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Abstract 
  

Acetylcholinesterase (AChE) is an enzyme which catalyzes the degradation of 

acetylcholine to acetic acid and choline within neuromuscular junctions. Upon inhibition 

of AChE by some toxicant, acetylcholine begins to build up at the neuromuscular 

junctions and results in a cholinergic crisis, resulting in a variety of symptoms which can 

be summarized by the SLUDGE acronym: salivation, lacrimation, urination, defecation, 

gastrointestinal distress, and emesis. Left untreated and if toxic exposure is sufficient, a 

cholinergic crisis will result in death. 

 While a non-lethal cholinergic crisis can result from a variety of triggers, 

organophosphorus (OP) compounds pose a global threat to human populations. 

Responsible for approximately 200,000 deaths annually, OP compounds inhibit AChE via 

phosphylation of a serine residue situated within the active site of AChE. Current 

medical treatment for inhibited AChE involves the use of nucleophilic oximes, which 

displace the phosphorus species. Individuals exposed to OPs are also given a variety of 

other medicines to treat the SLUDGE symptoms described above.  

 Although the use of a nucleophilic oxime can displace the phosphorus moiety, 

OP-inhibited AChE can also undergo a process known as aging. Aging occurs when the 

phosphorus moiety undergoes spontaneous O-dealkylation. Once AChE has aged, the 

phosphorus center is less electrophilic which limits the use of a nucleophilic treatment 

such as pyridinium oximes. Currently, there is no approved therapeutic which can 

restore aged AChE to the native state. 
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 Our group has recently shown that quinone methide precursors (QMPs) can both 

resurrect OP-aged AChE and reactive OP-inhibited AChE back to the native state of the 

enzyme. However, the ability of a QMP to resurrect OP-aged AChE and reactive OP-

inhibited AChE has been shown to be dependent on the amine leaving group of the 

QMP. More recently, computational efforts by Joseph Fernandez, a graduate student on 

our research team, have indicated that the protonation state of our QMPs may also 

impact the ability of a QMP to resurrect OP-aged AChE and reactive OP-inhibited AChE. 

Ola Nosseir, another member of our research group, has used EPIK to generate 

preliminary protonation state assignments for our QMPs at physiological pH.  The work 

in this thesis describes the use of an FT-IR and 1H NMR spectroscopic methods in order 

to provide experimental data so as to confirm the assignments made by the EPIK 

program. 

Initial protonation state assignments were simply based on simplistic pKa 

assignments generated from 1H NMR data. These pKa assignments were generated by 

plotting the chemical shift of various hydrogens of our QMPs versus the pH of an 

aqueous solution. As the pH of a solution is increased, the deprotonation of a titratable 

proton causes an upfield shift for other protons in the molecule. When these chemical 

shifts are graphed, these deprotonation events are indicated by a sigmoidal curve. 

These sigmoidal curves are known to represent the pKa values for the various titratable 

protons found in the molecule.  
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However, while appropriate for initial protonation state assignments, this 

method is quite crude as the assignments are only based on chemical intuition and 

knowledge of various pKa values. Thus, we sought additional experimental data, which 

could be corroborated computationally, to confirm our protonation state assignments. 

  First, we report that the 4JH-H meta coupling constants on the aromatic ring can 

also be used to assign the protonation state of a molecule. Like the chemical shift data 

described above, the 4JH-H meta coupling constants can be plotted versus the pH of an 

aqueous solution to generate sigmoidal curves. These sigmoidal curves were found to 

occur at the same pH as the sigmoidal curves described earlier and were consequently 

associated with deprotonation events of titratable protons. 

 We initially chose to probe the 4JH-H meta coupling constants found in two of our 

core frameworks. Calculated 4JH-H meta coupling constants for all protonation states for 

these frameworks were generated at the B3LYP/aug-cc-pvtz level of theory. Notably, at 

both low and high pH, the calculated 4JH-H meta coupling constants for the fully 

protonated and deprotonated forms our frameworks were in agreeance with the 

experimental 4JH-H meta coupling constants obtained at an appropriate pH. 

 The initial success in using the 4JH-H meta coupling constants to assign 

protonation states for our core frameworks, prompted us to investigate the couplings of 

a model QMP. Thus, the coupling constants for the various protonation states of a 

model QMP were calculated and compared to experimental data. Like the core 

frameworks, at both low and high pH, the calculated 4JH-H meta coupling constants for 
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the fully protonated and deprotonated forms of this model QMP agreed with the 

experimental coupling constants. We then hypothesized that the 4JH-H meta coupling 

constants of this model QMP near physiological pH might agree well with the calculated 

coupling constants of one of the protonation states. The comparison of the 4JH-H meta 

coupling constant of this model QMP near physiological pH was found to agree well with 

the calculated 4JH-H meta coupling constants obtained from the QMP in a zwitter-ionic 

protonation state.     

