ± 2.0

–

+

+

–

+

–

trifluoro-m-cresol

332.4 ± 2.0

+

–

+

–

+

–

pyruvic acid

326.5 ± 2.8

+

–

a

Reference 33;bThe “+” symbol indicates the occurrence and the “–” symbol indicates the
absence of proton transfer. c "a" represents the reaction between the deprotonated imidazole
and the neutral reference acid; "b" represents the reaction between the deprotonated
reference acid and the neutral imidazole.
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iii. Computational versus experimental results
A summary of the computational and experimental results is shown in Table 3.4 and Figure
3.3. For the computational data, if an imidazole has more than one possible tautomer, the
acidity of the most stable tautomer is listed first. As noted earlier, a "prime" mark next to
the structure number indicates the 5-substituted imidazole structure.
Table 3. 4 Calculated (B3LYP/6-311++G(d,p); 298 K) and experimental gas phase
acidity values for imidazoles.a
Substrate

Calculated ∆Gacid
more stable/less stable

Experimental
∆Gacid

tautomer
9

318.2

320 ± 4

11

319.6 (11')/318.5 (11)

320 ± 4

13

321.3 (13)/321.1 (13')

323 ± 2

19

325.9 (19)/324.7 (19')

326 ± 4

34

331.2 (34)/330.1 (34')

333 ± 3

38

332.2 (38')/329.2 (38)

333 ± 3

40

332.4 (40)/330.7 (40')

333 ± 3

41

333.9

336 ± 3

46

335.0 (46)/333.5 (46')

336 ± 3
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a

49

342.4

342 ± 3

56

343.3

345 ± 4

Values are in kcal/mol

There is general agreement between the calculated acidity of the more stable tautomer, and
the experimentally determined values, thus benchmarking the calculations (Figure 3.3).
The basicity of the anionic component of the AHA ILs for carbon dioxide capture is
important, and often assessed by calculation, but gas phase data to which those computed
values can be directly compared is generally scarce.1 Our experiments therefore help fill
this knowledge gap.

355

Experimental ∆G acid, kcal/mol

350
345
340
335
330
325
320
315
310
315

320

325

330

335

340

345

Calculated ∆Gacid, kcal/mol

Figure 3. 3 Plot of experimental ∆Gacid versus calculated ∆Gacid (acidity of more stable
tautomer used).
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iv. Tautomers
One interesting possibility arising from these studies is the ability to ascertain whether the
less stable tautomer is present under our conditions. If two tautomers are different enough
in energy, their acidities will be different, and measurement of acidity could potentially be
used to assess structure. For example, the 5-substituted tautomer 38' has a calculated
acidity of 332.2 kcal/mol. The less stable 4-substituted tautomer, 38, has an acidity of
329.2 kcal/mol. The predicted behavior if one or both tautomers is present is shown in
Figure 3.4. Direction "a" in Table 3.2 corresponds to the reaction of the conjugate base of
38 and a reference acid HA. The conjugate base of 38 is the same as the conjugate base of
38'. Since the most basic site of this anion has a calculated ∆Gacid,calc of 332.2 kcal/mol,
then, reaction would be expected to occur with any HA that has a ∆G acid of about 332
kcal/mol or lower. In the opposite direction, "b", two scenarios are possible. If only the
most stable tautomer 38' is present, then the conjugate base of the reference acid HA (A –)
would need to be basic enough to deprotonate the N-H (∆Gacid,calc = 332.2 kcal/mol).
However, if both tautomers 38' and 38 are present, a different proton transfer pattern will
be seen. Since 38 has a ∆Gacid,calc of 329.2 kcal/mol, then proton transfer would be expected
to occur as long as the conjugate base of the reference acid has a ∆G acid of at least ~329
kcal/mol.
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Direction “a”
O
N

O

O
O

N
+

N

A

HA

conjugate base of 38:
no tautomeric structures
This anion should deprotonate any HA
with ∆Gacid ≤ 332 kcal/mol

O

+

H
N

or

N
H
38
Less stable tautomer
∆Gacid, calc = 329.2 kcal/mol

O

N
38’
More stable tautomer
∆Gacid, calc = 332.2 kcal/mol

Direction “b”: two scenarios
O
Scenario 1:
only 38’
present

H
N

O
O

+

HA

A

N

O

If only 38’ present, reaction should
occur when reference acid HA has a
∆Gacid ≥ 332 kcal/mol

O

O

O
N

N
N

38’
More stable tautomer:
∆Gacid, calc = 332.2 kcal/mol

Scenario 2:
both 38
and 38’
present

+

O

and

N
H
38
Less stable tautomer
∆Gacid, calc = 329.2 kcal/mol

H
N

O

+

A

HA

N

O

N

N
38’
More stable tautomer:
∆Gacid, calc = 332.2 kcal/mol

+

If 38 and 38’ present, reaction should
occur when reference acids HA has a
∆Gacid ≥ 329 kcal/mol

Figure 3. 4 Possible bracketing pathways for 38/38'.

