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ABSTRACT OF THE DISSERTATION 

	

Gas Phase Kinetic and Thermodynamic Studies of Organic Species  

Using Mass Spectrometry 

 

By YIJIE NIU 

 

Dissertation Director: 

Professor Jeehiun K. Lee 

 

This dissertation details our efforts in deploying both experimental (mass spectrometry) 

and computational (Gaussian) methods to study the kinetic and thermodynamic properties 

of organic species in the gas phase. 

Most organic reactions can be broadly considered as a combination of an electrophile 

with a nucleophile. Therefore, the quantification of the nucleophilicity and electrophilicity 

of organic substances is of ongoing interest to organic chemists. The nucleophilicity-

electrophilicity scale in solution has been well defined. However, gas-phase 

nucleophilicity-electrophilicity studies are scarce. One of our main focuses is to build a 

nucleophilicity-electrophilicity database with intrinsic reactivity parameters. More 

specifically, we have measured the rate constants (k) of the association reactions between 
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benzylhydrylium electrophiles and amine nucleophiles in the gas phase. Kinetics isotope 

effect (KIE) studies have been carried out to establish the nature of the product. Potential 

pitfalls of using the association reactions to quantify gas-phase reactivities are discussed, 

and an improved reaction model has been proposed and studied. These results are discussed 

in Chapter 2. 

In recent years, triazolylidene carbenes have been widely used in organocatalysis. 

Although the triazolylidenes have been studied in a wide range of catalytic 

transformations, the fundamental properties of these species remain largely unknown. In 

order to probe their intrinsic properties, we calculated and measured the gas phase 

acidities of a series triazolium precatalysts (the conjugate acids of triazolylidene 

carbenes). The relationship between the thermodynamic properties and the catalytic 

reactivities has also been investigated. We find that the gas phase acidities of the 

triazolium precatalysts are influenced by the subtle electronic properties of their 

substituents. Moreover, there are correlations between the gas phase acidities and the 

selectivities of two triazolylidene carbene-catalyzed Umpolung reactions. These 

correlations are the first of their kind and can be used to guide future catalyst design. 

These results are discussed in Chapter 3. 

In Chapter 4, we explore the possibility of using a charge-tagged N-heterocyclic 

carbene (NHC) to catalyze Umpolung reactions, such as the benzoin condensation and 

Stetter reaction, in the gas phase. We designed and synthesized thiazolylidene catalysts 
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with charge tags, which allowed us to track NHC-catalyzed reactions in vacuo by mass 

spectrometry.  

Last, in Chapter 5, a comprehensive fundamental study of two charge-tagged 

triazolylidene catalyst is described. These charge-tagged species are novel triazolylidene 

derivatives with a carboxylate tail. The relative stabilities of various isomers are probed 

by calculations in both gas-phase and condensed-phase environments; comparisons are 

made to known condensed phase structural data.	Measurement of the proton affinities of 

the carboxylate-tagged carbenes is used, in combination with calculations, to establish the 

gas-phase structure of these species. 
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Chapter 1. Introduction 

 

1.1 Overview 

 Mass spectrometry has long been used to study gas-phase ion chemistry reactions.1-5 

With both instrumentational and computational research tools, we investigated the kinetic 

(nucleophilicity and electrophilicity) and thermodynamic (proton affinity and acidity) 

properties of organic and bioorganic molecules, especially N-heterocyclic carbene-related 

compounds. 

1.1.1 Nucleophilicity and Electrophilicity 

Ingold introduced the terms “nucleophile” and “electrophile” into the chemistry world 

with his ground-breaking work on the mechanism of organic reactions in the early 1930s.6 

A chemical species that donates an electron pair to another molecule to form a covalent 

bond is called a nucleophile. It counterpart, an electrophile, is a chemical compound that 

accepts the electron pair. 

 College students can quickly learn what “good” versus “bad” nucleophiles and 

electrophiles are, with some empirical relationships. For example, a more basic (basicity is 

a thermodynamic property) anion is often a better nucleophile (nucleophilicity is a kinetic 

property). However, such relationships between thermochemistry and kinetics are not 

always valid. 

 Since knowledge of the reactivities of nucleophiles and electrophiles are of interest for 
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both fundamental and applied purposes, for decades, people have been trying to 

quantitatively measure the extent to which a reagent is nucleophilic or electrophilic. Many 

nucleophilicity-electrophilicity scales have been developed in the condensed phase. 

 The first attempt to quantify relative nucleophilic strength was conducted by Swain 

and Scott.7 They used a free-energy relationship log(k/k0)=s·n to provide a given 

nucleophile with a nucleophilic constant n. In 1970s, Ritchie established another 

nucleophilicity-electrophilicity scale in the solution phase, where the reactions between 

carbocations and diazonium ions with various nucleophiles was studied. A parameter N+ 

was defined as the nucleophilic reactivity for anions and alcohols. 8 

 In recent years, Mayr and coworkers accomplished the most systematic and 

comprehensive nucleophilicity-electrophilicity scale.9-12 They demonstrated that the 

kinetics of reactions between nucleophiles and electrophiles can be described by a linear-

free energy relationship: log(k2) = sN · (E + N), where two parameters, sN and N, account 

for the reactivity of the nucleophile and the E parameter describes electrophile’s reactivity. 

 Mayr research group examined a series of benzhydryl carbocations and aryl quinone 

methides to obtain the E parameters, which are further used to measure N values for the 

reaction counterparts, nucleophiles. The bis(p-methoxyphenyl)carbenium ion was chosen 

as the reference electrophile whose E parameter equals to 0.0. On the other hand, sN value 

of the reference nucleophile 2-methyl-1-pentene was defined as 1.0 (Figure 1.1). 
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Figure 1.1 Reference electrophile and nucleophile in Mayr Database 

 It was found that the E parameter for electrophiles remains constant in varying 

reaction systems, no matter what nucleophiles and solvents are used. Once one has the E 

parameters, kinetics (reaction rate constant) between the nucleophiles and reference 

electrophiles can be used to generate a plot (Figure 1.2). 

 

Figure 1.2 Linear relationship between natural log of reaction rate constants 

and E parameters of electrophiles 

 We can easily learn from Mayr’s linear-free energy relationship equation that the 

slope of the plot is sN value for a given nucleophile and the y-intercept is sN·N. As a 

result, E, N, and sN values of a solution-phase reagent database can be obtained. The 

Mayr database currently has E, N, and sN parameters for more than one thousand 

H

H3CO OCH3

reference electrophile (Mayr Database) reference nucleophile (Mayr Database)
E  = 0.0 sN = 1.0

log (k)

E

Slope = sN

y - intercept = sNN

log(k2)
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chemical reactants and can be found at: 

http://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/. 

 Generally, higher N value means higher nucleophilic reactivity, and higher E value 

corresponds to higher electrophilic reactivity. It is worth noting that the sN parameters are 

not fully understood.12 Although it was found that sN values display some structural 

information of nucleophiles; that is, nucleophiles with similar structures generally have 

similar sN values, predictability can be difficult. 

 Much work has been established in the solution phase, while very little research of 

nucleophilicity and electrophilicity has been conducted to date in the gas phase, to probe 

intrinsic reactivity. More than a decade ago, Denekamp and coworkers reported the only 

attempt to experimentally apply Mayr’s theory in the gas phase.13 A general linear 

relationship between gas- and solution-phase E values was found. However, no further 

investigations have been conducted to explore the differences of reactivities between 

media and to compare gas-phase data to that obtained in solution to ascertain solvent 

effects. 

 Chapter 2 describes my exploration of nucleophilicity and electrophilicity in the gas 

phase, with the goal of ultimately achieving an independent database of intrinsic 

reactivity parameters. The reactions between amine nucleophiles and benzhydryl cations 

are studied, and the limitations and challenges of using Mayr’s solution-phase reaction 

model in the gas-phase study are discussed. An improved model is proposed. 
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1.1.2 N-Heterocyclic Carbenes (NHCs) 

 A carbene is a chemical species that contains a highly reactive neutral carbon center 

with a valence of two and a pair of unshared valence electrons. There exist two types of 

carbenes: the singlet and triplet carbenes.14,15 The singlet or triplet state of carbenes 

depends on the spins of the two unshared electrons. When the electrons are spin-paired, 

occupying the sp2 orbital of the carbon center, the carbene displays the singlet state. 

Triplet carbenes have two unpaired electrons with the same spin direction (Figure 1.3). 

 

Figure 1.3 Singlet and triplet carbenes 

 Traditional carbenes, methylene (CH2:), for example, tend to display the triplet ground 

state and are able to participate in reactions such as cyclopropanation, C-H insertion, H2 

activation, among other characteristic reactivities. However, these traditional carbenes are 

often very short lived and can be difficult to study directly. N-heterocyclic carbenes (NHC), 

on the other hand, are the largest subgroup of persistent carbenes, which demonstrate 

relatively higher stability than traditional carbenes.16,17 NHCs generally prefer the singlet 

ground state. In recent years, due to their utility and versatility, NHCs have become popular 

molecules at the frontier of chemistry research.18-28 Protonated NHCs and their counterions 

together can form ionic liquids, which are reported as more environmentally friendly 

organic solvents.29-34  

RR

carbene structure singlet triplet triplet

R

R
R

R

R

R
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 Neutral NHCs can function as ligands to transition metal catalysts. For example, the 

well-known Grubbs second generation ruthenium catalyst for olefin metathesis uses NHCs 

as ligands, as a substitute for the first generation ligand, PCy3.35 In addition, NHCs 

themselves can serve as organic catalysts in synthetically usefully Umpolung reactions, 

such as the benzoin condensation (Figure 1.4).36  

 

Figure 1.4 An intramolecular benzoin condensation 

 In such Umpolung reactions, the NHC catalyst first nucleophilically attacks an 

aldehyde and after a proton transfer step, the tetrahedral intermediate isomerizes to an 

enamine. During this process, the previously electrophilic carbon center of the carbonyl 

group is converted to a nucleophilic sp2 carbon center. This polarity inversion is called 

Umpolung.37-39 Our group has entered into a collaboration with the Rovis group, who 

developed a series of triazolylidene carbenes as important organocatalysts for many 

Umpolung reactions.40  

 Typical NHCs have various structures (Figure 1.5). They are often called “nucleophilic 

carbenes”. This is because NHCs are more nucleophilic than traditional carbenes but lack 

the characteristic carbene electrophilic reactivity such as C-H insertion, H2 activation and 

ketene formation with CO. 

H

O

N-heterocyclic carbene catalyst CH3
OH

O

O

CH3
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Figure 1.5 N-Heterocyclic carbenes 

Most work focusing on NHCs has been conducted in the condensed phase, where 

factors such as solvent effect and diffusion control are at play. NHC research in a solvent-

free environment to explore the intrinsic reactivity is rare. Our group is interested in using 

mass spectrometry and computational methods to quantitatively measure the intrinsic, 

thermodynamic and kinetic properties of organic species, including carbenes and their 

derivatives. With both solution-phase and gas-phase reactivities in hand, one can explore 

solvent effect in various reaction systems. 

In Chapter 2, a gas-phase database was built attempting to ultimately measure the 

nucleophilicity of NHCs. In Chapter 3, a thermodynamic property (proton affinity) of a 

series of Rovis NHC catalysts is studied in the gas phase experimentally and 

computationally, and it is found that the proton affinity of NHC catalysts can be a powerful 

and convenient tool for predicting selectivity in NHC-catalyzed Umpolung reactions. 

1.1.3 Charge-Handled N-Heterocyclic Carbene Catalyst 

 People have long been interested in NHC-catalyzed Umpolung reaction 

mechanisms.41-44 In 1958, Breslow and coworkers proposed a catalytic mechanism with 

the thiazolylidene as the catalytic species. His well-accepted mechanism involves a 

deprotonation of the thiazolium precatalyst to generate a thiazolyidene, which attacks an 

NNR R NNR R SNR
N

NNR R

imidazolidin-2-ylidene imidazole-2-ylidene 1,3-thiazol-2-ylidene 1,2,4-thiazol-3-ylidene
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aryl aldehyde and yield a so-called Breslow intermediate after a proton transfer. The 

Breslow intermediate displays nucleophilic reactivity and is able to add to a second 

aldehyde to produce a benzoin, or nucleophilically attack a Michael acceptor, enone for 

example, through a Stetter reaction.45,46  

 In the last several decades, much work has focused on developing NHC-catalyzed 

asymmetric Stetter reactions.47-49 However, limited work with detailed mechanistic studies 

for the Stetter reaction exists. Although the Breslow mechanism is commonly accepted, 

other mechanisms, proposed by Lemal and Castells involving a thiazolyidine dimer, have 

also been postulated.50,51 There is evidence both in support of and against such mechanisms. 