While 1H NMR provided preliminary protonation state assignments, we also 

report that experimental IR spectroscopy can be used to corroborate our protonation 

state assignment. To make this assignment, Boltzmann distributions for each possible 

protonation state of the same model QMP from above were computed at the B3LYP/6-

311+G(d,p) level of theory. These different Boltzmann distributions were then 

compared to an experimental IR spectrum obtained near physiological pH. After 

considering the effects of intramolecular hydrogen bonding, the Boltzmann distribution 

of two distinct zwitter-ionic forms was found to represent the experimental IR (taken 

near physiological pH) of our model QMP.  
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Chapter 1: Introduction 

Acetylcholinesterase (AChE) is a biologically important enzyme. The core function of 

AChE is to hydrolyze the neurotransmitter acetylcholine (ACh) at nerve synapses. This 

hydrolysis terminates the signal that ACh has transmitted from a nerve to a post-synaptic 

membrane. Upon inhibition of AChE by some toxicant, ACh is no longer hydrolyzed and a 

variety of muscarinic symptoms begin to present. Commonly, these symptoms are referred as 

SLUDGE, where SLUDGE is an acronym for: salivation, lacrimation, urination, defecation, GI 

symptoms, and emesis. Left untreated, significant AChE inhibition will result in death.  

 Unfortunately, several effective AChE inhibitors are known. The most common are the 

organophosphate pesticides known as paraoxon methyl (PM), paraoxon ethyl (PE), and 

diisopropyl fluorophosphate (DFP), which are shown below (Figure 1.1). The organophosphates 

shown in Figure 1.1, as well as several closely related compounds, are commonly used in third 

world countries as pesticides. While the compounds function as pesticides, they also have a 

more nefarious use and account for approximately 250,000 suicides annually. Sadly, the 

250,000 annual death toll is likely underreported, and this number is likely closer to 370,000.1 

Thus, out of an estimated annual 873,000 suicides around the globe, OP pesticides can account 

for approximately 30% of these.1 

 

Figure 1.1 Structures of PM, PE, and DFP 
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While OP pesticides result in a staggering number of annual deaths, another class of OP 

compounds, methylphosphonates, cause far fewer annual deaths, but pose significant threats 

to civilian and military populations. Known as OP chemical nerve agents, these species are 

significantly more toxic than the OP pesticides and can lead to the shutdown of the central 

nervous system (CNS), causing death, within 20 minutes.  

The first reported OP nerve agent synthesis can be traced back to Gerhard Schrader 

while he was employed by the German conglomerate IG Farben in 1936 and he was attempting 

to develop phosphorus- and cyanide-based pesticides. Schrader’s initial preparation was 

initially known as preparation 9/91.2 Within one year, the IG conglomerate had recognized the 

lethality of preparation 9/91 and alerted the German state who quickly recognized the 

potential military uses of the compound.2 Preparation 9/91 was eventually renamed tabun, 

based off of the German word for “taboo”. 

 Schrader continued to develop structural variants of tabun for IG Farben. In 1939, 

Schrader had another breakthrough and synthesized sarin. After extensive testing, sarin was 

found to be more volatile than tabun, while being twice as lethal. Other German scientists also 

had success in developing OP nerve agents. In 1943, Richard Kuhn, a Nobel Laureate, 

synthesized soman, which was found to be more toxic than sarin.2    

 The compounds that both Schrader and Kuhn synthesized have since been classified as 

G-series nerve agents, where the “G” represents “German.” Unfortunately, after World War II, 

other countries discovered new nerve agents and these agents are classified as “V” agents. 

Unlike the G-series agents, the “V” simply stands for “venomous” due to the increased toxicity 
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of these newly found species. Of these new V agents, VX, created by researchers at the Porton 

Down facility in the United Kingdom, has been shown to be one of the most toxic. VX is nearly 

three times more toxic than sarin when inhaled, and nearly one thousand times more toxic 

than sarin when absorbed through the skin. VX also has a low volatility and can be readily 

deployed as an aerosol. Frighteningly, VX also has no odor which makes the detection of this 

species notably more difficult. Unfortunately, during the Cold War, the United States began to 

stockpile VX, while Russia stockpiled an isomer known as VR2,3 and continued to nefariously 

develop new nerve agents. Notably, a new class of nerve agents known as Novichoks, meaning 

“newcomer” in Russian, have been developed. The Novichok agents are purported to be five to 

eight times more lethal than VX.4 The aforementioned OP nerve agent structures, excluding the 

Novichoks, are shown below (Figure 1.2). 