The resultant hypothetical bracketing table is shown in Table 3.5. The first and second
columns (a and b) indicate the expected results If both the more stable 38' and less stable
38 structures were present. If neutral 38 (calculated acidity 329.2 kcal/mol) were present,
then trifluoro-m-cresolate (∆Gacid, expt = 332.4 kcal/mol) and trifluoro-p-cresolate (∆Gacid,
expt

= 330.1 kcal/mol) would be expected to deprotonate it ("+" in column b). The third and

fourth columns (a and b) show our actual observations. The "–" in column b for trifluorom-cresolate (∆Gacid, expt = 332.4 kcal/mol) and trifluoro-p-cresolate ((∆Gacid, expt = 330.1
kcal/mol) make it unlikely that the more acidic, less stable tautomer 38 (∆Gacid, calc = 329.2
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kcal/mol) is present. Our results indicate that only 38' is present. Thus, under our gas
phase conditions, the major structure is the 5-substituted tautomer 38', which is consistent
with its greater computed stability.
Table 3. 5 Expected bracketing results if 38 and 38' are both present (Figure 3).
Reference acid

Aciditya

Proton transferb,c

(∆Gacid,

a) from reference acid; b)

kcal/mol)

from imidazole
Expected

Actual

results if 38'

results

and 38 are
present

a

a

b

a

b

formic acid

339.2 ± 1.5

–

+

–

+

acetylacetone

336.7 ± 2.0

–

+

–

+

methyl cyanoacetate

334.5 ± 2.0

–

+

–

+

trifluoro-m-cresol

332.4 ± 2.0

+

+

+

–

trifluoro-p-cresol

330.1 ± 2.0

+

+

+

–

pyruvic acid

326.5 ± 2.8

+

–

+

–

Reference 33;bThe “+” symbol indicates the occurrence and the “–” symbol indicates the
absence of proton transfer. c "a" represents the reaction between the deprotonated imidazole
and the neutral reference acid; "b" represents the reaction between the deprotonated
reference acid and the neutral imidazole.
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3.3.2 Acidity and carbon dioxide absorption.
Prior studies have indicated that for ionic liquids with heterocyclic anions that capture
carbon dioxide, the basicity of the anionic nucleophile (which is also the acidity of the
nucleophile's conjugate acid) is important for tuning CO2 absorption capacity.1,13,15,1930
To assess carbon dioxide capture, we computed the free energy of reaction shown in
equation 1, for our fifty-six imidazoles. Prior studies have shown that the carbamate-type
structure in equation 3.1 is the product of CO2 capture.13,19,34,35 We plotted the ∆Grxn
for equation 1 versus computed imidazole acidity. The gas-phase data are in Table 3.1, and
the resultant plot is shown in Figure 3.5.21
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15

∆G (eq. 1, gas phase), kcal/mol

10

5

0
290.0

300.0

310.0

320.0

330.0

340.0

350.0

-5

-10

∆Gacid (gas phase), kcal/mol

Figure 3. 5 Relationship between calculated gas phase ∆Grxn for equation 1 and the
calculated gas phase ∆Gacid, calc of imidazoles.

There is a rough linear correlation between the ∆G of formation of the imidazolate-carbon
dioxide complex, and the acidity of the imidazole. The less acidic the imidazole (i.e. the
more basic the imidazolate), the more exergonic the complexation reaction shown in
equation 1. This result shows promise for the design/choice of imidazolates for CO 2
capture; our studies have benchmarked the calculations and show that the more basic
anions yield more stable CO2 adducts.
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We also calculated the acidity of the 56 imidazoles in an ionic liquid medium. Prior work
has indicated that calculations in solvent may be more relevant than gas phase
computations for ionic liquid-based carbon dioxide capture systems. 22,27 Ji and Cheng and
coworkers, in a recent study relating IL anion basicity to CO2 absorption capacity, assessed
anion basicity in the ionic liquid [DBUH+][OTf–]; we likewise used [DBUH+][OTf–] as a
model.22 The resultant plot is shown in Figure 3.6. The linear correlation is even clearer in
this medium than in the gas phase, and again, the more basic imidazolates correspond to
more favorable carbon dioxide complexation.

25

∆G (eq. 1, ionic liquid), kcal/mol

20
15
10
5
0
275.0

280.0

285.0

290.0

295.0

300.0

305.0

310.0

-5
-10

∆Gacid (ionic liquid), kcal/mol

Figure 3. 6 Relationship between ∆Grxn for equation 1 and ∆Gacid, calc of imidazoles in
ionic liquid.
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As noted earlier when we discussed imidazole acidity, the more basic imidazolates are
generally substituted with more electron donating groups, such as alkyl substituents. One
other observation is that substitution on the 2-position renders the addition of CO 2 less
exergonic than substitution on the 4-position (CO 2 adducts shown in Figure 6). Table 3.6
lists imidazole pairs that have the same substituent, but on the 2-position versus the 4position. The calculated ∆Grxn for the addition of carbon dioxide in ionic liquid is also
listed for each pair. The imidazolates that produce 4-substituted CO 2 adducts all have a
more exergonic reaction than the 2-substituted analogs.

This is consistent with

experimental observations; 2-substituted imidazole-based ILs have generally lower CO 2
capacities than 4-substituted ILs.31 One preliminary theory concerning this difference in
reactivity was proposed by Zhu and coworkers, who noted that a substituent on the 2position could present steric hindrance to the addition of carbon dioxide to the adjacent
nitrogen anion.31 Steric effects are typically kinetic, but our calculations indicate that there
is a thermochemical preference for the formation of CO 2 adducts with the substituent at the
4-position. The issue is most probably also steric; an adduct with carbon dioxide would
certainly be expected to be more sterically crowded and less stable with substitution on the
2-position versus the 4-position (Figure 3.7).
Table 3. 6 Calculated (B3LYP/6-31++G(d,p) ∆Grxn for CO2 addition for 2-substituted and
4-substituted imidazole pairs, in ionic liquid.
functional group

2-substituted

4-substituted

Is 2-substituted or

structure

structure

4-substituted more
exergonic?