 Gas phase studies in the absence of solvent are able to reveal intrinsic organic reactivity. 

Our lab is interested in exploring such NHC-catalyzed reactions in the solvent-free 

environment using mass spectrometry. Studying chemical reactions using mass 

spectrometry requires the chemical species to be charged, in order to be detectable.52 We 

designed and synthesized two series of thiazolyidene and triazolylidene catalysts with 

sulfonate and carboxylate charge tags, respectively. These charge-tagged NHCs are used 

to track the reagents and intermediates of the benzoin condensation and Stetter reaction in 

vacuo by mass spectrometry.53,54 

In Chapter 4, synthesis and characterization of two sulfonate tagged thiazolyidene 

NHCs catalysts are described. Chapter 5 discusses the stability study and proton affinity 

measurement of two novel carboxylate tagged triazolylidene NHCs. 
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1.2 Instrumentation 

1.2.1 FT-ICR Mass Spectrometry 

 Mass spectrometry is a powerful analytical technique that enables scientists to study 

ionized chemical compounds. Fourier transform ion cyclotron resonance mass 

spectrometry (FTICR-MS, FT-ICR, or FTMS), is a unique type of mass spectrometry. It 

utilizes the cyclotron frequency of ions in a fixed magnetic field to determine the mass-to-

charge ratio (m/z) information of the ions. Inspired by early technologies of ion cyclotron 

resonance (ICR) spectrometry and Fourier-transform nuclear magnetic resonance (FT-

NMR) spectroscopy, Comisarow and Marshall developed the first FTICR-MS.55,56 After 

that, FTICR-MS soon became a powerful tool in ion chemistry research. With outstanding 

levels of both resolution and accuracy, FTMS outperforms most other mass spectrometry 

methods in terms of mass detection and analysis.58 

 Ion cyclotron resonance is used to measure the mass of an ion in a magnetic field. The 

circular motion of an ion in a magnetic field is subject to Lorentz force. The Lorentz force 

that an ion feels in a magnetic field B can be depicted by Eq. 1.1, where v is the velocity of 

the ion and q is the charge on the ion. 

                              𝐹 = 𝑞𝑣𝐵 Eq. 1.1 

The circular trajectory of the ion can be stabilized when the Lorentz force F balances 

the centrifugal force Fc (Eq. 1.2). 
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                       𝐹 = 𝐹& =
'()

*
  Eq. 1.2 

                       𝜔 = 2𝜋𝑓 = (
*
= 𝒒

𝒎
𝐵 = 1

𝒎/𝒛
𝐵 Eq. 1.3 

Herein, m is the mass of the ion and r is the radius of the circular trajectory. As Eq. 1.3 

shows, 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. 

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, resulting in a larger motion trajectory 

radius. The excited ion can induce an alternating current, also called the image current, on 

the electrical conductive sensor. The information carried by the image current can be 

interpreted into frequency signals and further get translated into the mass-to charge ratio 

of the ion. 

Our Finnigan 2001 FT-ICR mass spectrometer is equipped with two cubic ICR cells 

with a 3.3 Tesla superconducting magnetic field. 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 

properties of the ions in the other cell, which introduces flexibility to experimental designs. 

1.2.2 Electrospray Ion Source (ESI) 

 Electrospray ionization (ESI) applies a high electronic voltage to a sample solution, 
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which turns into charged aerosol and generates ions in mass spectrometers.59,60 It is known 

as a “soft” ion source with little fragmentation during ionization. A diagram of ESI is 

illustrated in Figure 1.6. 

 

Figure 1.6 Diagrammatic representation of ionization in an ESI ion source 

 The analyte under study is dissolved in a volatile polar solvent (e.g. water, methnol, 

acetonitrile). Under atmospheric pressure, the sample solution passes through a heated 

capillary carrying a high electric potential difference of around 3kV. During this process, 

charge accumulates on the surface of the droplets. The size of charged droplets becomes 

smaller because of solvent evaporation. When the “Rayleigh limit point” is reached, the 

point where a droplet is not able to carry the amount of charge on its surface, it explodes 

and creates many smaller droplets.61 After this desolvation process, gas-phase ions form 

and are analyzed by mass spectrometer. 

 Our Thermo Finnigan LCQ DUO mass spectrometer is equipped with an ESI ion 

source that can be used to vaporize nonvolatile chemical compounds. 

1.2.3 Quadrupole Ion Trap Mass Spectrometer 

An ion trap can stabilize the motion trajectories of gas-phase ions by applying 

N2
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spray needle voltage 2 – 6 kV
Taylor Cone
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electrical fields. Hans Dehmelt and Wolfgang Paul were awarded the Nobel Prize in 1989 

for their invention of ion trap technique. A quadrupole consists of four rods, as shown in 

Figure 1.7.62 

 

Figure 1.7 Basic linear quadrupole ion trap structure 

 The rods opposite to each other always carry the same polarity, while the rods next to 

each other carry opposite polarity. Ions traveling into the quadrupole space will be driven 

toward the rods with opposite charge. A constant polarity reversal iss applied to the four 

rods, generating alternative electric fields within the quadrupole region. As a result, only 

ions with desired mass-to-charge ratio (m/z) will not hit any of the rods and can pass 

through the ion trap. 

The original configuration of the quadrupole ion trap is the 3D ion trap, which is also 

known as the “Paul trap” (Figure 1.8).63 Here, the 3D quadrupole ion trap is made up of 

three circular electrodes: one ring electrode and two cap electrodes. The fourth rod is 

reduced to a point.  
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Figure 1.8 Paul Trap 

Another embodiment of the quadrupole ion trap is the 2D ion trap, or the linear ion 

trap. The 2D ion trap was reported to be of improved trapping efficiency, simplicity of 

construction and increased ion capacity. Tandem mass analysis can be conducted on both 

2D and 3D quadrupole ion traps. 

 Our group uses a modified Finnigan LCQ DUO (ESI-3D quadrupole ion trap) mass 

spectrometer for bracketing and gas-phase reaction kinetic study. We use both a Finnigan 

LCQ DUO (ESI-3D quadrupole ion trap) mass spectrometer and a Finnigan LTQ (ESI-

linear quadrupole ion trap) mass spectrometer for Cooks kinetic experiments. 

1.2.4 Modified Finnigan LCQ DUO Mass Spectrometer 

As described in section 1.2.3, our Thermo Finnigan LCQ (ESI-3D quadrupole ion trap) 

mass spectrometer was utilized for bracketing experiments and gas-phase reaction kinetic 

studies. The 3D-quadrupole ion trap is used as a mass spectrometer as well as a gas-phase 

reaction container, wherein reactions of charged species with neutral gaseous molecules 

can be investigated. Ions are generated by ESI, and neutral compounds are introduced to 

Ion Source Detector

Quadrupole Ion Trap

Ring Electrode
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the ion trap with the flow of damping helium gas. Two leak valves are installed on the 

helium gas line to mix the vapor of neutral compounds with helium gas flow (Figure 1.9). 

 

Figure 1.9 Modified Finnigan LCQ DUO Mass Spectrometer 

1.3 Methodology 

1.3.1 Reaction Kinetics Using FT-ICR Mass Spectrometer 

 Mass spectrometry is a powerful tool for studying kinetics of an ion reacting with a 

neutral molecule in the gas phase. The Finnigan 2001 FT-ICR mass spectrometer with the 

dual cell setup is used to conduct the experiments for kinetic research. 

 Rate constant k for the reaction of interest is measured by an FT-ICR mass spectrometer. 

The charged reagents are generated in one cell, called the source cell, via chemical 

ionization (CI) or electron ionization (EI) of vapor of a neutral precursor. The neutral 

reagents are introduced into a second cell, the analyzer cell via the batch inlet or leak valve. 
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The ions are then transferred from the source cell to the analyzer cell and trapped. A pulse 

of unreactive argon gas in the analyzer cell is used to cool down the ions. Then, the ions 

are allowed to react with the neutral molecules for varying reaction times, after which all 

the charged species are detected by mass spectrometry. The concentration of the neutral 

molecules in analyzer cell is kept constant and in excess. As a result, the reaction is under 

pseudo-first condition (Eq. 1.4). 

    Pseudo-first order reaction rate: 𝒓 = 𝒌 𝑁𝑒𝑢𝑡𝑟𝑎𝑙 𝑖𝑜𝑛 = 𝒌𝒐𝒃𝒔[𝑖𝑜𝑛] Eq. 1.4 

The reaction rate constant can be derived by plotting decrease in relative intensity of 

ion peaks against reaction time. 

In order to increase the precision of kinetic measurements, a relative reaction rate 

constant measurement can be conducted, where two ions are allowed to react with the same 

neutral reagent. The relative reaction rate constant krel can be calculated without measuring 

the pressure of the neutral compound. For example, in the research project of quantifying 

gas-phase nucleophiliciy of amines and electrophilicity of benzhydryl cations, two 

electrophilic carbocations were allowed to react with an amine nucleophile under the same 

conditions. 

1.3.2 Reaction Kinetics Using LCQ (ESI-Quadrupole Ion Trap) 

 A similar reaction kinetic studies can be performed on the modified Finnigan LCQ 

DUO (ESI-quadrupole ion trap) mass spectrometer. As described in section 1.2.4, neutral 

molecules are introduced into the ion trap with the helium gas flow. Ions are generated and 
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introduced into the ion trap via ESI from a solution of the analytes. The ions are allowed 

to react with the neutral compounds for varying reaction times. 

1.3.3 Bracketing Method 

 The bracketing method is used to measure the proton affinity (PA) and gas-phase 

acidity of organic bases and acids, respectively. Organic bases or acids with known proton 

affinities or acidities are used as references to “bracket” the corresponding thermodynamic 

property (PA or acidity) of the sample compounds into a narrow range (2-4 kcal/mol). 

Proton transfer reactions between a reference compounds and a sample compound are then 

studied. For example, if a reference base B1 is unable to deprotonate the conjugated acid 

of the sample compound, but another reference base B2 can; the resulting PA of the sample 

is higher than PA of B1 and lower than that of B2. With the assumption of proton transfer 

reaction being barrier-free, reaction efficiency in the gas phase (Eq. 1.5) is used to 

determine whether a proton transfer reaction occurs or not, with a cutoff of 10%. 

                   𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲	 % = 𝒌𝒆𝒙𝒑
𝒌𝒄𝒐𝒍𝒍

×100% Eq. 1.5 

 Herein, kexp (experimental rate constant) is measured by the reaction kinetics study, as 

introduced in section 1.3.1; kcoll (collision rate constant) is defined as the theoretical ion-

molecule collision rate constant and is calculated by an Average Dipole Orientation (ADO) 

program.64,65 An efficiency higher than 10% indicates the occurrence of proton transfer 

while an efficiency lower than 10% means there is no efficient proton transfer. 

 Bracketing experiments are performed using both our FT-ICR mass spectrometer and 
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the modified LCQ (ESI-quadrupole ion trap), described in sections 1.3.1 and 1.3.2, 

respectively. 

1.3.4 Cooks Kinetic Method 

 First developed by Cooks in 1977, the Cooks kinetic method is another technique to 

measure proton affinity (PA) and gas phase acidity of organic compounds using mass 

spectrometers.66 Thermodynamic propertie, such as PA and acidity, can be obtained from 

the dissociation pattern of a proton-bound dimer. For example, after isolating the proton-

bound dimer between a sample base B and a reference base Bref (with known proton 

affinity), collision-induced dissociation (CID) energy is applied and the dimer can be 

dissociated by two different pathways: forming a protonated B and a neutral Bref, or 

yielding a protonated Bref and a neutral B. The relative intensity of two product ion peaks 

can be used to calculate the proton affinity of B.67-69  

1.3.5 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)) as implemented in 

Gaussian09.70-75 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 TS calculations for solution 

systems, the SMD model was used and M06/6-31+G(d,p) solution-phase single-point 
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energy calculations (on the B3LYP/6-31+G(d) geometry) were conducted. Reported 

energetics represent 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). 
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Note: Major parts of this chapter have been submitted to the Journal of the American 

Chemical Society: Niu, Y.; Chen, M.; Xu, J.; Lee, J. K. “Nucleophilicity and 

Electrophilicity in the Gas Phase: Challenges and Solutions”, J. Am. Chem. Soc., 2017, 

submitted. 