 

Figure 1.2 Structures of common nerve agents 
 

 Although the vast majority of annual OP related deaths are attributed to pesticides, 

nerve agents have been used by governments, and terrorist organizations, to cause casualties 
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to civilians and military personnel alike. Perhaps the most notorious use by a government 

occurred during the Iran-Iraq war when the Iraqi government deployed over 600 tons of sarin 

against Iranian militants and civilians, resulting in approximately 5,000 deaths and nearly 

100,000 injuries.6,7 While thousands died as a direct result of nerve agent exposure, the death 

toll has continued to rise as the long-term effects of OP exposure continue to cause fatalities.  

 Iraq is not the only government to use nerve agents on the battlefield. In 2013, the 

Syrian government used sarin in a chemical attack against occupants of the city of Ghoutta, 

killing more than 1,000 people and incapacitating approximately 3,600.7 More recently, in 2017, 

the Syrian government again used OP agents against militants and civilians alike located in a 

number of suburbs surrounding the city of Damascus.8 

 Unfortunately, not only have OPs been used against civilians and military personal, they 

have also been used by foreign governments for assassinations. Notably, Kim Jong-nam was 

assassinated when two women smeared binary VX precursors on his face at the Kuala Lumpur 

airport in Malaysia. The women were recruited by four men identified as North Koreans to play 

“pranks” on unsuspecting passengers at airports. Purportedly, the two women had “pranked” 

several other individuals by dumping liquid on them or by wrapping their arms around 

unsuspecting passengers only weeks before the assassination. The murder charges against the 

two women were eventually dropped and both women are now out of prison.10,11 

 In 2018, Sergei Skripal, a former Russian spy, who began working for four intelligence 

agencies of NATO countries, came under attack along with his daughter Yulia. While sitting on a 

park bench in Salisbury, the pair were found after exposure to a Novichok agent; fortunately, 
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both of the Skripals survived the attack.12 Unfortunately, another couple from a city 

neighboring Salisbury were exposed to the Novichok agent several months later. The couple, 

Charlie Rowley and Dawn Sturgess, had found a perfume bottle in the same park where the 

Skripals were found.13 Sturgess eventually sprayed herself with the compound and was quickly 

taken to the hospital and admitted. Her partner, Rowley, who only picked up the bottle, also 

fell ill and was taken to the hospital. Although Rowley has since recovered, Sturgess passed 

away after exposure to the Novichok agent. After extensive chemical testing, the Organization 

for the Prohibition of Chemical Weapons (OPCW) confirmed that the poison used against 

Rowley and Sturgess was the same compound with which the Skripals were exposed.14 

 Dawn Sturgess, along with several thousand other unnamed women, men, and children, 

have died after being exposed to OP nerve agents. The toxicity of OP compounds lies in their 

ability to inhibit the enzyme AChE. Upon AChE inhibition, the neurotransmitter ACh is no longer 

hydrolyzed at neurosynaptic junctions. ACh begins to rapidly build up at these junctions, 

resulting in overstimulation of the synapses, which rapidly leads to a cholinergic crisis, and if 

left untreated, death. 

 More specifically, the OP agent inhibits the serine residue found in the active site of 

AChE, where the active site is at the bottom of a 20 Å gorge. This serine residue (S203) as well 

as a histidine (H447) and glutamate (E334) make up the catalytic triad and are responsible for 

the hydrolysis of ACh in native AChE. In the native (uninhibited) form of the AChE enzyme, S203 

performs a nucleophilic attack on the carbonyl carbon of acetylcholine which results in a 

tetrahedral intermediate. With the aid of a proton transfer from H447, this tetrahedral 
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intermediate then collapses to reform the carbonyl group, expelling choline as a leaving group. 

H447 can then activate a water molecule for attack on the carbonyl carbon, thereby forming 

another tetrahedral intermediate. Upon collapse, the serine oxygen is expelled as a leaving 

group while also producing acetic acid (Figure 1.3). While not directly involved, E334 is thought 

to stabilize the histidinium species.15,16  

 

 
 

Figure 1.3 Hydrolysis of ACh by native AChE 
 

 
 Currently, individuals exposed to an OP are prescribed a variety of different 

medications. Some of these medications, such as atropine and diazepam (Figure 1.4), are 

prescribed to treat the symptoms of OP exposure. Atropine, an antimuscarinic drug, prevents 

the overstimulation of muscarinic nerve receptors by binding to the nicotinic receptors, while 

diazepam functions to prevent muscle spasms. One should note that neither diazepam nor 

atropine directly treat the underlying cause of the symptoms, the OP. 
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Figure 1.4 Atropine and Diazepam 
 

To treat the underlying cause of the symptoms, patients are also given an oxime. The 

deprotonated form of the oxime, referred to as an oximate, can perform a nucleophilic addition 

to the OP-serine adduct. Upon collapse of the pentavalent intermediate, and expulsion of the 

OP-oxime adduct, the native function of AChE is restored (Figure 1.5). Going forward, this 

process of restoring the native function of AChE to an OP-inhibited form of AChE will be 

referred to as reactivation and the OP-serine adduct will be referred to as the inhibited form of 

the enzyme.20 

 