80

number/∆G for CO2 number/∆G for CO2
addition, in IL

addition, in IL

–SO2Cl

5/+18.8 kcal/mol

4/+8.2 kcal/mol

4-substituted

–NO2

10/+15.9 kcal/mol

6/+6.8 kcal/mol

4-substituted

–CN

12/+7.1 kcal/mol

13/+3.7 kcal/mol

4-substituted

–CF3

18/+8.6 kcal/mol

19/+2.0 kcal/mol

4-substituted

–CH3

56/–2.8 kcal/mol

54/–5.2 kcal/mol

4-substituted

R

N
R

N

N
CO2

N
CO2
4-substituted CO2 adduct

2-substituted CO2 adduct

Figure 3. 7 Structures for the 2-substituted CO 2 adduct, and the 4-substituted CO2
adduct.
Overall, our results are consistent with prior work also showing correlations between
basicity of the nucleophile, and CO2 complexation in ionic liquids.1,13,15,16,18-30 Furthermore,
Firaha, Hollóczki, and Kirchner observed that if the computed OCO angle (in a solvent
dielectric of 15) is less than 140˚, then chemical absorption (nucleophilic reaction between
the anion and carbon dioxide) is likely.27 We do find that the OCO angle in ionic liquids
is calculated to be less than 140˚ for all our substrates (detailed data in SI). These authors
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also predict that promising anions for IL capture have calculated ∆Grxn values (in a medium
of dielectric 15) ranging from roughly -7 to +4 kcal/mol. As can be seen in Figure 5, should
this prediction be valid, many of the imidazolates described herein are promising
candidates for carbon dioxide capture.
Ultimately, our study is the first to examine a wide range of imidazolates, with
experimental gas phase measurements that indicate the accuracy of the calculations.
Carbon dioxide capture and storage is a matter of urgency, and our data herein will help in
the understanding of the relationship between basicity of imidazolates and chemical
absorption of imidazolate-containing ILs.
3.4 Conclusions
In this work, fifty-six imidazoles are examined both computationally and experimentally.
These data are relevant for the improved design and tuning of anion-based ionic liquids for
carbon dioxide capture. The measurements are the first for these substrates, and benchmark
the calculations. A linear correlation is found between imidazole acidity and the free energy
of reaction for anion-CO2 association, which is improved when an ionic liquid
computational model is used. The results show the tunability of imidazolates for carbon
dioxide capture.
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Chapter 4 Charge-Tagged N-heterocyclic Carbene Catalysts
4.1 Introduction
Since the first reports of isolable, stable N-heterocyclic carbenes (NHCs) nearly three
decades ago, these intriguing species have come to the forefront as important players in
organic catalysis. NHCs serve as both ligands for organometallic catalysts as well as
catalysts

in

their

own

right,

more

prominently

as

nucleophilic

species

in Umpolung chemistry, but also as Brønsted bases in organic transformations.
Both NHCs and tricyclohexylphosphine (PCy3) are ligands for ruthenium catalysts used in
the Grubbs olefin metathesis (Figure 4.1).1 First generation catalysts utilized PCy3 as
ligands; second generation catalysts introduced NHC ligands that were dominated by the
imidazolylidene framework. The unique features of these neutral two-electron-donors with
steric demands of bulky groups, are more effective than the first generation. The increased
effectiveness of the catalysts with NHC ligands might also be attributed to the higher
basicity of the NHC compared to PCy3.

Figure 4. 1 The 1st and 2nd generations of Grubbs catalysts
Most reactions in organic synthesis can be generalized as the reaction of a nucleophile
(electron donor, d) with an electrophile (electron acceptor, a). The Umpolung (polarity
inversion) of the intrinsic reactivity of a functional group starts a new chapter in organic
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synthesis. Umpolung is the chemical modification of a functional group with the aim of
polarity reversal, which allows further reactions of this functional group that would
otherwise not be available. Catalysts such as N-Heterocyclic Carbenes (NHCs) have been
using to achieve Umpolung of electrophilic aldehydes. These aldehydes are converted to
nucleophiles to react with aromatic aldehydes (benzoin condensation) or with appropriate
Michael acceptors (Stetter reaction). Since Ukai and coworkers, dating back to 1943,
discovered the ability of thiazolium salts to catalyze benzoin condensation (Figure 4.2), a
wide variety of chiral and achiral thiazolylidene catalysts, generated in situ from thiazolium
salts, have been developed to catalyze Umpolung reactions.2,3

Figure 4. 2 The first benzoin condensation catalyzed by thiazolium salts instead of
cyanide
In recent years, triazolylidene carbenes, instead of thiazolylidene or imidazolylidene
carbenes, appeared in more and more organocatalysis-based researches. Enders and Teles
first reported a triazolylidene-catalyzed asymmetric Stetter reaction in their seminal report
in 1995, laying the foundation from which many more group stepped into this research
field.4-7
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Despite the importance of NHCs in catalysis, the measurement and study of NHC
properties, to achieve an improved understanding of these species, as well as to increase
understanding of catalytic mechanisms and to produce better catalysts, are surprisingly
limited.8 As mentioned above in 1.1.1, Breslow and coworkers proposed a catalytic
mechanism with the thiazolylidene as the catalytic species. The Breslow mechanism is
commonly accepted for the benzoin condensation. Many attempts over the years to isolate
the Breslow intermediate turned out to be elusive until 2012, when both a nitrogen analogue
and the intermediate itself were observed and characterized spectroscopically. Lemal and
Castells also proposed different mechanisms that both involved a thiazolylidene dimer,
which have witnessed reported data both for and against these mechanisms. 9 On the other
hand, there is even less mechanistic work existing for the Stetter reaction. The mechanism
is generally assumed to be similar to that of the benzoin, as they share the same first step
(NHC addition to aldehyde).
Our group has been working on elucidating mechanisms of Umpolung reactions using gasphase studies with tools such as mass spectrometric measurement and quantum mechanical
computation. Previous work by our group involved using two charge tagged thiazolylidene
catalysts (Figure 4.3) to study Umpolung reaction mechanisms in the gas phase.10,11