 

Chapter 2. Gas Phase Studies of Nucleophilicity and 

Electrophilicity 

2.1 Introduction 

 Reactivity prediction is the cornerstone of rational organic chemical and synthetic 

design. The quantification of "nucleophilicity" and "electrophilicity" has a long and rich 

history. Swain and Scott were the first to attempt systematic quantification through the 

study of SN2 rates.1 Other contributions followed, along with frustration; in 1968 Pearson 

and coworkers declared "at present it is not possible to predict quantitatively the rates of 

nucleophilic displacement reactions when a number of substrates of widely varying 

properties are considered."2-5 This was followed four years later by the important discovery, 

by Ritchie, that for reactions of carbocations and diazonium ions with nucleophiles, a 

constant parameter for a given nucleophile can be defined. This parameter, which was 

called "N+", is not dependent on the electrophile identity.6 Several years later, Kane-

Maguire, Honig and Sweigart established an "NFe" scale for nucleophilic additions to 

metal-coordinated pi-electron systems.7 
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 Since these early discoveries, the Mayr group has, without question, made the most 

important contributions toward a general nucleophilicity-electrophilicity scale.8 For 

correlation analysis, Mayr and coworkers use the following Eq. 2.1: 

                         log	(𝒌𝟐) = 𝒔𝑵 ∙ (𝑬 + 𝑵) Eq. 2.1 

where k2 is the rate constant for the reaction of an electrophile with a nucleophile; sN is a 

"nucleophile-specific slope parameter"; E is an electrophilicity parameter and N is a 

nucleophilicity parameter. Application of this equation to a wide range of systems has 

yielded a database that currently contains reactivity parameters for over one thousand 

nucleophiles and nearly three hundred electrophiles.9 

 All values in the Mayr database were obtained in solution. Mayr has shown that for 

reactions of charged electrophiles with neutral π-nucleophiles and hydride donors, solvents 

effects are marginal.10 The argument is that solvent effects on the cationic reagents and the 

positively charged activated complexes are similar. Small differences of the solvation 

energies are covered by the noise of the correlations. However, other reactions of 

electrophiles with nucleophiles do show solvent dependence; diazonium ion electrophiles 

are influenced by solvent and certain nucleophiles such as alcohols, amines and several 

types of carbanions have "N" values that are greatly solvent dependent. 

 We explore nucleophilicity and electrophilicity in the gas phase, with the goal of 

ultimately building a database of intrinsic reactivity parameters, which would allow one to 

better understand both inherent reactivity and the influence of solvation on reactivity. One 
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prior study from more than a decade ago applied the Mayr equation to a series of reactions 

in the gas phase, but with a limited set of nucleophiles, and no further work has been done 

in this area.11 We examined the reactions of fourteen amine nucleophiles with five 

benzhydryl cations. We are able to establish, through kinetic isotope effect studies, that the 

product of the reaction is the expected covalent complex. Comparison of our kinetic data 

with that in solution reveal limitations in this gas phase system; an improved model is then 

proposed. 

2.2 Experimental 

 Amines and benzhydryl alcohols were purchased from Sigma-Aldrich and used as 

received. The deuterated benzhydryl alcohol precursor was synthesized following a 

literature procedure.12 Gas phase experiments for the amines plus the benzhydryl cations 

were conducted using a Fourier Transform Ion Cyclotron Resonance Mass Spectrometer 

(FTMS) with a dual cell setup, which has been described previously.13  

In our FTMS, two adjoining 1-inch. cubic cells are positioned collinearly with the 

magnetic field produced by a 3.3 T superconducting magnet. The pressure of the dual cell 

is pumped down to less than 1x10-9 Torr. Solid benzhydryl alcohols are introduced into the 

cell via a heatable solids probe (typical temperature is 50˚C). The corresponding 

benzhydryl cations are generated via reaction with hydronium ions. Hydronium ions are 

produced by pulsing water into the cell, ionizing by an electron beam (typically 20 eV and 

6 µA, ionization time 0.5 s). Liquid amines are introduced via the batch inlet system. 



 

	

25 

For the reactions between the electrophiles and nucleophiles, benzhydryl cations are 

generated from alcohol via reaction with hydronium ion, selected, and transferred to 

another adjoining cell via a 2-mm hole in the center of the central trapping plate, cooled by 

a pulse of argon (that raises the cell pressure to 10-5 Torr), and then allowed to react with 

amine nucleophiles. 

Gas phase experiments for the ethyl cation and tert-butyl cation with benzhydrol were 

also conducted using FTMS. Ethyl cation and tert-butyl cation are generated from 

iodoethane and 2-iodo-2-methylpropane, respectively, via electron ionization (EI). The 

reactant cation is then selected and transferred to the adjoining cell, cooled by a pulse of 

argon (that raises the cell pressure to 10-5 Torr) and allowed to react with benzhydrol. 

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

the neutral is in excess relative to the reacting ions. Reading the pressure from an ion gauge 

is often unreliable, both because of the gauge's remote location as well as varying 

sensitivity for different substrates.14,15 We therefore "back out" the neutral pressure from a 

control reaction (described previously).16,17 As noted in the manuscript text, we also 

conducted "relative" rate constant measurements. For these experiments, a mixture of 

benzhydryl alcohols was vaporized using the solids probe, and ionized with hydronium. 

The resultant two benzhydryl cations were then allowed to react with a given amine in 

competing reactions, obviating the need to know the amine pressure. For all rate constants, 

we also calculate an efficiency, which is the ratio of the experimentally observed rate 
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constant divided by a theoretical collisional rate constant obtained from trajectory theory. 

18-20 

2.3 Results and Discussion 

2.3.1 Substrates Studied 

We examined the gas phase kinetics for the reaction of fourteen amine-based 

nucleophiles with five electrophiles. Propylamine, cyclohexylamine, aniline, benzylamine, 

piperidine, pyrrolidine, morpholine, diisopropylamine, diethylamine, N-methylpiperidine, 

N-methylpyrrolidine, pyridine, triethylamine and 1,4-diazabicyclo[2.2.2]octane (DABCO) 

were all allowed to react with para-substituted benzhydryls 1 (X = OCH3, CH3, H, Cl, and 

CF3) (Figure 2.1). The use of the Mayr equation 2.1 requires the definition of a reference 

electrophile and reference nucleophile; for us these are, respectively, the parent benzhydryl 

cation 1c and piperidine. 
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Figure 2.1 Nucleophiles and electrophiles studied 

2.3.2 Assessing Electrophilicity 

Following the Mayr equation 2.1, our first step is to assess electrophilicity. In solution, 

to obtain "E" values, one allows the reference nucleophile to react with varying 

electrophiles. In our case, this would be piperidine reacting with electrophiles 1a-1e. We 

conducted these reactions, and measured the rate constants in the gas phase. To reduce error 

in the measurements, we conducted "relative" rate constant measurements. In a given 

experiment, we allowed two cations to react with piperidine, where one cation (the parent 

benzhydryl 1c) is the reference cation. The reported rate constants (Table 2.1) are derived 

by multiplying the relative value with the absolute rate constant derived from the reaction 

of 1c with piperidine. Typically rate constants in the gas phase are reported with the units 

cm3/molecule·s, but because the solution phase analysis uses the bimolecular rate constant 
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unit of L/mol·s, we do the same herein. 

In order to obtain an "apparent gas phase electrophilicity" Egas,app, each rate constant k 

is divided by kref, which is the rate constant for the reaction of the reference nucleophile 

piperidine with the reference electrophile 1c. The Egas,app value for each electrophile is  

log (k/kref). As can be seen from Table 2.1, as the substituent R becomes more electron 

withdrawing (moving down the table), the apparent electrophilicity parameter Egas,app 

increases, as would be expected since the electrophiles are becoming more electrophilic. 
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Table 2.1 Rate constant and Egas,app data for the reaction of electrophiles with 

the reference nucleophile, piperidine 

Electrophile 

 

ka Egas,app 

1a (R = OCH3) 4.81 × 1010 –0.57 

1b (R = CH3) 1.19 × 1011 –0.18 

1c (R = H) 1.79 × 1011 0.00 

1d (R = Cl) 2.11 × 1011 +0.07 

1e (R = CF3) 3.21 × 1011 +0.25 

a Rate constant is for the reaction of each electrophile with the reference nucleophile, 

piperidine, in L/mol·s 

2.3.3 Obtaining "k2" 

The next step is to obtain the rate constants for the reactions of the fourteen 

nucleophiles with the five electrophiles; these data are compiled in Table 2.2. For each 

nucleophile, these are also derived from relative rate constant reactions, where the 

reference cation is 1c. Table 2.2 also lists the efficiency for each reaction, which is the ratio 

of the experimental rate constant to the collisional rate constant. 

H

R 1
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Table 2.2 Rate constants (k2) and efficiencies (%, in parentheses) for the reactions of 

nucleophiles and electrophilesa 

 1a 1b 1c 1d 1e 

propylamine 
3.17 × 109 

(0.4) 
1.64 × 1010 

(2.1) 
3.46 × 1010 

(4.3) 
4.24 × 1010 

(5.4) 
1.34 × 1011 

(17.3) 

cyclohexylamine 
4.77 × 109 

(0.6) 
2.98 × 1010 

(3.6) 
8.67 × 1010 

(10.6) 
1.04 × 1011 

(13.1) 
2.04 × 1011 

(26.4) 

Aniline 
N/Ab 2.11 × 108 

(0.03) 
2.20 × 109 

(0.3) 
2.78 × 109 

(0.4) 
2.28 × 1010 

(3.0) 

benzylamine 
5.09 × 109 

(0.6) 
3.77 × 1010 

(4.6) 
8.97 × 1010 

(10.8) 
1.25 × 1011 

(15.5) 
2.34 × 1011 

(29.8) 

piperidine 
4.81 × 1010 

(6.3) 
1.19 × 1011 

(15.4) 
1.79 × 1011 

(22.8) 
2.11 × 1011 

(27.7) 
3.21 × 1011 

(43.1) 

pyrrolidine 
1.46 × 1010 

(2.0) 
5.38 × 1010 

(7.2) 
7.71 × 1010 

(10.2) 
9.27 × 1010 

(12.6) 
1.51 × 1011 

(21.0) 

morpholine 
1.69 × 109 

(0.2) 
1.20 × 1010 

(1.4) 
4.11 × 1010 

(4.6) 
5.29 × 1010 

(6.1) 
1.07 × 1011 

(12.7) 

diisopropylamine 
1.13 × 109 

(0.2) 
1.36 × 1010 

(1.7) 
3.52 × 1010 

(4.4) 
6.86 × 1010 

(9.0) 
1.31 × 1011 

(17.5) 

diethylamine 
5.42 × 109 

(0.7) 
2.62 × 1010 

(3.5) 
5.65 × 1010 

(7.4) 
7.71 × 1010 

(10.3) 
1.54 × 1011 

(21.1) 

N-methylpiperidine 
3.38 × 109 

(0.5) 
2.37 × 1010 

(3.3) 
6.20 × 1010 

(8.6) 
1.01 × 1011 

(14.6) 
1.89 × 1011 

(27.8) 

N-methylpyrrolidine 
8.73 × 109 

(1.3) 
3.93 × 1010 

(5.9) 
7.95 × 1010 

(11.8) 
1.02 × 1011 

(15.7) 
2.41 × 1011 

(37.0) 

pyridine 
1.16 × 1010 

(1.1) 
5.66 × 1010 

(5.4) 
8.43 × 1010 

(8.0) 
1.25 v 1011 

(12.2) 
1.91 × 1011 

(19.0) 

triethylamine 
N/Ab 2.30 × 109 

(0.3) 
1.63 × 1010 

(2.3) 
2.44 × 1010 

(3.6) 
6.50 × 1010 

(9.8) 

DABCO 
4.89 × 1010 

(8.0) 
1.19 × 1011 

(19.2) 
2.08 × 1011 

(33.0) 
2.56 × 1011 

(42.1) 
N/Ac 

a Rate constant is for the reaction of each electrophile with the reference nucleophile, 

piperidine, in L/mol·s. b The reactions of 1a with aniline and trimethylamine were too 
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slow to measure under our conditions. c Weak signal precluded data collection. 