Figure 1.5 (Top) Mechanism of inhibition and aging. (Bottom) Mechanism of reactivation. 
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While a nucleophilic oxime is capable of reactivating AChE which has been inhibited by 

an OP, a process known as aging makes reactivation more difficult. Aging is a spontaneous 

process and occurs via O-dealkylation of the phosphylated S203 residue (Figure 1.5). Because 

the phosphylated serine’s oxygen atom is now anionic, the phosphorus center is more electron 

rich and is resistant to nucleophilic attack by the negatively charged oximate form of the oxime 

reactivator.16  

As each OP has a different structure, one might hypothesize that the aging rates for 

each OP are different. This hypothesis is correct, and the different aging rates can be vastly 

different (Table 1.1). For example, VR has an aging half-life of 139 hours while soman has an 

aging half-life of only 4 minutes.17 Going forward, the aforementioned AChE-OP adduct, which 

has undergone O-dealkylation, will be referred to as the aged form of the enzyme. Restoration 

of the native AChE function to the aged form of the enzyme will be referred to as resurrection.16   

 

OP Aging half-time (h) 

Soman (GD) 0.07 

Sarin (GB) 3 

Methyl Paraoxon 3.7 

Cyclosarin (GF) 7 

Tabun (GA) 19.2 

Ethyl Paraoxon 31.5 

VX 36.5 

VR 138.6 

 
Table 1.1 Aging half-times of various OPs 
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 Although there has been active research into the reactivation and resurrection of AChE 

for nearly 70 years, only one oxime, pralidoxime chloride (2-PAM) has been approved by the US 

FDA for the reactivation of inhibited AChE (Figure 1.6). However, as the species has a 

permanent positive charge, the molecule is unable to effectively cross the blood-brain barrier 

(BBB) which limits the reactivation of OP-inhibited AChE in the brain. Currently, there are no 

FDA-approved treatments capable of resurrection.  Indeed, until 2018, the aged form of AChE 

was considered recalcitrant to any recovery of activity. 

      

Figure 1.6 Pralidoxime Chloride (2-PAM) 
 

 In 2018, our research group demonstrated the first molecules, referred to as quinone 

methide precursors (QMPs), that are capable of resurrection (Figure 1.7).18 The QMP is capable 

of forming a quinone methide (QM) which are a known class of alkylating agents (Figure 1.7).21 

The QM can be trapped by the aged form of the enzyme, at which point the enzyme can 

undergo reactivation. 

 

Figure 1.7 Mechanism of QM formation on a model QMP 
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While the ability of a QMP to resurrect aged AChE is impressive, the QMP contains one 

more significant advantage over 2-PAM. Notably, the QMPs lack the permanent positive charge 

found in 2-PAM which should improve the ability of the QMP to cross the BBB to resurrect and 

reactivate AChE found in the brain. 

The initial success of the QMP shown in Figure 1.7 prompted a computational 

investigation into how the QMP entered and interacted with the active site of AChE. While the 

interactions between the QMP and AChE were modelled successfully, a frustrating complication 

quickly became apparent. While the QMP in Figure 1.7 is shown to be in a neutral protonation 

state, one finds that the number of protonation states is equal to 2x where x is equal to the 

number of titratable protons in a molecule. Molecular dynamics calculations have shown that 

the variation of the protonation state results in the QMP navigating to different sites within the 

enzyme (Figure 1.8). Distance maps (provided by Joseph Fernandez in our research group) 

provide a way to visualize these differences, by showing the proximity of different residues and 

the QMP.  Consequently, we have hypothesized that the protonation state of a QMP at 

physiological pH may impact the ability of a QMP to resurrect aged AChE. 
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Thus far, only countermeasures for individuals already exposed to an OP have been 

described. While most OP exposure occurs via either inhalation or dermal exposure of the OP, 

nerve agents and pesticides are water soluble. Consequently, an individual could experience a 

cholinergic crisis upon drinking OP-contaminated water.  

In the event of a large-scale military attack, local water sources could be directly 

targeted for contamination with chemical agents. If portable water sources are not available, 

both military and civilian populations could be incapacitated. While there are devices for 

filtering dirt and other non-lethal contaminants from water, little work has been done to 

develop methods which could be used to remove a chemical agent from water. 

 Border et al. have noted this problem, and synthesized a molecular basket capable of 

encapsulating, and removing, OP analogues from an aqueous solution.19 Border et al. have 

Figure 1.8 Distance maps showing differences between certain atoms in the 

QMP and the active site of AChE. (Distance maps provided by Joseph 

Fernandez.) 
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since worked to develop and characterize new molecular baskets which could be derivatized to 

remove an authentic nerve agent from an aqueous solution.  