Figure 4. 3 Charge-tagged NHC catalysts designed and synthesized in our group
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When we tried to use these charged thiazolylidene catalysts to “fish out” Breslow
intermediate of Stetter reaction in the gas phase using mass spectrometry, however, no ion
signals corresponding to the first addition product was found. We hypothesized that the
formation of Breslow intermediate required an intramolecular 1,2-proton transfer, which
required a too high barrier to overcome in gas-phase. In solution phase, this proton transfer
can be assisted by solvent molecules. In order to test our hypothesis, we designed a silaBreslow intermediate using an acylsilane in place of the original aldehyde to overcome the
barrier of 1,2-transfer via a Brook rearrangement.12 The peak of sila-Breslow intermediate
was successfully observed which supported our hypothesis. However, the unfavorable
intramolecular proton-transfer problem remains unsolved.
To further tackle this problem, two novel charge-tagged triazolylidene catalysts (11aanion and 11b-anion, as shown in Figure 4.4) designed by Dr. Tom Rovis’ group attracted
our attention.

Figure 4. 4 Two novel charge-tagged triazolylidene catalysts
We are also interested in two commercially available charge-tagged NHC catalysts
(imidazolylidene 6a-anion and thiazolylidene 6b-anion), as shown in Figure 4.5.
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Figure 4. 5 Two commercially available charge-tagged NHC catalysts
The charge-tagged carboxylate/alkoxide groups would not only be able to make relevant
species detectable via mass spectrometry, but also potentially serve as proton shuttles to
effect the 1,2-proton transfer and the subsequent formation of Breslow intermediate, as
shown in Figure 4.6. In addition, these new charged NHC catalysts will enable us to
compare the intrinsic catalytic reactivities among triazolylidene, imidazolylidene and
thiazolylidene frameworks of NHC catalysts.13

Figure 4. 6 Proposed pathway of the Breslow intermediate formation aided by chargetagged NHC catalysts
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Figure 4. 7 Related species of charge-tagged triazolylidene catalysts
The relative stability in both gas phase and solution phase, as well as their fundamental
thermodynamic properties such as acidity and proton affinity, of the related species of these
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NHC catalysts, including their cationic, anionic and neutral configurations, are of great
importance to better understanding the reaction mechanisms catalyzed by these catalysts,
and to better utilizing these catalysts in various Umpolung reactions. Such fundamental
properties for the related species of charge-tagged triazolylidene catalysts (Figure 4.7),
have been previously obtained by our group.14 In order to practically apply such NHC
catalysts in the solution phase syntheses, it is important to confirm the most stably-existed
structures of such charged NHCs in the solution phase. Based on our calculation results,
the triazolium salt (precatalyst) goes through 1st and 2nd deprotonations by bases (e.g.
KHMDS) to form the negatively-charged carbene catalyst (11b-anion, Figure 4.8).

Figure 4. 8 Triazolium precatalyst goes through 1st and 2nd deprotonations by bases to
form the negatively-charged carbene catalyst
While the charge-tagged triazolylidene catalysts were tested in the solution phase reactions,
however, it was found that these catalysts decomposed which resulted in poor yields. In
this chapter, we will report 1) theoretical calculations we used to study the possible
pathways for the charge-tagged triazolylidene catalysts decomposition; and 2)
computational and experimental characterizations of the fundamental properties of the two
commercially available charge-tagged NHC catalysts (imidazolylidene 6a-anion and
thiazolylidene 6b-anion).
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4.2 Experimental
4.2.1 Calculation
All ground state and transition state calculations were performed using density functional
theory (B3LYP/6-31+G(d)) as implemented in Gaussian 09 and Gaussian 16. All the
geometries were fully optimized, and the frequencies were calculated; no scaling factor
was applied. The optimized structures had no negative frequencies. The temperature for
the calculations was set to be 298 K.
4.2.2 LCQ Bracketing Method
The commercially available precatalysts (5-(2-Hydroxyethyl)-3,4-dimethylthiazolium
iodide and 1-carboxymethyl-3-methylimidazolium chloride) for the two charge-tagged
NHC catalysts (imidazolylidene 6a-anion and thiazolylidene 6b-anion) were purchased
and measured without further purification.
Gas-phase acidities of protonated 6a(b) were first measured by the bracketing method
using a modified Finnigan LCQ ESI-3D ion trap mass spectrometer, as described
in Chapter 1. We used calculational method as a guiding tool to choose a series of neutral
reference bases with known proton affinities. The neutral reference bases were leaked into
the ion trap with helium buffer gas flow through the house-modified cross inlet. The
precatalysts of the charge-tagged NHCs were dissolved in methanol solution with a
concentration of 0.1 mM, before they were injected in ESI. An ESI solution flow rate of
20 uL/min was used. The capillary temperature was 190 °C, the spray voltage was set as
4.5 kV, and the positive ion mode was used to analyze the cations. The protonated 6a(b)
cation was isolated via MS/MS and was allowed to react with neutral reference bases for
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time ranges of 0.03 - 10000 ms. The average spectra of up to 10 scans was collected.
Reaction efficiency was used to assess the occurrence or non-occurrence of a proton
transfer reaction between the analyte ions and the neutral reference bases. Reaction
efficiency was defined as the ratio of the reaction rate constant and the theoretical ionmolecule collisional rate constant obtained from trajectory theory. Reactions that were less
than 10% efficient were labeled “-” and reactions with efficiencies higher than 10% were
labeled “+” in the bracketing table. All the reactions were performed under pseudo firstorder conditions. In order to calculate the reaction rate constant, the pressure of the neutral
bases had to be measured. We used a fast control reaction in which proton transfers from a
weak base to a neutral reference base (assumed to be 100% efficient), to “back out” the
reference base pressure.
4.2.3 Cooks Kinetic Method
The Cooks kinetic method was also used to study the gas-phase acidity of protonated 6a(b).
A Finnigan LCQ DUO ESI-3D ion trap mass spectrometer was used to conduct Cooks
kinetic experiments, as described in Chapter 1. The proton-bound dimer between an analyte
and a reference base was dissociated via collision-induced dissociation (CID), and either
the protonated analyte cation or the protonated reference base ion was formed (Eq. 4.1,
where “A-H + ” is the protonated 6a(b) cation in this case, and “B i ” stands for a series of
reference bases). The ratio of these two products yielded the relative proton affinities of
the two compounds.
Eq. 4.1
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A solution was prepared by mixing the analyte and reference base in a 1:1 ratio in methanol
with a concentration of 0.5 mM. The solution was then injected into the mass spectrometer
with a flow rate of 20 uL/min and then ionized via ESI. The capillary temperature was set
as 190 °C. The spray voltage was set to be 4.5 kV. The protonated 6a(b) cation (6a(b)-H + ),
the protonated reference base, and the proton-bound dimer were detected and shown
simultaneously in the full-scan mass spectrum. The proton-bound complex ion was then
isolated under tandem mass spectrometry (MS/MS) and was subjected to collision-induced
energy with an activation time of 30 ms. A total of 40 scans were averaged.
Data was analyzed using the Cooks “standard” and “extended” kinetic methods. Both of
these methods involve acquiring ion abundance ratios at different collision energies.
Different collision energies have different Teff (in Kelvin), which is the effective
temperature for dissociating the proton-bound complexes. These methods allow for
deconvolution of the enthalpic and entropic contributions. The analysis processes are
summarized in Equations 4.2 - 4.4.