2.3.4 Obtaining "N" and "sN" 

With the data in Tables 2.1 and 2.2 in hand, plots of the log k2 versus Egas,app can be 

used to obtain the nucleophilicity parameter N and the nucleophile-specific slope 

parameter sN, using Eq. 2.1 (Figure 2.2). For each line, the slope yields the sN and the y-

intercept is sNN. These lines and their slopes, however, are most likely not reflective of 

nucleophilicity, which I will discuss further in 2.3.6. 

 

Figure 2.2 Plots of log (k2) versus Egas,app in the gas phase 
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2.3.5 Nature of The Product 

One key concern is the nature of the products formed upon reactions of the amines 

with the electrophiles in the gas phase. The desired product from the reaction of the 

benzhydryl cations with the amine nucleophiles is the covalent complex shown in Figure 

2.3. 

 

Figure 2.3 Experiments used to ascertain kinetic isotope effects 

However, since our detection method is mass spectrometry, we simply track the mass-

to-charge (m/z) ratio corresponding to the covalent complex, and do not know whether the 

structure is what we expect, or some other noncovalent or nonspecific complex. To gain 

insight into the structure of the product, we conducted kinetic isotope effect studies. Our 

expectation is that if nucleophilic attack occurs as shown in Figure 2.3, the kH/kD for the 

reaction of 1c versus 1c-D should be inverse (< 1.0), as the reactive center is changing 

hybridization from sp2 to sp3. We synthesized 1c-D and conducted KIE experiments by 

measuring the rate constants kH and kD for various nucleophiles. To reduce error, relative 

rate constant experiments were conducted, with the methyl-substituted benzhydryl cation 
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1b as the reference. It was found that the KIEs for benzhydryl cation 1c with three of our 

amine nucleophiles (primary propylamine, secondary piperidine and tertiary N-

methylpiperidine), are all inverse (less than 1, Table 2.3). This is consistent with 

nucleophilic attack at the central carbon, and not consistent with a noncovalent/nonspecific 

complex. Furthermore, the KIE values (around 0.8) are consistent with those found in 

solution for these types of reactions.21  

Table 2.3 KIE data for the reaction of 1c versus 1c-D with nucleophiles. 

Nucleophile KIE 

propylamine 0.76 

piperidine 0.81 

N-methylpiperidine 0.86 

2.3.6 Potential Problem with Current Reaction Model 

What, if anything, do our gas phase parameters indicate? Can any conclusions be 

drawn by comparison to solution phase data? In Figure 2.4, we plot data corresponding to 

the reactions of a series of amines with electrophiles in the solvent acetonitrile.22-25 
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Figure 2.4 Plots of solutions-phase log k2 versus E in acetonitrile. 22-25 The data can be 

found on the website: http://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/ 

One intriguing feature of the gas phase versus the solution phase data is the measurable 

rate constant range. In the solution phase reaction of amines with electrophiles, reactions 

with the most electrophilic electrophiles will ultimately hit the diffusion limit. Thus in 

Figure 2.4, the plots all level off as electrophilicity increases (to the right, along the x-axis). 

Interestingly, all the data we obtained in the gas phase are for reactions that are in the 

diffusion limit region in acetonitrile. This observation immediately raised red flags for us: 
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an association reaction that is barrierless in solution would be expected to be barrierless in 

the gas phase. However, the rate constants we measured in the gas phase are not at the 

collision rate. If every collision resulted in reaction, the "efficiency" would be 100%; our 

reactions in the gas phase all have efficiencies of less than 50%.26-28 

Another piece of evidence that our data are not reflective of electrophilicity and 

nucleophilicity in the gas phase is the lack of correlation between our data and that of the 

previous gas phase study (by Denekamp and Sandlers).11 While that paper did not report 

absolute rate constants, we can plot their N values versus ours (obtained from Figure 2.2). 

We defined a different reference nucleophile and electrophile for our studies, but we would 

still expect our data and theirs to have a linear correlation, which clearly does not exist 

(Figure 2.5). 

 

Figure 2.5 Plot of N values from this work (Na) versus that from reference 11 (Na) 
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One concern of both ours and that of the prior study is that the association of the 

electrophile and nucleophile is exothermic, and that dissipation of the excess energy thus 

rendered may be the slowest step in the reaction. That is, we may well have the situation 

shown in Figure 2.6, where the association step (Step 1) is barrierless, but the slow step - 

and the overall rate constant that we measure - reflects the energy dissipation (Step 2). 

 

Figure 2.6 Energy surface depiction for benzhydryl cation reacting  

with amine in the gas phase 

Our isotope effect studies do indicate that reaction occurs, and that we likely obtain 

the expected product. However, the low rate efficiencies and the lack of reproducibility of 

the N values provide evidence that any parameters obtained via this type of study are 

suspect, as they may not reflect the actual nucleophile-electrophile reactivity. 

As an interesting aside, in terms of the electrophilicity parameter Egas,app, a plot of the 
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electrophiles for which we have both gas phase and solution phase data shows a linear 

correlation (Figure 2.7). This linearity between respective E values was also observed in 

the prior gas phase studies.11 The slope of this plot is not particularly meaningful; the 

Egas,app is by necessity defined by the reference nucleophile, and the slope will change with 

a different reference nucleophile. It is difficult to know whether this correlation implies 

electrophilicity is relatively the same in solution and in the gas phase, or the correlation 

simply somehow coincidentally reflects a similar dependence for electrophilicity in 

solution, but energy dissipation in the gas phase. 

 

Figure 2.7 Solution phase E values versus gas phase Egas,app values 
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expected structure. We were able to show that the gas phase reaction between benzhydryl 

cation and amines does involve covalent attachment of the amine to the benzhydryl cation, 

not the formation of some other noncovalent complex. Our KIEs of roughly 0.8 are also 

consistent with those found in solution by Mayr and coworkers.21 

2.3.7 Alternative Models 

Having established that the gas phase study of association reactions between a 

nucleophile and electrophile may not reflect the respective nucleophilicity and 

electrophilicity, we sought to design appropriate systems for such studies. The main goal 

is to find a system where energy dissipation is not an issue. One way to do this is to build 

a system that would fragment after addition, to release excess energy. Pictorially this is 

shown in Figure 2.8. A nucleophile containing a moiety that will quickly fragment after 

association would solve the excess energy issue. The key is that the second step - 

fragmentation - is fast, such that the measured rate constant reflects the initial association 

reaction. 

 

Figure 2.8 An improved model for gas phase nucleophilicity-electrophilicity studies: 

fragmentation after complexation 

+ +
electrophile
(cation)

nucleophile
(neutral)

+ +

reactive moiety fragmentation5moiety

+



 

	

39 

Because the benzhydryl cation is so stable, we envisioned it as the fragmentation 

moiety (green sphere in Figure 2.8). This is more or less "converse" of the initial system 

we studied, where the benzhydryl cation is the electrophile. Now it is just a convenient 

fragmentation moiety. To establish the viability of this proposal, we examined the system 

shown in Figure 2.9. 

 

Figure 2.9 New nucleophilicity-electrophilicity system 

 

Here an alkyl cation would be the electrophile and the benzhydryl alcohol is the 

nucleophile. We do not expect to observe intermediate i; this intermediate should quickly 

release the benzhydryl cation fragment, which we would then detect via mass spectrometry. 

Because the fragmentation is fast, the rate constant measured will reflect the reaction of 

nucleophile with electrophile. 

To our delight, we have found, experimentally, that we can measure the rate constants 

for reactions of benzhydrol with both the ethyl cation and the tert-butyl cation; the 

respective efficiencies of these reactions are 100% and 86% -- fast, efficient reactions that 

provide support for the theory that previous gas phase studies suffered from the inability 

to dissipate complexation energy. This current system is a valuable complement to 
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condensed phase data as we can examine cations that are too reactive to be studied in 

solution. Having established this proof of concept, our lab is now working on further 

studies, both with this system, as well as newly designed models that will be comparable 

to existing solution phase data. 

2.4 Conclusions 

 Our study of fourteen amine nucleophiles with five benzhydrylium electrophiles 

reveals new insights into nucleophilicity and electrophilicity. Kinetic isotope effect studies 

establish that a specific covalent complex between the amine nitrogen and benzhydrylium 

is formed, as is desired. Analysis of the data indicates that electrophilicity trends appear to 

be constant between the gas phase and solution, while nucleophilicity is much more 

complex. However, such conclusions must be taken with caution, since we believe that any 

measurement of nucleophilicity and electrophilicity parameters wherein two species form 

an association complex under vacuum do not accurately reflect the rate of reaction. Instead, 

the rate determining step is the dissipation of excess complexation energy. We were able to 

provide evidence supporting this theory by designing an alternate system in which excess 

energy can be released via fragmentation. We also studied the fast reactions involving alkyl 

cations and benzhydryl alcohols. Such systems can be used to begin to build a new gas-

phase nucleophilicity-electrophilicity scale; cations (different alkyl groups) and 

nucleophiles (benzhydryl ethers, benzhydryl thiols) can be varied to achieve this. We are 

also contemplating alternate models that will better mimic reactions in solution for which 
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parameters are known. Ultimately, direct comparison of rate constants and parameters 

between the gas phase and solution will allow us to better understand the factors at play in 

the solution phase reactions. 
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Note: Major parts of this chapter have been published: Niu, Y.; Wang, N.; Munoz, A.; 

Xu, J.; Zeng, H.; Rovis, T.; Lee, J. K. “Experimental and Computational Gas Phase 

Acidities of Conjugate Acids of Triazolylidene Carbenes: Rationalizing Subtle Electronic 

Effects”, J. Am. Chem. Soc. 2017, Article ASAP. 

 

Chapter 3. Proton Affinity of Triazolylidene Carbenes: 

Rationalizing Subtle Electronic Effects 

3.1 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 best-

known 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 
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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 3.1. Because of the 

requisite deprotonation of the precatalyst and the nucleophilic nature of the carbene, the 

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 3.1 Intramolecular Stetter reaction cycle as catalyzed by a triazolylidene NHC 

 Despite great progress in the development and optimization of triazolylidene carbenes 
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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 

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 3.2). 

 

Figure 3.2 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. 

3.2 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 
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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. 

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). 

3.3 Results and Discussion 

3.3.1 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 
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Figure 3.3. 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 3.3 and Figure 3.4. 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 

(∆Hacid).22-27 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 N-aryl group substituent. 
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Figure 3.3 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 

 

 

Figure 3.4 Calculated acidities for a series of pyrrolidine-based achiral triazolium cations 

(kcal/mol), arranged in the order of acidity 
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 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 3.5). 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 

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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Figure 3.5 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-tri-CF3) > 3i (2,4,6-tri-Cl) > 3h (2,4,6-tri-Br) > 3j (2,4,6-tri-CH3(mesityl)) > 3k 

(2,4,6-tri-OCH3). 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 

 To experimentally measure the gas phase acidity of the achiral triazolium cations, we 

utilized mass spectrometry and proton transfer reactions between the protonated carbene 
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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-1,3-

propanediamine (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 
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calculation (from most acidic to least acidic): 3c > 3b = 3e > 3a = 3f = 3h = 3i > 3d = 3l > 

3j (Table 3.1). 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. 
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Table 3.1 Summary of results for gas phase acidity bracketing of achiral pyrrolidine-

based triazoliums 

 
a Reference28 ; bDBN = 1,5-Diazabicyclo[4.3.0]non-5-ene; DBU = 1,8-

diazabicyclo[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-Butylimino-

tris(dimethylamino)phosphorane; tOctP1(dma) = tert-Octylimino-

tris(dimethylamino)phosphorane; BEMP = 2-tert-Butylimino-2-diethylamino-1,3-

dimethylperhydro-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. 