The molecular baskets are quite large and the specific interactions between the basket 

and a guest are not well known. Additional information about how a guest binds within a 

basket could lead to developments of new baskets which are better able to sequester an OP 

species. Computational experiments to determine the orientation of small guests within a 

basket will be discussed in Chapter 2. Chapter 2 will also describe computational techniques to 

calculate NMR spectra and coupling constants which were used to corroborate experimental 

NMR observations. 

The protonation state of model QMPs will be explored in Chapter 3 through the use of 

experimental and computational NMR and IR spectroscopic approaches.  
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Chapter 2: Molecular Baskets 

Supramolecular chemistry has been a burgeoning area of chemistry for over 50 years.1 Over 

that time, a host of applications such as fluorescent sensors, drug carriers, and hydrometallurgy 

have been developed.1 Although supramolecular chemistry has a large number of applications, 

at its core, supramolecular chemistry can be described as the study of molecular recognition and 

high-order assemblies formed by noncovalent interactions.2 Commonly, these noncovalent 

interactions are described as interactions between both a host and a guest, where the host 

encapsulates the guest.  

A plethora of examples in the literature show hosts which have been specifically tailored to 

encapsulate a particular set of guests. An early example of the tailoring of a host to encapsulate 

a guest can be seen in crown ethers. In the gas phase, two simple crown ethers, 18-crown-6 and 

15-crown-5 (Figure 2.1) show remarkable affinities for the sodium and lithium cations, 

respectively.3 15-Crown-5, being the smaller crown ether, prefers to bind the smaller lithium 

cation over the larger sodium cation with a 100:10 ratio, while the larger 18-crown-6 has a small 

preference for the sodium cation over the lithium cation with a 100:40 ratio.3 

 

Figure 2.1 Chemical structures of 18-crown-6 and 15-crown-5 
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In the case of the crown ethers, the encapsulation of a cation within the ether is easy to 

visualize. Additionally, the manipulation of the crown ether size, allows for the easy 

sequestration of a variety of cations.3 While the use of crown ethers as hosts is limited, 

researchers have developed complex host systems capable of sequestering a variety of novel 

guests. Notably, Border et al. have reported the synthesis of a host capable of sequestering and 

subsequently removing a G-type nerve agent mimic from aqueous solution.4 Although Border et 

al. successfully developed a system for removing several small G nerve agent mimics from 

solution, the G agents are, in comparison to V agents and Novichoks, small. While the researchers 

did not test a larger V agent or Novichok agent mimic, one might reason that the larger size of 

these mimics would make them less likely to be encapsulated in the aforementioned basket 

system. 

Pavlovic et al. have continued to develop and characterize new molecular baskets with 

larger internal volumes.5 While the new basket developed by Pavlovic et al. was not explicitly 

made for the encapsulation of a larger V or Novichok agent mimic, one might reason that the 

larger size of this system might lend itself to the encapsulation of such mimics. Interestingly, the 

researchers noticed that the lid of the new basket was capable of rapid twisting, resulting in two 

distinct diastereomeric baskets (Figure 2.2), which will subsequently be referred to as M-1(-) and 

M-1(+).5 To determine whether each diastereomer had the same preferences for binding a host, 

we explored the binding interactions of carbon tetrachloride and carbon tetrabromide via a 

combination of computational and experimental methods.    
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Figure 2.2 Depiction of the helical chirality of the basket lid 

 The binding events between a guest and a host can be probed via UV-vis, IR, and NMR as 

the introduction of a guest into the host molecule changes the characteristics of the parent host 

molecule.6 A comparison between experimental and calculated spectra can then be used to 

provide insight into the binding orientation of the guest within the host. While the binding 

orientation can be determined via a variety of computational and analytical techniques, the 

binding affinity between a host and guest molecule can also be determined. In particular, both 

NMR and UV-vis can provide information about a host and guests binding strengths. NMR can be 

used for moderate binding events on the order of Ka = 1–10 M-1 while UV-vis can be used for 

larger values on the order of Ka = 103 – 107 M-1.6 

To monitor the binding event of a host and guest via NMR, the shifts of the native host 

and guest need to be known. Upon addition of the guest, the new host-guest complex will have 

new chemical shifts. Comparison of the intensities of the host and host-guest complex’s 

resonances can provide insights into the concentrations of the host-guest complex. One should 

note that the equilibrium concentrations can only be obtained via NMR for processes which are 
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slow on the NMR timescale. As the aforementioned diastereomer interconversion is fast on the 

NMR timescale, experimental NMR spectra were taken at approximately 180 K.5  

 While the NMR shifts for a parent complex can be trivial to obtain and characterize, the 