Eq. 4.2

Eq.4.3

Eq. 4.4
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∆(∆S) is the difference in the ∆S associated with the two dissociation pathways in equation
4.1. A plot of ln(k1/k2), which equals to ln([AH +]/[BiH+]), versus the proton affinity of a
series of reference bases (PA(Bi)), yields the Teff from the slope and the GBapp(A) from
the y-intercept (Eq. 4.3). Plotting equation 4.4 at different Teff yields the proton affinity of
the unknown (PA(A)) and ∆(∆S) for the Cooks experiments. It has been noted that the
∆(∆S) value is related to the accuracy of the acidity measurement by the Cooks kinetic
method. Ideally, the actual ∆(∆S) value should be less than or equal to 5 kcal/mol;
otherwise, the Cooks kinetic method may underestimate the measured acidity.
4.3 Results and Discussion
4.3.1 Computational Results
4.3.1.1 Reaction Energetics for the Proposed Pathways of Catalyst Decomposition
While the charge-tagged triazolylidene catalysts were tested in the solution phase Stetter
reactions, it was found that 11a/b-anion might be subjected to decomposition which results
in poor yields and no obvious acceleration in the reaction. 15 Two possible pathways were
proposed on such decomposition (Figure 4.9).
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Figure 4. 9 Two proposed pathways of 11a/b decomposition

Density functional theory (DFT) calculations were employed to obtain the energetic
profiles of the two proposed pathways, and the results are shown in Figure 4.10 and Figure
4.11.
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Figure 4. 10 Calculated reaction energetics for pathway 1
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Figure 4. 11 Calculated reaction energetics for pathway 2
The energetics calculation results indicate that the 2nd decomposition pathway has pretty
high energy barriers and is therefore not energetically favorable. The transition state of the
1st pathway is hard to characterize by calculations since the one-step reaction involves
concerted electron transfers.
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4.3.1.2 Calculations of 6a(b) and Related Species
i. Relative stability

Figure 4. 12 Relative stabilities (in kcal/mol) of neutral 6a/b in the gas phase

As the neutral configuration, 6a-zwitterion was calculated to be the most stable structure
while 6b-neutral was calculated to be the most stable among the three configurations.
It is worth noting that the distance of O- and C-2 proton of the imidazolium ring in 6azwitterion is about 2.1 Å, indicating a hydrogen bonding interaction which might stabilize
this confirmation, making it the most stable among the three.
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Figure 4. 13 Relative stabilities (in kcal/mol) of deprotonated 6a/b in the gas phase
The deprotonated 6a/b exist stably as negatively charged free carbene (6a/b-anion). This
negatively-charged species is equipped with a reactive carbene center and a negatively
charged tag, which makes it an observable NHC catalyst in mass spectrometry. The ring
structures are both less stable.

Figure 4. 14 Relative stabilities (in kcal/mol) of protonated 6a/b in the gas phase
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Both protonated 6a and 6b can stably exist as azolium-based cations (6a/b-cation) in the
gas phase; there might be other possible ring structures (e.g. ring-1 and ring-2), which are
less stable.

Figure 4. 15 Calculated relative stabilities (in kcal/mol) of neutral 6a/b in Solution Phase

Density functional theory (DFT) at B3LYP/6-31+G(d) was used to calculate the relative
stabilities (enthalpy) of neutral 6a/b species in solution. The SCRF (Self-Consistent
Reaction Field) solvation methods, SMD solvation model, was used with a dielectric
constant of 20.493 for acetone to simulate a solution-phase environment. The trends for
both 6a and 6b in acetone generally track with stability trends in gas-phase. One structure
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stands out, though, that the free carbene structure of 6a (6a-neutral) is better stabilized in
acetone than in gas phase.
ii. Acidity and Proton Affinity

Figure 4. 16 Gas-phase acidity (kcal/mol) of Protonated 6a/b

From calculation results we can tell that the 6a C-2 site (258.1 kcal/nol) is less acidic than
its carboxylic acid “handle” (249 kcal/mol). Note that both of the trends are consistent with
those in aqueous solution: it is known that the triazolium salts have a pKa of 16-19 in water,
and the pKa of carboxylic acid is around 5. The 6b C-2 site (260.7 kcal/mol), however, is
more acidic than its alcohol “handle” (282.8 kcal/mol). The acidic sites (206-230 kcal/mol)
within all other protonated ring structures are much more acidic compared with the cation
structures.
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Figure 4. 17 Gas-phase Proton Affinity (PA, kcal/mol) of Deprotonated 6a/b
For the previously characterized Rovis 11a/b cations, the C-2 sites are also more acidic
than its charged handles (Figure 4.18).