 The aqueous pKa values for some of these achiral triazoliums have been determined.7 

In Table 3.2, we list our calculated and experimental gas phase acidity values as well as 

Reference basea,b PA  

(kcal/mol)c  Proton transfer to reference based 

3c 3b 3e 3f 3i 3h 3a 3l 3d 3j 

N,N,N',N'-
tetramethylethylenediamine 242.1 –          

1-(cyclopent-1-en-1yl)pyrrolidine 243.6 – – –  –      
N,N,N',N'-tetramethyl-1,3-

propanediamine 247.4 + – –  – – –    

DBN 248.2 + + + – – – –    

DBU 250.5 + + + – – – – – –  

MTBD 254.0    + + + + – – – 

HP1(dma) 257.4    + + + + + + – 

tBuP1(dma) 260.6        + + + 

tOctP1(dma) 262.0          + 
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known pKa values. The data in Table 3.2 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 (4-

CN). 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 (1,3,5-

trimethyl (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 3.2 Calculated (B3LYP/6-31+G(d); 298 K) and experimental data for achiral 

triazolium cations.a 

 
a ∆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 

Substrate Calculated ∆Hacid Experimental ∆Hacid 
b pKa

c 

    

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 17.5 

3l 255.5 256  

3d 257.1 256 17.8 

3j 258.6 259 17.7 

3k 267.5   
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cyano group may have less of an influence, causing 3e to be slightly less acidic than 3b. 

 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 3.2, 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 pKa 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 

3.3.2 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 3.6 and Figure 3.7. The overall trend from most 

to least acidic, in the gas phase, is: 4f > 4d > 4j = 4c > 4g > 4i = 4h ≥ 4l > 4k = 4a > 4m > 
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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-

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 3.8). 
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Figure 3.6 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 3.7 Calculated acidities for a series of aminoindanol-based chiral triazolium 

cations (kcal/mol), arranged in the order of acidity 

 

Figure 3.8 Calculated (B3LYP/6-31+G(d)) geometries of the 4a and 4m chiral triazolium 

cations. 
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renders the triazolium to be the most acidic of their respective groups (3c and 4f). 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 HP1(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 4e, 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-en-1yl)pyrrolidine (PA = 

243.6 kcal/mol) cannot deprotonate 4f but N,N,N',N'-tetramethyl-1,3-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 3.3 Summary of results for acidity bracketing of chiral aminoindanol-based 

triazolium 4a-4m 

 

aReference28; b TMEDA = N,N,N',N'-tetramethylethylenediamine;  1-CP = 1-(cyclopent-

1-en-1yl)pyrrolidine ; TMPDA = N,N,N',N'-tetramethyl-1,3-propanediamine; DBN = 1,5-

Diazabicyclo[4.3.0]non-5-ene; DBU = 1,8-diazabicyclo[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-Butylimino-

tris(dimethylamino)phosphorane; tOctP1(dma) = tert-Octylimino-

tris(dimethylamino)phosphorane; BEMP = 2-tert-Butylimino-2-diethylamino-1,3-

dimethylperhydro-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. 

Reference 
basea,b 

PA  

(kcal/mol)c 
Proton transfer to reference based 

4f 4d 4j 4c 4g 4i 4h 4l 4k 4a 4m 4b 4e 

TMEDA 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          +   + 
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 The computed and experimental gas phase acidity values for the chiral triazoliums are 

compiled in Table 3.4; 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. 
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Table 3.4 Calculated (B3LYP/6-31+G(d); 298 K) and experimental data for chiral 

triazolium cations.a 

 

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

3.3.3 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 3.9.31-33  

Substrate Calculated ∆Hacid Experimental ∆Hacid 
b 

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 
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Figure 3.9 NHC-catalyzed homoenolate addition of enals to nitroalkenes, with proposed 

catalytic mechanism 

 This reaction has two potential products, anti and syn (one enantiomer of each is shown 

in Figure 3.9, 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 3.10 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, 
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and conversely, decreasing acidity correlates to increasing anti selectivity.34  

 

Figure 3.10 Natural log plot of the anti/syn ratio for the reaction in Figure 3.9 (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 

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 3.11 and 3.12); these 

plots show the same trend (more acidic, more syn selectivity), but with slightly better 
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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. 

 

Figure 3.11 Natural log plot of the anti/syn ratio for the reaction in Figure 3.9 (R=Et) 

versus calculated gas phase acidity of the precatalyst, for catalysts with diortho aryl 

substitution 
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Figure 3.12 Natural log plot of the anti/syn ratio for the reaction in Figure 3.9 (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 3.13), 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 

precatalysts 6 and 7 only allow approach from one face, the observed stereochemistry can 

be explained by E versus Z Breslow enol geometry (Figure 3.14). 
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Figure 3.13 Various NHC enantioselective precatalysts 

 

Figure 3.14 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 transition states for the formation of the E and Z enols via deprotonation by 

acetate (Figure 3.15). 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), 
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transition state to form the Z enol (TSb) is lower than that to form the E enol (TSa) by 3.3 

kcal/mol (Figure 3.16A). 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 16B). This reversal, as 

compared to 3c, is consistent with the anti selectivity we experimentally observe for 

catalyst 3d. 

 

Figure 3.15 Deprotonation to form either E or Z enol 
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Figure 3.16 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 3.17). This interaction would be more favorable for an 

N N
N

Ar

O

Ph

HC O
O

H3C

CH3
O
O CH

Ph

O

ArN N
N

H

H

TSa

TSb

N
N
N Ar

9a
E enol

Ph

N
N
N Ar

9b
Z enol

syn productanti product

(0.0)

N
N
N Ar

HO

Ph

H

8a

N
N
N Ar

OH

Ph

H

8b (2.1)

(14.9)

(18.2)

(3.0)

(1.2)

3c Ar =

CF3

CF3

N N
N

Ar

O

Ph

HC O
O

H3C
CH3

O
O CH

Ph

O

ArN N
N

H
H

TSa

TSb

N
N
N Ar

9a
E enol

Ph

N
N
N Ar

9b
Z enol

syn productanti product

(0.0)

N
N
N Ar

HO

Ph

H

8a

N
N
N Ar

OH

Ph

H

8b

(6.0)

(15.4)

(1.5)

(16.9)

(6.5)

3d Ar = OCH3

OH

Ph

HO

HO OH

Ph



 

	

71 

electron 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. 

 

Figure 3.17 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 
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acidities. 

3.3.4 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 3.18).38  

 

Figure 3.18 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 3.19).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 3.19 Natural log plot of the major/minor enantiomer ratio for the reaction in 

Figure 3.18 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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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 3.19, 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 pKa 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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3.4 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 pKa 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 4. Charge-Tagged Thiazolylidene Catalysts 

4.1 Introduction 

 Polarity inversion of a functional group is called Umpolung.1 It is a particularly 

intriguing class of organic reactions. A classic example of Umpolung is the benzoin 

condensation, a coupling reaction between two aromatic aldehydes to form α-

hydroxyketones. The benzoin condensation can be catalyzed by a cyanide anion or an N-

heterocyclic carbene (NHC).2-6 In 1903, Lapworth proposed the reaction mechanism of a 

cyanide-catalyzed benzoin condensation.6 Half a century later, the mechanism of NHC-

catalyzed benzoin condensation was proposed by Breslow, who postulated that the 

deprotonated thiazolium - thiazolylidene, is the catalytic species (Figure 4.1).7  
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Figure 4.1 Catalytic cycle of the benzoin condensation as proposed by Breslow 

The enaminol-like structure generated from the addition of the thiazolylidene to a 

benzaldehyde, followed by a proton transfer is called the Breslow intermediate, which 

displays Umpolung reactivity (the aldehyde carbon center becomes nucleophilic rather 

electrophilic, adding to a second aldehyde). Similarly, the Stetter reaction involves an 

addition of Breslow intermediate to an α,β-unsaturated ketone, rather than benzaldehyde.8 

The Breslow mechanism is commonly accepted for the NHC-catalyzed benzoin 

condensation. Much evidence has been found in support of this mechanism. In 2012, 

Berkessel and coworkers successfully isolated and spectroscopically characterized 

Breslow intermediates formed by imidazolinylidenes and aromatic aldehydes.9 However, 

other mechanisms suggested by Lemal and Castells et al. also exist. In their alternative 
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mechanisms, the NHC dimer can act as a nucleophilic catalyst in its own right.10,11 For 

Stetter reactions catalyzed by NHCs, the mechanisms are assumed to be similar to the 

benzoin condensations, via the Breslow intermediate; however, reports of detailed 

mechanistic studies are limited. 

Understanding the mechanism of organocatalytic reactions is significant for the 

development of synthetic methods and transformations. Because the NHC-catalyzed 

Umpolung reactions have great synthetic utility, we aim to use electrospray ionization mass 

spectrometry (ESI-MS) to investigate the mechanisms of such reactions in a solvent-free 

environment. Reactions in the gas phase can display intrinsic reactivity without the 

influence of solvent effects. ESI is a well-established method for transferring ions from 

solution sample directly to analytes in gas phase with little fragmentation. In recent years, 

ESI-MS opens the door to tracking the progress of organic reactions.12,13 

Using ESI-MS to study the reaction mechanisms requires relevant species to be 

charged. We designed and synthesized two thiazolylidene catalysts with sulfonate charge 

tags (10c and 10d, Figure 4.2).14 The synthesized compounds were detected by ESI-MS 

under negative ion mode and were used to explore the potential of investigating gas-phase 

NHC-catalyzed reactions in the absence of solvent.15,16 
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Figure 4.2 Designed and synthesized charge-tagged thiazolylidene catalysts 10c and 10d 

 

4.2 Experimental 

4.2.1 Synthesis of Charge-handled Thiazolylidene Catalyst Precursors 

 As Figure 4.3 shows, a mixture of 4-methyl-5-thiazoleethanol (1 mmol, 143mg) and 

triethylamine (5 mmol, 0.5g) was dissolved in acetonitrile (5 mL) at 0 °C in a round-

bottomed flask under protection of N2. Methanesulfonyl chloride (1.2 mmol, 137 mg) was 

added dropwise while keeping the reaction stirring at 0 °C. After 0.5 hour, the flask was 

cooled to room temperature, and the reaction was run to completion (2 hours). Column 

chromatography with silica gel as the stationary phase and ethyl acetate as the mobile phase, 

was used to purify the crude product 10e (4-methyl-5-(2-(methylsulfonyl)ethyl)thiazole). 

A light yellow oily liquid was obtained after rotary evaporation. 
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Figure 4.3 Synthesis of charge-handled thiazolylidene catalyst precursors: Step 1 

 

The product 10e from Step 1 (1 mmol, 200 mg) was dissolved in water (5mL). Then 

sodium sulfite (10 mmol, 1.26g) was added into the reaction system (Figure 4.4). After 

refluxing under 140°C for 4 hours, the reaction was neutralized using dilute hydrochloric 

acid solution (~1 mol/L) to pH = 7.0. After rotary evaporation of reaction solvent (water) 

and purification of column chromatography (1:1 ethyl acetate: methanol as the mobile 

phase and aluminum oxide as the stationary phase), 2-(4-methylthiazol-5-yl)ethane-1-

sulfonic acid (Step 2 product, 10f) was yielded as a white solid after evaporating the solvent. 

 

Figure 4.4 Synthesis of charge-handled thiazolylidene catalyst precursors: Step 2 
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The zwitterion precatalysts 10a and 10b were produced by Step 3. Dimethylformamide 

was used as solvent for both preparation reactions (Figure 4.5).  

For the synthesis of the methyl-substituted precatalyst 10a, methyl iodide (4 mmol, 

700 mg) was added dropwise into a round-bottomed flask, which contains a solution of 

dimethylformamide (5 mL) and 2-(4-methylthiazol-5-yl)ethane-1-sulfonic acid (10f, 1 

mmol). The reaction mixture was stirred for 12 hours at 70 °C in an open system, and then 

quenched with 5 mL of methanol. For the synthesis of the ethyl-substituted precatalyst 10b, 

ethyl iodide (5 mmol, 760 mg) was used to reacted with 2-(4-methylthiazol-5-yl)ethane-1-

sulfonic acid (10f, 1 mmol) under the same condition. 