NMR shifts for species with similar chemical shifts can be complex. Fortunately, several 

different methods for the in-silico determination of chemical shifts and coupling constants are 

easily computed via the Gaussian 16 program (G16).7 Subsequently, a comparison of the in-

silico NMR spectra from each species can be compared to experimentally obtained results in 

order to elucidate the chemical shifts of each species. Fascinatingly, in silico NMR calculations 

are so accurate, that several natural product syntheses have been revised due to poor match 

between the shifts of the proposed structure and the calculated shifts.8, 9 

 Although the Gaussian suite offers several ways to calculate NMR shielding tensors, 

such as the Continuous Set of Gauge Transformations (CSGT)10,11 and the Gauge-Independent 

Atomic Orbital (GIAO)12-15 method, only the GIAO method will be used for this work. Likewise, 

unless otherwise noted, all geometry optimizations were carried out in the gas phase as solvent 

effects were not considered. All calculations were performed with both the B3LYP16-18 as well as 

the M06-2X18-19 density functionals. The 6-31+G(d)20-24 basis set was used for the atoms C, N, O, 

H, and Cl. The larger 6-311+G(2d)25-29 basis set was used for Br. Additionally, while vibrational 

frequency analyses were not carried out on the optimized structures, the optimized structures 

were compared to and found to be similar to an available crystal structure. 

 Analysis of the resultant optimized energies (Table 2.1) showed that the M-1(-) 

diastereomer was predicted to be higher in concentration. This finding directly contradicts the 
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experimental NMR data obtained by Radoslav in which the M-1(+) species was found to be 

higher in concentration. One should note that the energies shown in Table 2.1 indicate an 

approximate 0.9 kcal/mol difference in energy between the two species. Fascinatingly, the M–

1(–)⊂CX4 species was found to be lower in energy for both CBr4 and CCl4 (Table 2.2). However, 

it should again be noted that the energy difference between the two diastereomers is less than 

1.5 kcal/mol. Experimental NMR spectra corroborate that the M–1(–)⊂CX4 diastereomer is the 

most stable species. 

Species Theory (6-31+G* for 

C, N, O, H) 

Absolute electronic 

energy (Hartrees) 

Relative electronic 

energy (kcal/mol) 

M-1(+) B3LYP -3723.61379479 0.91 

 M06-2X -3722.17693905 0.92 

M-1(-) B3LYP -3723.61524342 0.00 

 M06-2X -3722.17840431 0.00 

 

Table 2.1 Relative and absolute energies of the M-1(-)/M-1(+) diastereomers.  
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Species Theory (6-31+G* for C, 

N, O, H, and Cl 6-

311+G(2d) for Br) 

Absolute electronic 

energy (Hartrees) 

Relative electronic 

energy (kcal/mol) 

M–1(+)⊂CCl4 B3LYP -5602.47166579 0.64 

 M06-2X -5600.92300646 1.48 

M–1(-)⊂CCl4 B3LYP -5602.47268954 0.00 

 M06-2x -5600.92537130 0.00 

M–1(+)⊂CBr4 B3LYP -14058.2614840 0.45 

 M06-2X -14056.9485237 0.71 

M–1(-)⊂CBr4 B3LYP -14058.2622090 0.00 

 M06-2X -14056.9496610 0.00 

 

Table 2.2 Absolute electronic energies of M–1(+)/M–1(-)⊂CX4 diastereomers with relative 

energies in kcal/mol. 

 While the initial assignment of M–1(–) and M–1(+) were made from experimental 1H 

NMR, we wanted to computationally corroborate the proton assignments. To begin the 1H NMR 

calculations, tetramethylsilane (TMS) was optimized with both the B3LYP and M06-2X density 

functionals, along with the 6-31+G* basis set. A vibrational frequency analysis was also 

performed on TMS to ensure that the optimized geometry was a true minimum on the 
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potential energy surface. All subsequent 1H chemical shifts of M–1(–) and M–1(+) will be 

referenced to the TMS shifts calculated with the appropriate density functional. 

 The ground-state geometries referenced in Table 2.1 were subjected to single-point 

NMR calculations with both the M06-2X and B3LYP density functionals using the 

aforementioned GIAO method. Figure 2.3 shows the labeled position of each of the calculated 

protons for the M-1(-) diastereomer. The protons in the M-1(+) diastereomer are labeled in a 

similar manner.  The chemical shifts of all calculated protons are shown in Table 2.3. 

Interestingly, in the un-complexed M-1(+)/M-1(-) diastereomers, the B3LYP density functional 

provided calculated values within approximately 0.20 ppm for all calculated protons, while 

M06-2X method predicted values that often varied by more than 0.75 ppm. Additionally, upon 

analysis of the M-1(+)/M-1(-)⊂CX4 complexed species, both B3LYP and M06-2X predict the 

same relative trends of upfield and downfield shifts when comparing the M-1(+)/M-1(-) 

diastereomers and the M-1(+)/M-1(-)⊂CX4 species. 