Figure 4. 18 Calculated acidities for protonated 11a(b) cations (kcal/mol)
One possible reason that accounts for this difference can be that, the negative charge on
the carboxylate is better stabilized by hydrogen bonding between O- and the C-2 proton in
the zwitterion structure of 6a (6a-zwitterion), compared with the zwitterion structures of
6b (6b-zwitterion) and 11a/b-zwitterion (Figure 4.19).
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Figure 4. 19 Structures of four protonated NHC catalysts
For 6a there is only one methylene group between azolium ring and the negatively charged
site, while for 6b/11a/11b there are two methylene groups. This might be one of the reasons
why 6a-zwitterion has a stronger H-bonding interaction. Based on this, the relative acidities
of azolium C-2 proton and –COOH/-OH can be readily tuned to be applied in catalysis.
4.3.2 Results of Bracketing Methods
The experimental bracketing results for the acidities of protonated 6a and 6b are listed in
Table 4.1. The proton transfer reactions between the protonated

6a(b) and various

reference bases with known proton affinities were studied in the gas phase. Electrospray
ionization of the 6a(b) precatalyst successfully yielded the positively-charged protonated
6a(b) cation in the mass spectra as the major signal peak.
Eight reference bases are used. They are N,N,N',N'-tetramethylenediamine (PA = 242.1
kcal/mol), 1-(Cyclopent-1-en-1yl)pyrrolidine (PA = 243.6 kcal/mol), N,N,N',N'tetramethyl-1,3-propanediamine (PA = 247.4 kcal/mol), MTBD (PA = 254.0 kcal/mol),
HP1(dma) (PA = 257.4 kcal/mol), tBuP1(dma) (PA = 260.6 kcal/mol), tOctP1(dma) (PA =
262.0 kcal/mol), and BEMP (PA = 263.8 kcal/mol). The presence of proton transfer from
protonated 6a(b) to a reference base indicates that PA of the given base is higher than that
of the conjugate base of protonated 6a(b) cation. In contrast, absence of proton transfer
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implies a higher PA of the conjugate base of protonated 6a(b) cation than the PA of the
reference base.
Table 4. 1 Summary of results for acidity bracketing of protonated 6a and 6b
Reference basea,b

PA
(kcal/mol)c

Proton transfer to reference based
6a-cation

6b-cation

N,N,N',N'tetramethylethylenediamine

242.1

- (dimer)

1-(cyclopent-1-en-1yl)pyrrolidine

243.6

N,N,N',N'-tetramethyl-1,3propanediamine

247.4

MTBD

254.0

- (dimer)

-

HP1(dma)

257.4

- (dimer)

-

tBuP1(dma)

260.6

- (dimer)

+

tOctP1(dma)

262.0

- (dimer)

+

BEMP

263.8

+ (dimer)

+

- (dimer)
- (dimer)

a

Reference; bBEMP = 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2diazaphosphorine; tOctP 1 (dma) = tert-octylimino-tris(dimethylamino)phosphorane; tBuP
1 (dma) = tert-butylimino-tris(dimethylamino)phosphorane; HP1(dma) = iminotris(dimethylamino) phosphorane; MTBD = 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene.
c
Reference base PAs typically have an error of ±2 kcal/mol. dThe “+” symbol indicates the
occurrence and the “–” symbol indicates the absence of proton transfer.
HP1(dma) (PA = 257.4 kcal/mol) cannot deprotonate 6b-cation, but tbuP1(dma) (PA =
260.6 kcal/mol) can, bracketing the acidity of 6b-cation to 259 ± 4 kcal/mol; tOctP1(dma)
(PA = 262.0 kcal/mol) cannot deprotonate 6a-cation, but BEMP (PA = 263.8 kcal/mol)
can, bracketing the acidity of 6a-cation to 263 ± 3 kcal/mol.
6a-cation formed hydrogen-bonded dimers (noted as “dimer” in Table 4.1) with all eight
reference bases, which made it difficult to find specific cut-off points and draw a solid
conclusion about the gas-phase acidity of protonated 6a. The “-/+” symbols of 6a-cation in
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Table 4.1 were based on the data processing where the dimer peaks were considered as
reactant (protonated 6a) peaks.
Cooks kinetic method was further used to measure the acidity of protonated 6a(b) cations
(section 4.3.3).

4.3.3 Results of Cook Kinetic Methods
For our acidity studies of protonated 6a(b) using Cooks kinetic experiments, we utilized
eight reference bases and measured the product ion distributions three separate times to
ensure

reproducibility.