After column chromatography purification (1:1 dichloromethane: methanol as the 

mobile phase and aluminum oxide as the stationary phase), the zwitterion precatalysts 10a 

and 10b were collected as light yellow solids after evaporating the solvent. Final crude 

products were further purified by HPLC, using an HILIC column (Atlantis HILIC Silica, 

I.D. 4.6 mm, length 100 mm, particle size 3 microns) and acetonitrile as the mobile phase. 
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Figure 4.5 Synthesis of charge-candled thiazolylidene catalyst precursors: Step 3 

 Proton nuclear magnetic resonance spectra (1H-NMR) were recorded on a Varian 

VNMRS-300 MHz instrument and were reported in ppm using solvents as internal 

standards (CDCl3 at 7.26 ppm, (CD3)2SO at 2.50 ppm, CD3OD at 3.31 ppm). Data were 

reported as app = apparent, s = singlet, d = doublet, t = triplet, dd = doublet of doublets, 

ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, m 

= multiplet, comp = complex; integration; coupling constant(s) in Hz. 

Structures of product 10a and 10b were also confirmed using a Finnigan LCQ DUO 

mass spectrometer. A 0.1 mM solution of the synthesized thiazolium in methanol with 0.1% 

ammonium hydroxide was injected using ESI. An electrospray needle voltage of 2.7 kV 

and a flow rate of 20 uL/min were used, with a capillary temperature of 190 °C. The ions 

were detected in negative ion mode. The charged species were isolated by MS/MS and 

analyzed by collision-induced dissociation (CID) experiments. Spectra were an average of 
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ten scans. 

4.3 Results and Discussion 

 The synthesis of the pre-catalysts, the zwitterions 10a and 10b, is described in 4.2.1. 

1H NMR was used to confirm the structures of product in each step (Figure 4.6 - 4.9). 

 i. Step 1 Product 10e: 4-Methyl-5-(2-(methylsulfonyl)ethyl)thiazole 

1H NMR (300 MHz, Chloroform-d) δ 8.65 (s, 1H), 4.39 (t, J = 6.6 Hz, 2H), 3.25 (t, J 

= 6.6 Hz, 2H), 2.98 (s, 3H), 2.45 (s, 3H). 

 

Figure 4.6 1H NMR spectrum of Step 1 product 10e 
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 ii. Step 2 Product 10f: 2-(4-Methylthiazol-5-yl)ethane-1-sulfonic Acid 

1H NMR (300 MHz, DMSO-d6) δ 8.78 (s, 1H), 3.11 – 2.92 (m, 2H), 2.74 – 2.56 (m, 

2H), 2.29 (s, 3H). 

 

Figure 4.7 1H NMR spectrum of Step 2 product 10f 
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iii. Methyl-substituted Step 3 Product 10a: 2-(3,4-dimethylthiazol-3-ium-5-

yl)ethane-1-sulfonate 

1H NMR (300 MHz, Methanol-d4) δ 4.18 (s, 3H), 3.44 – 3.37 (m, 2H), 3.21 – 3.09 (m, 

2H), 2.56 (s, 3H). 

 

Figure 4.8 1H NMR spectrum of Step 3 methyl-substituted product 10a 
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iii. Ethyl-substituted Step 3 Product 10b: 2-(3-ethyl-4-methylthiazol-3-ium-5-

yl)ethane-1-sulfonate 

1H NMR (300 MHz, Methanol-d4) δ 4.54 (qd, J = 7.3, 0.8 Hz, 2H), 3.42 (m, J = 7.1 

Hz, 2H), 3.16 (m, J = 7.1, 0.8 Hz, 2H), 2.59 (s, 3H), 1.62 (td, J = 7.3, 0.8 Hz, 3H). 

 

Figure 4.9 1H NMR spectrum of Step 3 ethyl-substituted product 10b 
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by the mass spectrometer under negative ion mode. The m/z signals corresponding to the 

catalysts (10c, m/z 220; 10d, m/z 234) were observed and isolated in the spectra (Figure 

4.10). 

 

Figure 4.10 MS/MS spectra of 10c (top) and 10d (bottom) 

 Since other possible structures, such as a doubly charged NHC dimer (10c’/10d’), may 

have the same mass-to-charge ratio (Figure 4.11), we applied collision-induced 

dissociation (CID) to support our structural assignment. 
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Figure 4.11 Charged-tagged NHC catalysts (10c and 10d) and doubly charged NHC 

dimers (10c’ and 10d’) 

 

Figure 4.12 Fragmentation of 10c in positive ion mode 

When ion with m/z 220 (10c) was isolated and applied with CID energy, only a 

fragment ion of m/z of 81 was observed, corresponding to HSO3
-. If a dimer with m/z 220 

were actually formed, a m/z 359 peak should be detected after the loss of HSO3
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higher collision energies were applied, the m/z 220 peak decreased and eventually 

disappeared. A doubly charged NHC dimer (10c’), m/z 220, would be expected to 

dissociate to a daughter ion of m/z 220 (the same mass-to-charge ratio). 

Similar CID patterns were observed for 10d. 

4.4 Conclusions 

 Two novel negatively charge-handled thiazolylidene N-heterocyclic carbene (NHC) 

catalysts have been designed and successfully synthesized. These catalysts were used to 

study mechanisms of NHC-catalyzed Umpolung reactions, including the benzoin 

condensation and Stetter reaction via mass spectrometry.15,16 The sulfonate tag allows 

intermediates to be tracked during NHC-catalyzed reaction processes. 
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Chapter 5. Charge-Tagged Triazolylidene Catalysts 

5.1 Introduction 

 The N-heterocyclic carbenes (NHCs) are powerful tools in organic chemistry. Because 

of their distinct electronic and steric properties, NHCs play an important role in transition-

metal catalysis as strong two-electron σ-donor ligands. Most NHC ligands on transition-

metal-catalysts are imidazolylidenes. For example, the second-generation Grubbs catalyst 

for olefin metathesis uses the imidazolylidene NHC 1,3-bis(2,4,6-trimethylphenyl)-4,5-

dihydroimidazol-2-ylidene as a ligand, replacing the first-generation phosphine ligand 

(Figure 5.1).1  

 

Figure 5.1 Second–generation Grubbs catalyst 

 As organocatalysts, NHCs are best known for their ability to effect Umpolung catalysis. 

Since Ukai and coworkers discovered the ability of thiazolium salts to catalyze the benzoin 

condensation in 1943, a wide variety of chiral and achiral thiazolylidene catalysts, 

generated in situ from thiazolium salts, have been developed to catalyze Umpolung 

reactions. 2,3 

 In recent years, NHC catalysts with another framework, the triazolylidene carbenes, 

have been dominating stable carbene-catalyzed reactions. In 1996, Enders and coworkers 
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reported the first triazolylidene-catalyzed asymmetric Stetter reaction (Figure 5.2).4,5  

 

Figure 5.2 Triazolium precatalysts used by Enders 

 This opened up a new class of catalytic NHC compounds. Since then, much work has 

been focused on the development of chiral triazolylidene catalysts (Figure 5.3). Two years 

later, the efforts of Knight and Leeper at designing a chiral bicyclic triazolylidene 

framework greatly improved the stereoselectivity of triazolylidene catalysts (Figure 5.4).6 
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Figure 5.3 Selected triazolium precatalysts7 Reprinted (adapted) with permission from 

(Chemical Reviews 2015, 115 (17), 9307-9387; DOI: 10.1021/acs.chemrev.5b00060). 

Copyright (2017) American Chemical Society. 
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Figure 5.4 Chiral bicyclic triazolium frameworks 

 Nowadays, carbene-catalyzed chiral and achiral reactions are ubiquitous. Many 

reaction mechanisms remain unclear though, such as that for the Stetter reaction.8 As 

described in Chapter 4, our group is currently using two charge-tagged thiazolylidene 

catalysts (10c and 10d) to study Umpolung reaction mechanisms in the gas phase. Our 

research interest covers both the benzoin condensation and Stetter reaction.9,10 We 

electrosprayed these charge-tagged catalysts (10c and 10d) into the mass spectrometer, and 

then introduced benzaldehyde to ascertain whether the NHC catalysts would add to the 

aldehyde in vacuo to produce a Breslow intermediate. However, no ion signals 

corresponding to the addition product was found.9 Our hypothesis, supported by 

calculations, is that the formation of the Breslow intermediate in the gas phase requires an 

intramolecular 1,2-proton transfer. A direct intramolecular 1,2-proton transfer requires a 

too-high barrier that cannot be overcome in the gas phase. In the solution phase, this proton 

transfer can be assisted by solvent molecules in a bimolecular reaction. We were able to 

obtain a sila-Breslow intermediate using an acylsilane in place of the aldehyde reactant as 

the 1,2-transfer of a silyl group is allowed via the Brook rearrangement.11 The signal peak 
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of the sila-Breslow intermediate was successfully observed, which supported our 

hypothesis that the direct 1,2-silyl transfer is more favorable than 1,2-proton transfer in the 

solvent-free environment. However, the unfavorable intramolecular proton-transfer 

problem remains unsolved. We sought to develop new strategies to tackle this problem. 

 Collaborating with the Rovis group, we designed two novel charge-tagged 

triazolylidene catalysts (11a-anion and 11b-anion), as shown in Figure 5.5. 

 

Figure 5.5 Two novel charge-tagged triazolylidene catalysts 

 Herein, the charge-tagged carboxylate groups would not only be able to make relevant 

species observable via mass spectrometry, but they can also serve as proton shuttles to 

effect the 1,2-proton transfer and formation of Breslow intermediate, as shown in Figure 

5.6. In addition, these new charged triazolylidene catalysts will enable us to compare the 

intrinsic catalytic reactivities between thiazolylidenes (as described in Chapter 4) and 

triazolylidenes. 

 

Figure 5.6 Charged tag-mediated formation of Breslow intermediate in the gas phase 
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Figure 5.7 Related species of charge-tagged triazolylidene catalysts 
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Since the two charge-tagged triazolylidene catalysts are newly developed, fundamental 

properties of the negatively charged catalysts (11a-anion and 11b-anion) as well as their 

related species (Figure 5.7) are of significance in understanding their catalytic reactivities 

in gas-phase Umpolung reactions. We named the neutral species as 11a, for the 2,4,6-

trichlorophenyl-substituted neutral species, and 11b, for the perfluorophenyl-substituted 

neutral species. There exist three possible uncharged structures for 11a(b). They are the 

11a(b)-zwitterion, the 11a(b)-neutral, and the 11a(b)-ring, as shown in Figure 5.7.B. 

Correspondingly, there are multiple possible structures for protonated and deprotonated 

11a(b). The isomer structures and their relative stabilities will be discussed in section 5.3.1. 

In Figure 5.7, only selected structures of protonated and deprotonated 11a(b) are listed; 

they are the 11a(b)-cation (Figure 5.7.A) and 11a(b)-anion (Figure 5.7.C). 

Because our gas-phase experimental studies utilize mass spectrometry, and the mass-

to-charge ratio does not contain structural information to distinguish isomers, we need to 

first establish the structures of the charged species in the gas phase. We used calculations 

to assess the relative stabilities of the different isomers for neutral 11a(b), protonated 

11a(b), and deprotonated 11a(b). Acidities of various protonated 11a(b) cations and proton 

affinities of deprotonated 11a(b) anions were also calculated. We measured the gas-phase 

acidities of protonated 11a and 11b experimentally and confirmed that the 11a-cation and 

11b-cation were generated in the gas phase via electrospray ionization (ESI). They were 

also calculated to be the most stable structures for protonated 11a and 11b cations. The 
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comparison between calculated and experimental acidities, and the conformation of the 

gas-phase protonated 11a(b) structure will be discussed in section 5.3.5. The experimental 

acidities of the 11a-cation and 11b-cation correspond to the proton affinities of the carbene 

centers (C-2) of 11a-neutral and 11b-neutral. 

We also propose using these two charge-tagged triazolylidene carbene catalysts in 

solution-phase catalysis. Our hypothesis was that the presence of the carboxylate group 

would be able to accelerate the reaction rate of the Stetter reaction in solution. Significant 

evidence was found by the Rovis group that the rate determining step (RDS) of an 

intramolecular Stetter reaction was the first proton transfer to the form the Breslow 

intermediate.12 The carboxylate group of 11a(b)-anion catalyst has the potential to play the 

role of a monoanionic species, which would assist in the rapid formation of the Breslow 

intermediate via a intramolecular proton-shuttling mechanism, bypassing the symmetry-

forbidden direct 1,2-hydrogen shift. This is a similar idea as what is described in Figure 

5.6 for gas-phase reactions. 