 While the calculated NMR shifts agreed well with experimental spectra, analysis of the 

computed data revealed one other interesting caveat. Upon optimization of the M-1(+)/M-1(-

)⊂CX4 species, the CX4 appeared to form a stabilizing halogen – π bond with the floor of the 

basket.  The M-1(-)⊂CX4 species additionally formed three stabilizing C- H···X interactions which 

were absent in the M-1(+)⊂CX4 basket.5 Consequently, future works should investigate the use 

of the M-1(+)/M-1(-) species and their ability to sequester both V-agents as well as Novichok 

agents via favorable lone pair – π bonds as well as π- π interactions. If the M-1(+)/M-1(-) system 
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is used in the future, researchers should first attempt to correlate experimental data to 

computational data for the             M-1(-)⊂Guest  system. 

 
Figure 2.3 The M-1(-) diastereomer showing the positions of all calculated protons. 

 

Summary of 1H NMR Shifts 

 NMR 
Minor 

NMR 
Major 

NMR 
Major 

NMR 
Minor 

NMR 
Major 

NMR 
Minor 

Proton M-1(+) M-1(-) M-1(+)⊂ 
CCl4 

M-1(-)⊂ 
CCl4 

M-1(+)⊂ 
CBr4 

M-1(-)⊂ 
CBr4 

A       

Experiment 4.95 4.73 4.80 4.75 4.99 4.76 

B3LYP 4.84 ± 
0.01 

4.59 ± 
0.03 

4.68 ± 
0.02 

4.51 ± 
0.03 

4.98 ± 
0.04 

4.46 ± 
0.02 

M06-2X 4.99 ± 
0.01 

4.76 ± 
0.09 

4.95 ± 
0.03 

4.76 ± 
0.03 

5.05 ± 
0.02 

4.78 ± 
0.06 

 

Table 2.3 All experimental and calculated proton shifts for the M-1(+)/M-1(-) and the shifts 

associated for each diastereomer with an encapsulated guest. 
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A1       

Experiment 4.79 4.85 4.94 4.84 4.79 4.86 

B3LYP 4.81 ± 
0.02 

4.80 ± 
0.03 

4.74 ± 
0.01 

4.82 ± 
0.01 

4.57 ± 
0.01 

4.83 ± 
0.01 

M06-2X 4.99 ± 
0.01 

4.95 ± 
0.04 

5.04 ± 
0.05 

4.93 ± 
0.02 

4.94 ± 
0.02 

4.91 ± 
0.01 

B       

Experiment 7.09 7.09 7.09 7.11 7.13 7.13 

B3LYP 6.94 ± 
0.01 

6.91 ± 
0.03 

6.86 ± 
0.01 

6.88 ± 
0.02 

6.88 ± 
0.02 

6.89 ± 
0.01 

M06-2X 7.71 ± 
0.05 

7.69 ± 
0.02 

7.72 ± 
0.04 

7.68 ± 
0.08 

7.75 ± 
0.05 

7.69 ± 
0.05 

C       

Experiment 7.55 7.55 7.57 7.57 7.62 7.62 

B3LYP 7.58 ± 
0.04 

7.53 ± 
0.02 

7.45 ± 
0.03 

7.51 ± 
0.02 

7.57 ± 
0.02 

7.52 ± 
0.02 

M06-2X 8.34 ± 
0.02 

8.23 ± 
0.04 

8.23 ± 
0.04 

8.24 ± 
0.08 

8.28 ± 
0.01 

8.31 ± 
0.04 

D       

Experiment 7.37 7.40 7.36 7.43 7.50 7.54 

B3LYP 7.46 ± 
0.02 

7.58 ± 
0.02 

7.16 ± 
0.03 

7.56 ± 
0.01 

7.59 ± 
0.02 

7.54 ± 
0.01 

M06-2X 8.17 ± 
0.01 

8.57 ± 
0.05 

8.03 ± 
0.04 

8.54 ± 
0.02 

8.42 ± 
0.07 

8.63 ± 
0.02 

E       

Experiment 3.19 3.43 3.17 3.36 3.39 3.51 

B3LYP 3.15 ± 
0.01 

3.31 ± 
0.02 

2.97 ± 
0.02 

3.40 ± 
0.02 

3.53 ± 
0.01 

3.57 ± 
0.01 

M06-2X 2.99 ± 
0.03 

3.36 ± 
0.03 

3.06 ± 
0.01 

3.33 ± 
0.02 

3.16 ± 
0.03 

3.43 ± 
0.01 

E1       

Experiment 2.28 2.34 2.53 2.60 2.99 3.04 

B3LYP 2.47 ± 
0.02 

2.52 ± 
0.02 

2.66 ± 
0.05 

2.91 ± 
0.02 

3.35 ± 
0.02 

3.35 ± 
0.04 

M06-2X 2.40 ± 
0.02 

2.49 ± 
0.06 

2.88 ± 
0.01 

3.01 ± 
0.04 

3.37 ± 
0.04 

3.47 ± 
0.08 

F       

Experiment 8.04 8.04 8.01 8.07 8.10 8.10 

B3LYP 7.81 ± 
0.02 

7.87 ± 
0.03 

7.87 ± 
0.02 

7.90 ± 
0.05 

7.89 ± 
0.03 

8.01 ± 
0.04 
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M06-2X 8.57 ± 
0.02 