The

reference

bases

were

N,N,N',N'-tetramethyl-1,3-

propanediamine (PA = 247.4 kcal/mol), DBN (PA = 248.2 kcal/mol), DBU (PA = 250.5
kcal/mol), MTBD (PA = 254.0 kcal/mol), HP1(dma) (PA = 257.4 kcal/mol), tBuP1(dma)
(PA = 260.6 kcal/mol), tOctP1(dma) (PA = 262.0 kcal/mol), and BEMP (PA = 263.8
kcal/mol).
Based on data analysis using Cooks “extended” kinetic method, the acidities of
protonated 6a and 6b were determined as 251 ± 3 kcal/mol, and 258 ± 3 kcal/mol,
respectively.
4.4 Discussion
The experimental and calculational results of protonated 6a/b are summarized in Table 4.2.
For 6b cation structure (6b-cation) the bracketed acidity (259.0 ± 4 kcal/mol) benchmarked
its calculated acidity of 260.7 kcal/mol on the C-2 site, so it’s highly probable that 6b cation
exist in gas phase as the 6b-cation structure. For 6a, the acidity was measured by Cooks
method to be 251 ± 3 kcal/mol which is consistent with the calculated acidity (249 kcal/mol)
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of the charged handle site (-COOH), and it’s likely that 6a cation exist in the gas phase as
the 6a-cation structure. Another optimized 6a-zwitterion structure where there is no
hydrogen bonding existing (where the distance of COO- to C2-H is 4.34817 Å, compared
to 2.12358 Å where there is H-bonding, see Figure 4.19) was also calculated, and the
acidity of the charged handle site was calculated to be 252.6 kcal/mol which is more closely
consistent with the Cooks method results.

Figure 4. 20 Comparison of experimental and calculational data of 6a/b cations
It is worth noting that the LCQ bracketing results of 6a (263 ± 3 kcal/mol) is quite different
from its calculation results. It might be that when the reference bases with PAs below ~260
kcal/mol were used, they only deprotonated the –COOH site which is more likely to stay
as a proton bound dimer; while reference bases with PAs above ~260 kcal/mol
deprotonated the C2-H site, and a carbene formed so that we could observe the proton
transfer.
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Table 4. 2 Calculated (B3LYP/6-31+G(d); 298K) and experimental acidities for
protonated 6a and protonated 6b
6a/b cation

Calc acidity

6a-Cation-C2

258.1

6a-Cation-COOH

249.0

6a-ring1

206.5

6a-ring2

206.5

6b-Cation-C2

260.7

6b-Cation-OH

282.8

6b-ring1

220.1

6b-ring2

229.2

Experimental acidity

251.3 ± 3
(Cooks)
262.9 ± 3
(Bracketing)

257.6 ± 3
(Cooks)
259.0 ± 4
(Bracketing)

4.5 Conclusions
In order to employ the charge handled NHC catalysts to organocatalysis where they could
serve as proton shuttles to accelerate reaction, and also make relevant species detectable in
mass spectrometer, it is very important to ascertain the fundamental properties, e.g. the
most stable structures, of the charged-handle NHCs (both in gas phase and in solution
phase), and their relative acidity/PA between their carbene (C-2) sites and charged handle
sites.
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Chapter 5 Heterocycle-based Ionic Liquids (ILs) Applied as
Electrolytes in Anhydrous Fuel Cells
5.1 Introduction
Room temperature ionic liquids (RTILs) are liquids at ambient or even far below ambient
temperature. These are comprised entirely of ions and are gathering more and more interest
in multidisciplinary areas for their unique physicochemical properties such as high thermal
stability, negligible vapor pressure, relatively high ionic conductivity, good tunability, and
excellent electrochemical stability. After the discovery of air- and water-stable RTILs by
Cooper and Sullivan and Wilkes et al.,1 many RTILs have been extensively explored, and
their remarkable utility in diverse fields has been discovered. From the viewpoint of
electrochemistry, RTILs themselves are ionic conductors and in many aspects excel typical
ionic conductors for which the use of a solvent is a prerequisite to reveal ionic conductivity
in electrochemical devices. Carlin et. al. , back in 1994, constructed dual intercalating
molten electrolyte batteries, wherein they used RTILs as an electrolyte. 2 RTILs have come
to the forefront as effective electrolytes since then, either independently or as incorporated
into polymer matrix or membrane. Protic ionic liquids have a long history since the first
discovery of a protic ionic liquid, EtH3NNO3, and the use of an amine base-protonic acid
system as a proton conductor in nonaqueous states was first reported by Takahashi et al. in
1976.3 The recent research hotspot, high temperature polymer electrolyte fuel cells
(PEFCs), possess advantages over conventional PEFCs which exhibit poor proton
conductivity above 100°C due to their temperature and humidity dependence. 4 Therefore,
ionic conducting membranes based on low-volatility solvents, i.e., heterocycle-based
polymer or ILs-based polymer, have been widely studied. Heterocycles such as imidazole,
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pyrazole, triazole, and benzimidazole have been considered as proton solvents to replace
water, so that high temperature polymer electrolyte fuel cells would be possible.
Despite the widespread applications of protic ionic liquids, reports focusing on their
intrinsic properties are relatively rare. Our gas-phase study is conducted in anhydrous
conditions where the properties of the heterocycle-based electrolytes could be
characterized in vacuo. By establishing the relationship between heterocycle properties and
proton conductivity in fuel cells we could provide guidance for rational electrolytes design
for novel anhydrous high temperature fuel cells.
5.2 Experimental
5.2.1 Calculation
All the calculations were performed using density functional theory (B3LYP/6-31+G(d))
as implemented in Gaussian 09 and Gaussian 16. All the geometries were fully optimized,
and the frequencies were calculated; no scaling factor was applied. The optimized
structures had no negative frequencies. The temperature for the calculations was set to be
298 K.
5.3 Results and Discussion
5.3.1 Computational Results
i. Gas-phase acidity vs. Ionic Conductivity
First we calculated the gas phase acidity of a series of amines. The results are shown in
Table 5.1. Taking trifluoromethanesulfonimide (HTFSI) as the pre-anion (Brønsted acid)
and different amines as pre-cations (Brønsted bases), the calculated gas phase acidities are
plotted against the ionic conductivity data reported previously in the literatures (Figure
5.1).5
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Table 5. 1 Calculated gas phase acidities of a series of amines
a
Calculated
Ionic
Pre-anion
Pre-cation
acidity
Conductivity
(kcal/mol)
(10-2 S*cm-1)
Pyrazine
209.6
3.38
Pyrazole
213.7
2.65
Quinoxaline
216.0
1.65
Butylamine
220.2
1.04
Morpholine
220.9
1.08
Pyridine
222.3
3.04
Imidazole
225.3
2.71
Pyrrolidine
226.6
3.96
trifluoromethanesulfonimide
Benzimidazole
228.0
1.31
Piperidine
228.0
2.35
Dimethylethylamine
229.5
4.60
Dibutylamine
231.5
1.26
Diethylmethylamine
232.1
4.10
triethylamine
234.7
3.23
Diphenylamine
214.9
0.85
4,4'-Trimethylenedipyridine
224.9
1.05
a
All the Ionic conductivity data were measured at 120℃, except for Dimethylethylamine and
Diethylmethylamine which were measured at 130℃.5