For charged NHC-catalyzed reactions in the solution phase, knowing the structure of 

the precatalysts is also important for designing the optimal reaction conditions. This is 

because a base is needed to deprotonate the precatalyst and to generate the negatively-

charged NHC catalyst in situ for the catalytic process. One cannot know the correct loading 

of the base without knowing the exact structure of the precatalyst. As shown in Figure 

5.7.B, the neutral precatalyst of 11a(b)-anion can have different structures in the solution 
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phase. The precatalyst can be a neutral species with either a lactone structure of 11a(b)-

ring, a free carbene structure of 11a(b)-neutral, or a zwitterion structure of 11a(b)-

zwitterion. It can also be a salt, with the 11a(b)-cation structure (a triazolium cation with 

a –COOH group) and a BF4
- as the counterion. In order to produce the negatively-charged 

NHC catalyst, one equivalent of base is needed to deprotonate the neutral precatalyst 

structures, and two equivalents of the base are needed to deprotonate the salt. Solution 

phase characterizations of 11a(b) precatalyst in the condensed phase did not provide a solid 

conclusion of the exact structure. We further used calculations to explore the relative 

stabilities of neutral 11a(b) species in the solution phase, in order to better understand the 

condensed phase experimental findings for precatalyst structure. 

 

5.2 Experimental 

5.2.1 LCQ Bracketing Method 

 Charge-tagged triazolylidene precatalysts were synthesized by the Rovis group. Other 

reagents were used as purchased. 

 Gas-phase acidities of protonated 11a(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 chose a series of neutral reference bases with known proton affinities, guided 

by calculations. The neutral reference bases were leaked into the ion trap with helium 

buffer gas flow. The precatalysts of the charge-tagged NHCs were dissolved in methanol 
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solution with a concentration of 0.1 mM, before they were injected in ESI. A ESI solution 

flow rate of 20 uL/min was used. The capillary temperature was 190 °C, the spray voltage 

was 4.5 kV, and the positive ion mode was used to analyze the ions. The protonated 11a(b) 

cation was isolated via MS/MS and was allowed to react with neutral reference bases for 

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 ion-

molecule collisional rate constant obtained from trajectory theory.13-15 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 

first-order 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, a proton transfer from a 

weak base to a neutral reference base (assumed to be 100% efficient), to “back out” the 

reference base pressure. 

5.2.2 Cooks Kinetic Method 

 The Cooks kinetic method was also used to study the gas-phase acidity of protonated 

11a. 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 
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the protonated analyte cation or the protonated reference base ion was formed (Eq. 5.1, 

where “A-H+” is the protonated 11a cation in this case, and “Bi” stands for a series of 

reference bases). The ratio of these two products yielded the relative proton affinities of 

the two compounds. 

       ÅÅÅ +¾®¾××××××¾¾¬+ HBABHABAH i
k

i
k

i
21 ][           Eq. 5.1 

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 electrosprayed into the 

mass spectrometer via ESI with a flow rate of 20 uL/min and a capillary temperature of 

190 °C. The spray voltage was 4.5 kV. We saw the protonated 11a cation (11a-H+), the 

protonated reference base, and the proton-bound dimer simultaneously in the mass 

spectrum. The proton-bound complex ion was isolated under MS-MS and subject to 

collision-induced energy with an activation time of 30 ms. A total of 40 scans were 

averaged for resultant spectra. 

Data was analyzed using the Cooks “extended” kinetic method.16-20 This method 

requires acquiring ion abundance ratios at different collision energies. Different collision 

energies have different Teff (in Kelvin), which is the effective temperature of dissociating 

proton-bound complexes. This method allows for deconvolution of the enthalpic and 

entropic contributions. The analysis processes are summarized in Equations 5.2 - 5.4. 
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∆(∆S) is the difference in the ∆S associated with the two dissociation pathways in 

equation 5.1. 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. 5.3). Plotting equation 5.4 at different Teff yields the 

proton affinity of the unknown (PA(A)) and ∆(∆S) for the Cooks experiments. 

5.2.3 Calculation 

 Gas-phase calculations were conducted at B3LYP/6-31+G(d) using Gaussian09. 

Solvation studies were conducted using both the Polarizable Continuum Model (PCM) and 

the SMD solvation model, where molecules are optimized at B3LYP/6-31+G(d).21,22 A 

dielectric constant of 20.493 for acetone is used to simulate a condensed phase environment. 

The geometries were fully optimized and frequencies were calculated. All the values were 

reported as ΔH at 298K. No scaling factor was applied. 

 

5.3 Results and Discussion 

5.3.1 Computational Results in the Gas Phase 

It was found that density functional theory (DFT) methods generally yielded accurate 
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values for gas-phase thermochemical properties of triazolium-based compounds (Chapter 

3). We utilized DFT method at B3LYP/6-31+G(d) to study the relative stabilities (enthalpy) 

and isomerism of the 11a- and 11b-related species. Acidities of protonated 11a(b) species 

and proton affinities of deprotonated 11a(b) species were also calculated. 

 5.3.1.1 Relative Stabilities of Neutral 11a(b) in the Gas Phase 

Neutral 11a has three isomer structures (Figure 5.8). 11a-ring was calculated to be the 

most stable isomer, which is 1.1 kcal/mol more favorable than 11a-neutral, in terms of 

enthalpy. A third form, an internal zwitterion, 11a-zwitterion, was calculated to be 27.7 

kcal/mol less stable than 11a-ring. 

 

Figure 5.8 Relative stability of isomers of neutral 11a (kcal/mol). Calculations were 

conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

For neutral 11b isomers, similar to what was found for neutral 11a, 11b-ring was 

calculated as the most stable structure in the gas phase. It is 2.6 kcal/mol more stable than 

11b-neutral, and 33.1 kcal/mol more stable than 11b-zwitterion (Figure 5.9). 
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Figure 5.9 Relative stability of isomers of neutral 11b (kcal/mol). Calculations were 

conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

 5.3.1.2 Relative Stabilities of Deprotonated 11a(b) in the Gas Phase 

Deprotonated 11a-zwitterion and 11a-neutral shared the same structure: 11a-anion. 

On the other hand, the deprotonated 11a-ring was very unstable and no optimized structure 

could be found by Gaussian calculation (Figure 5.10). The seven-member lactone ring 

structure opened during the geometry optimization. 

 

Figure 5.10 Relative stability of isomers of deprotonated 11a (kcal/mol). Calculations 

were conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

11b-anion was also calculated as the only stable deprotonated 11b structure. The 

deprotonated 11b-ring as shown in Figure 5.11 was very unstable. 
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Figure 5.11 Relative stability of isomers of deprotonated 11b (kcal/mol). Calculations 

were conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

 5.3.1.3 Relative Stabilities of Protonated 11a(b) in the Gas Phase 

Protonated 11a has five stable conformational isomers (Figure 5.12). 

 

Figure 5.12 Relative stability of isomers of protonated 11a (kcal/mol). Calculations were 

conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

Protonated 11a-zwitterion and protonated 11a-neutral have the same positively-

charged cationic structure: 11a-cation. Protonation on different sites of 11a-ring provided 

four isomers with various stabilities, with protonated-11a-ring-4 being the most stable 

one. Relative stabilities in the gas phase are summarized in Figure 5.12. 11a-cation is the 

most stable structure among all of the isomers. The protonated-11a-ring-cation-4 was 

calculated to be 28.6 kcal/mol less stable than 11a-cation. 

Similarly, for protonated 11b, all five of the possible isomer structures are shown in 

11b-anion

N
N N

O

O O

F

F
F

deprotonated 11b-ring
0.0relative stability

N
N N

O

O F

F
F

OF

F

F

F

too unstable
(resulting in 11b-anion structure)

11a-cation

N
N N

O

O OH

Cl

Cl
Cl

0.0relative stability

H

N
N N

O

O Cl

Cl
Cl

protonated-11a-ring-1

H

O

64.2

H

N
N N

O

O Cl

Cl
Cl

protonated-11a-ring-2

H

O

47.6

H

N
N N

O

O Cl

Cl
Cl

protonated-11a-ring-3

H

O

33.8

N
N N

O

O Cl

Cl
Cl

protonated-11a-ring-4

H

O

28.6

H
H



 

	

109 

Figure 5.13. 11b-cation is the most stable structure among all the isomers. The 

protonated-11b-ring-4 is 26.4 kcal/mol less stable than 11b-cation but is relatively the 

most stable of the protonated-11b-ring-structured tautomers. 

 

Figure 5.13 Relative stability of isomers of protonated 11b (kcal/mol). Calculations were 

conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

 5.3.1.4 Gas-phase Acidity of Protonated 11a(b) 

Calculated gas-phase acidities (∆Hacid) for different isomers of protonated 11a and 

protonated 11b are listed in Figure 5.14. 

 

Figure 5.14 Calculated acidities for protonated 11a(b) cations (kcal/mol). Calculations 

were conducted at B3LYP/6-31+G(d); reported values are ∆H at 298 K 
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11b, they have the highest ∆Hacid values (lowest gas-phase acidities) among their isomers. 

The protonated carbenes are the most acidic sites for both 11a-cation and 11b-cation. The 

carboxylic acid sites are less acidic by around 25 kcal/mol. 

We also measured the acidities of protonated 11a and 11b experimentally and 

confirmed the structures of 11a-cation and 11b-cation in the gas phase. The experimental 

results are described in the next section (5.3.2). It is worth noting that the calculated gas-

phase acidities of 11a-cation and 11b-cation correspond to the calculated proton affinities 

of the carbene centers (C-2) of 11a-neutral and 11b-neutral. 

 5.3.1.5 Proton Affinity of Deprotonated 11a(b) 

11a(b)-anion is the only stable structure of deprotonated 11a(b) in the gas phase. The 

proton affinity (PA) of both the carbene site and the carboxylate group of 11a(b)-anion 

were calculated, and PA values are listed in Figure 5.15. For both anions, the negatively-

charged carboxylate groups were around 30 kcal/mol more basic than the carbene centers. 

 

Figure 5.15 Calculated proton affinities of two different sites for 11a-anion and 11b-

anion (kcal/mol). Calculations were conducted at B3LYP/6-31+G(d); reported values are 

∆H at 298 K 
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5.3.2 Experimental Results in the Gas Phase 

5.3.2.1 Bracketing Results 

The experimental bracketing results for the acidities of protonated 11a and 11b are 

listed in Table 5.1. The proton transfer reactions between the protonated 11a(b) and various 

reference bases with known proton affinities were studied in the gas phase. Electrospray 

ionization of the 11a(b) precatalyst successfully yielded the positively-charged protonated 

11a(b) cation in the mass spectra as the major signal peak.  

Eight reference bases were used. They were trimethylamine (PA = 234.7 kcal/mol), 

tributylamine (PA = 238.6 kcal/mol), 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), DBN (PA = 248.2 kcal/mol), DBU 

(PA = 250.5 kcal/mol), and MTBD (PA = 254.0 kcal/mol). The presence of proton transfer 

from protonated 11a(b) to a reference base indicates that PA of the given base is higher 

than that of the conjugate base of protonated 11a(b) cation. In contrast, absence of proton 

transfer implies a higher PA of the conjugate base of protonated 11a(b) cation than the PA 

of the reference base. 

Table 5.1 Summary of results for acidity bracketing of protonated 11a and 11b 

Reference basea PA 

(kcal/mol)b 

Proton transfer to reference basec 

protonated 11a protonated 11b 
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TEA 234.7 – – 

TBA 238.6 – – 

TMEDA 242.1 – – 

1-CP 243.6 – – 

TMPDA 247.4 – Dimer 

DBN 248.2 Dimer + 

DBU 250.5 Dimer + 

MTBD 254.0 Dimer + 

aTEA = trimethylamine;TBA = tributylamine; TMEDA = N,N,N',N'-

tetramethylethylenediamine; 1-CP = 1-(cyclopent-1-en-1-yl)pyrrolidine ; TMPDA = 

N,N,N',N'-tetramethyl-1,3-propanediamine; DBN = 1,5-Diazabicyclo[4.3.0]non-5-ene; 

DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene; MTBD = 7-Methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene; bReference base PAs typically have an error of ±2 kcal/mol. 

cThe “+” symbol indicates the occurrence and the “–” symbol indicates the absence of 

proton transfer. 