Ionic Conductivity (10-2 S*cm-1)

5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
205.0

210.0

215.0

220.0

225.0

230.0

235.0

240.0

Gas phase acidity (kcal/mol)

Figure 5. 1 Calculated gas phase acidities of pre-cations vs. ionic conductivity. 5
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The correlation between the calculated gas phase acidities and the ionic conductivity is not
clear in Figure 5.1. Regarding the structural variations among the pre-cations studied, we
categorized these pre-cations into different groups, and the subsequent plot is shown in
Figure 5.2. The categorized structures were highlighted in colors while the un-highlighted
structures were in black. The correlations between the calculated gas phase acidities and
the ionic conductivity are relatively clearer after the categorization, yet more precation/anions would need to be measured before any conclusions are made.
Table 5. 2 Calculated gas phase acidities of a series of amines (categorized)
Pre-anion

trifluoromethanesulfonimide

pre-cation

dimethylethylamine
diethylmethylamine

Calculated
acidity
(kcal/mol)
229.5
232.1

Ionic
conductivity
(10-2 S*cm-1)
4.60
4.10

triethylamine
Pyrazine
Pyrazole
Quinoxaline
Morpholine
Imidazole
Benzimidazole
Pyrrolidine
Piperidine
Diphenylamine
Butylamine
Dibutylamine
Pyridine
4,4'-Trimethylenedipyridine

234.7
209.6
213.7
216.0
220.9
225.3
228.0
226.6
228.0
214.9
220.2
231.5
222.3
224.9

3.23
3.38
2.65
1.65
1.08
2.71
1.31
3.96
2.35
0.85
1.04
1.26
3.04
1.05
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5.00

Ionic Conductivity (10-2 S*cm-1)

4.50
4.00
3.50
3.00
2.50
2.00
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Figure 5. 2 Calculated gas phase acidities of pre-cations vs. ionic conductivity
(categorized)

Figure 5. 3 Structures of pre-cations (categorized)
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ii. Gas-phase acidity/proton affinity vs. Open-Circuit Potential (OCP)
Open-Circuit Potential (OCP) is the difference of electrical potential between two terminals
of a device (solar cell, fuel cell, etc.) when disconnected from any circuit. Alternatively,
the open-circuit potential may be thought of as the voltage that must be applied to a fuel
cell or a battery to stop the current. OCP, besides ionic conductivity, is another indicator
of how well the electrolytes would facilitate proton transport in fuel cell. Inspired by
Watanabe’s report in 2013 (Figure 5.4 redrawn from reference),6 we also plotted the
difference of calculated anion PA and cation acidity, against the fuel cell OCP values
(Figure 5.5). The results indicate that the gas phase thermodynamic properties such as
acidity and proton affinity could also correlate with OCP and provide information on how
efficient an ionic liquid is as electrolyte for fuel cells.
1.1
1

OCP

0.9
0.8
0.7
0.6
0.5
7.0

9.0

11.0

13.0

15.0

17.0

19.0

21.0

23.0

Δ pKa

Figure 5. 4 ΔpKa of the IL cation/anion vs. the fuel cell OCP. 6

25.0
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Table 5. 3 Calculated gas phase acidities and PAs (kcal/mol) of a series of cations and
anions
anion

A. anion proton
affinity

cation

CF3CO2-

313.4

CH3SO3CF3SO3

-

C4F9SO3-

(CF3SO2)2N

B. cation
acidity

Δ (A-B)

OCP

dema-H+

230.3

83.1

0.63

313.4

+

DBU-H

250.7

62.8

0.83

315.5

dema-H+

230.3

85.2

0.74

315.5

+

250.7

64.9

0.86

295.7
295.7

+

dema-H
DBU-H+

230.3
250.7

65.4
45.1

1.04
0.8

295.7

empa-H+

231.1

64.6

0.99

292.6

empa-H+

231.1

61.5

1.07

291.3

+

230.3

61.0

0.77

+

250.7

40.7

0.6

291.3

1.1

DBU-H

dema-H
DBU-H

[empa]C4F9SO3
[dema]CF3SO3

1

[empa]CF3SO3

OCP

0.9

[DBU]CH3SO3
[DBU]CF3CO2

[DBU]CF3SO3

0.8

[dema](CF3SO2)2N

0.7
0.6

[dema]CH3SO3
[dema]CF3CO2

[DBU](CF3SO2)2N
0.5
30.0

40.0
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70.0
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90.0

Δ (anion PA - cation acidity)

Figure 5. 5 Δ (anion PA - cation acidity) of the IL cation/anion vs. the fuel cell OCP
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5.4 Conclusion
We calculated the gas phase acidities and proton affinities for a series of acids and bases
that could be used to make protic ionic liquids applied as anhydrous fuel cell electrolytes.
From these preliminary results we could tell that the gas phase thermodynamic properties
have the potential to be considered as useful tools for rational anhydrous electrolyte design.
Further calculational and experimental data on a broader range of cation/anion candidates
need to be collected for a deeper understanding.
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