Protonated 11b showed no proton transfer with 1-(cyclopent-1-en-1-yl)pyrrolidine (PA 

= 243.6 kcal/mol) but reacted with DBN (PA = 248.2 kcal/mol). When reacting with 

N,N,N',N'-tetramethyl-1,3-propanediamine (PA = 247.4 kcal/mol), a proton-bound 

complex of protonated 11b and the reference base was observed (noted as “dimer” in Table 

5.1), which made it difficult to tell whether a proton transfer had occurred. Therefore, the 
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experimental acidity of protonated 11b was bracketed between DBN and 1-(cyclopent-1-

en-1yl)pyrrolidine, as 246 ± 4 kcal/mol. For the bracketing experiments of protonated 11a, 

hydrogen-bonded dimers predominantly formed between protonated 11a and reference 

bases of DBN, DBU, and MTBD, which made it difficult to find specific cut-off points and 

draw a solid conclusion about the gas-phase acidity of protonated 11a. Therefore, Cooks 

“extended” kinetic method was further used to measure the acidity of protonated 11a cation 

(section 5.3.2.2). 

5.3.2.2 Cooks Method Results 

For our acidity studies of protonated 11a using Cooks kinetic experiments, we utilized 

four reference bases and measured the product ion distributions three separate times to 

ensure reproducibility. The reference bases were DBN (PA = 248.2 kcal/mol), DBU (PA = 

250.5 kcal/mol), MTBD (PA = 254.0 kcal/mol), and Imino-

tris(dimethylamino)phosphorane (PA = 257.4 kcal/mol). Based on data analysis using 

Cooks “extended” kinetic method,15-19 the acidity of protonated 11a was determined as 254 

± 3 kcal/mol, and the difference in entropy of the two competitive fragmentation channels, 

∆(∆S), was found to be 2.3 cal/mol K. It has been noted that the ∆(∆S) value is related to 

the accuracy of the acidity measurement by the Cooks “extended” method. Ideally, the 

actual ∆(∆S) value should be less than or equal to 5 cal/mol K; otherwise, the Cooks 

“extended” kinetic method may underestimate the measured acidity. 
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5.3.3 Computational Results in the Solution Phase 

We used density functional theory (DFT) at B3LYP/6-31+G(d) to calculate the relative 

stabilities (enthalpy) of neutral 11a(b) species in solution. Two SCRF (Self-Consistent 

Reaction Field) solvation methods, the Polarizable Continuum Model (PCM) and the SMD 

solvation model, were used with a dielectric constant of 20.493 for acetone to simulate a 

solution-phase environment.  

 Calculated relative stability results of neutral 11a(b) are listed in Figure 5.16. 

For neutral 11a, PCM and SMD models yielded slightly different trends. However, 

both models calculated the 11a-zwitterion structure to be the most stable species. The 

triazolium carboxylate zwitterion, 11a-zwitterion, was calculated by PCM model to be 3.8 

kcal/mol more stable than the lactone-structured 11a-ring, and 5.7 kcal/mol than the 

carbene carboxylic acid 11a-neutral. With SMD model, 11a-zwitterion is calculated to 

more stable by 4.5 kcal/mol over 11a-ring, and 3.9 kcal/mol over 11a-neutral.  

For the calculations of neutral 11b structures in acetone, 11b-ring and 11b-zwitterion 

were calculated by PCM to have very close stablilities: 11b-zwitterion is 0.1 kcal/mol less 

stable than 11b-ring. 11b-neutral was calculated to be less stable than 11b-ring by 3.6 

kcal/mol. Using SMD model, we obtained the most stable structure of neutral 11b as the 

triazolium carboxylate zwitterion 11b-zwitterion, which was 1.4 kcal/mol more stable than 

the lactone-structured 11b-ring and 2.7 kcal/mol more stable than the 11b-neutral 

structure with a free carbene and a carboxylic acid group. 
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Figure 5.16 Relative stabilities of isomers of neutral 11a and 11b in acetone (kcal/mol). 

Calculations were conducted at B3LYP/6-31+G(d) using PCM and SMD models; 

reported values are ∆H at 298 K 

5.3.4 Characterization of 11a(b) Precatalyst in the Solution Phase 

Proton nuclear magnetic resonance spectrum (1H-NMR) was used to study the 

structures of 11a and 11b in condensed phase. The 11b precatalyst was also characterized 

using IR, X-ray crystallography. 

Proton nuclear magnetic resonance spectrum (1H-NMR) using deuterated acetone as 

the solvent for both 11a and 11b precatalyst showed one single peak in the low field (ppm > 

10) with a chemical shift at around 10.7 ppm. This was more consistent with the 11a(b)-

zwitterion structure or the 11a(b)-neutral structure, but not the lactone, because the 

hydrogen next to the lactone is expected to have a chemical shift in a higher field (between 
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4 – 7 ppm). The precatalyst could also be protonated in solution (11a(b)-cation), with a 

counterion, as a salt. However, the protons on the carbene site and the carboxylic site of 

11a(b)-cation would yield two peaks in the low field, which were not observed. 

Both the 11a(b)-zwitterion and 11a(b)-neutral would have a single hydrogen peak in 

the low field.23 Lactone (11a(b)-ring) would have a single peak as well, but in wrong field 

area. Thus, we were not able to differentiate the 11a(b)-zwitterion and 11a(b)-neutral by 

using the 1H-NMR spectrum. 

The IR spectrum of 11b precatalyst had an antisymmetric carboxylate (–COO-) 

stretching mode of carbonyl group at 1517 cm-1, which is consistent with a zwitterionic 

structure (11b-zwitterion). A carboxylic acid carbonyl (C=O) stretching mode at 1713 cm-

1 was also observed, but there is no carboxylic acid O-H stretching mode between 3000 

cm-1 and 2500 cm-1. This is puzzling; perhaps the lack of an O-H stretching mode discounts 

11b-neutral structure and a salt-containing 11b-cation (both with a carboxylic acid group), 

but the 1713 cm-1 peak is mysterious. No obvious ester carbonyl (C=O) absorption peak 

was found between 1750 – 1735 cm-1, and as a result, the 11b precatalyst sample does not 

appear to be the lactone 11b-ring structure. 

Crystal structure analysis (X-ray diffraction) of 11b precatalyst demonstrated that, in 

the crystal structure, both the carbene carbon and carboxylate are protonated, implying a 

structure of a salt composed of 11b-cation and BF4
- anion (Figure 5.17). 
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Figure 5.17 Crystal structure of 11b precatalyst 

5.3.5 Discussion 

Computational results in the gas phase demonstrated that the 11a(b)-neutral and the 

11a(b)-ring were more favorable than the zwitterion structure, 11a(b)-zwitterion. This 

result was not surprising, since separated charges are less stabilized in vacuo without the 

benefit of solvation. 

For deprotonated 11a(b), the optimized structures of the deprotonated 11a(b)-neutral, 

the deprotonated 11a(b)-ring, and the deprotonated 11a(b)-zwitterion, all led to the same 

anion structure, the 11a(b)-anion. Therefore, we feel confident about the charge-tagged 

NHC catalyst structure in the gas phase. 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. We plan to use these anions in the future to study NHC-

catalyzed Umpolung reaction mechanisms in the gas phase. 

The carboxylate group of 11a(b)-anion was calculated to be around 30 kcal/mol more 

basic than the carbene site in the gas phase, in terms of enthalpy. It is noteworthy that this 

trend of basicities on two different sites is opposite to that in the solution phase. It is known 

that the triazolium salts have a pKa of 16 – 19 in water, and the pKa of carboxylic acid is 
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around 5.6 So the conjugate bases of triazoliums, the triazolylidene carbenes, are more 

basic than the conjugate bases of carboxylic acids, the carboxylates in aqueous solution. 

The differences between gas phase and aqueous solution are attributable to solvent effects. 

The charges of triazolium and carboxylate cannot be stabilized by solvation in vacuo. 

The protonated 11a(b) had five possible isomers, among which, 11a(b)-cation was 

calculated to be the most stable cation structure. Different protonated 11a(b) species have 

different calculated gas-phase acidities. We experimentally measured the acidities of 

protonated 11a(b) species and compared the experimental data to the calculated acidities 

of the cation isomers (Table 5.2). 
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Table 5.2 Calculated (B3LYP/6-31+G(d); 298 K) and experimental acidities for protonated 

11a and protonated 11b 

Protonated 11a(b) species Calculated acidity Experimental acidity 

11a-cation 248.0 

254 ± 3a 

protonated-11a-ring-1 182.7 

protonated-11a-ring-2 199.3 

protonated-11a-ring-3 213.2 

protonated-11a-ring-4 218.3 

11b-cation 242.0 

246 ± 4b 

protonated-11b-ring-1 178.1 

Protonated-11b-ring-2 193.7 

protonated-11b-ring-3 205.3 

Protonated-11b-ring-4 213.0 

aExperimental acidity of protonated 11a, measured by Cooks kinetic method. 

bExperimental acidity of protonated 11b, measured by bracketing method. 

The gas-phase acidity of protonated 11a was measured by Cooks kinetic method to be 

254 ± 3 kcal/mol, and the acidity value of protonated 11b was bracketed to be 246 ± 4 

kcal/mol. As shown in Table 5.2, these experimental acidity values were more consistent 

with the calculated acidities of 11a-cation and 11b-cation, and less consistent with the 
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calculated acidities of protonated-11a(b)-ring structures. This indicated that the 

protonated 11a(b), generated via ESI, has a structure of 11a(b)-cation, which was 

calculated to be the most stable structure in the gas phase among their isomers. 

Experimental acidities of 11a-cation and 11b-cation were 4 - 6 kcal/mol higher than the 

calculated values. It was also noted that the calculated and measured acidities of 11a-cation 

and 11b-cation are the carbene proton affinities of 11a-neutral and 11b-neutral (Figure 

5.18). 

 

Figure 5.18 Measured (blue) and calculated (black, in parentheses) proton affinities of 

triazolylidenes of 11a-neutral and 11b-neutral, kcal/mol. Calculations were conducted 

at B3LYP/6-31+G(d); reported values are ∆H at 298 K 

In the solution phase, the structure of 11a(b) precatalyst was studied using both 

experiments and calculations. IR spectra implies a zwitterion structure as the precatalyst of 

11b. Crystal structure analysis of 11b precatalyst by X-ray diffraction showed a clear 

structure of the salt, with the triazolium-carboxylic acid (11b-cation) as the cation and BF4
- 

as the anion. 1H NMR spectra of 11a(b) precursor could not differentiate 11a(b)-zwitterion 

from 11a(b)-neutral in acetone solution. However, calculations using two separate 
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solvation models suggested that 11a(b)-zwitterion is more stable than 11a(b)-neutral in 

acetone. Therefore, it is highly possible that the 11a(b) precatalyst in the acetone solution 

has a triazolium-carboxylate zwitterionic structure. 

The calculated relative stabilities of neutral 11a(b) species in solution differed greatly 

from those in the gas phase. The zwitterion structure of 11a(b) was calculated to be the 

most stable structure in acetone solution but the least stable in the gas phase among the 

isomers. This is because the separated charges tend to be very “unhappy” in the absence of 

solvent in the gas phase, but can be well stabilized by solvation in the solution phase. 

 

5.4 Conclusions 

We conducted fundamental studies on two newly synthesized charge-tagged 

triazolylidene catalysts and their relevant species. Relative stabilities of isomers were 

calculated for protonated, neutral, and deprotonated 11a(b) structures. Acidities of 11a-

cation and 11b-cation (the proton affinities of the charge-tagged NHC carbene centers (C-

2) of 11a-neutral and 11b-neutral) were also successfully calculated and measured. 

Calculations in solution phase were conducted to understand the structures of precatalysts. 

NMR and IR, taken together with calculations, support a zwitterion structure in solution 

(11a(b)-zwitterion). In solid state, X-ray studies support the 11a(b)-cation structure. 
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