8.64 ± 
0.03 

8.60 ± 
0.09 

8.72 ± 
0.01 

8.78 ± 
0.04 

8.83 ± 
0.04 

G       

Experiment 8.22 8.15 8.17 8.09 8.16 8.15 

B3LYP 8.10 ± 
0.04 

8.03 ± 
0.03 

8.03 ± 
0.03 

7.94 ± 
0.05 

8.08 ± 
0.02 

7.94 ± 
0.06 

M06-2X 8.85 ± 
0.06 

8.74 ± 
0.05 

8.73 ± 
0.16 

8.63 ± 
0.13 

8.77 ± 
0.03 

8.67 ± 
0.04 

H       

Experiment 7.54 7.54 7.50 7.47 7.60 7.60 

B3LYP 7.48 ± 
0.06 

7.53 ± 
0.08 

7.50 ± 
0.04 

7.50 ± 
0.07 

7.52 ± 
0.02 

7.59 ± 
0.09 

M06-2X 8.26 ± 
0.01 

8.30 ± 
0.09 

8.27 ± 
0.02 

8.43 ± 
0.02 

8.29 ± 
0.01 

8.29 ± 
0.06 

I       

Experiment 7.97 7.94 7.93 7.91 7.99 7.99 

B3LYP 7.90 ± 
0.02 

7.82 ± 
0.03 

7.85 ± 
0.02 

7.74 ± 
0.16 

7.92 ± 
0.03 

7.83 ± 
0.15 

M06-2X 8.71 ± 
0.01 

8.66 ± 
0.11 

8.7 ± 
0.07 

8.67 ± 
0.10 

8.70 ± 
0.06 

8.69 ± 
0.08 

J       

Experiment 2.51 2.51 2.50 2.50 2.53 2.53 

B3LYP 2.58 ± 
0.03 

2.56 ± 
0.09 

2.52 ± 
0.06 

2.64 ± 
0.09 

2.64 ± 
0.01 

2.61 ± 
0.02 

M06-2X 2.60 ± 
0.19 

2.63 ± 
0.17 

2.57 ± 
0.14 

2.55 ± 
0.12 

2.70 ± 
0.10 

2.69 ± 
0.13 

J1       

Experiment 2.05 2.05 2.06 2.06 2.08 2.08 

B3LYP 2.19 ± 
0.05 

2.23 ± 
0.05 

2.13 ± 
0.05 

2.24 ± 
0.05 

2.16 ± 
0.06 

2.16 ± 
0.03 

M06-2X 2.24 ± 
0.07 

2.20 ± 
0.10 

2.23 ± 
0.09 

2.22 ± 
0.03 

2.23 ± 
0.10 

2.20 ± 
0.12 

K       

Experiment 4.36 4.36 4.34 4.34 4.33 4.33 

B3LYP 4.15 ± 
0.01 

4.18 ± 
0.01 

4.20 ± 
0.05 

4.25 ± 
0.03 

4.19 ± 
0.02 

4.27 ± 
0.04 

M06-2X 4.38 ± 
0.07 

4.25 ± 
0.18 

4.57 ± 
0.22 

4.52 ± 
0.12 

4.31 ± 
0.19 

4.31 ± 
0.22 

L       

Experiment 3.79 3.79 3.78 3.78 3.78 3.78 

B3LYP 3.54 ± 3.57 ± 3.55 ± 3.58 ± 3.56 ± 3.57 ± 
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0.01 0.06 0.03 0.02 0.03 0.04 

M06-2X 3.48 ± 
0.14 

3.54 ± 
0.12 

3.55 ± 
0.08 

3.53 ± 
0.15 

3.49 ± 
0.03 

3.53 ± 
0.04 

M       

Experiment 3.61 3.61 3.56 3.56 3.59 3.59 

B3LYP 3.51 ± 
0.01 

3.54 ± 
0.03 

3.51 ± 
0.03 

3.62 ± 
0.04 

3.48 ± 
0.01 

3.56 ± 
0.07 

M06-2X 3.41 ± 
0.29 

3.29 ± 
0.15 

3.44 ± 
0.05 

3.58 ± 
0.25 

3.36 ± 
0.14 

3.40 ± 
0.17 

M1       

Experiment 2.93 2.93 2.95 2.95 2.98 2.98 

B3LYP 3.29 ± 
0.05 

3.28 ± 
0.05 

3.23 ± 
0.04 

3.21 ± 
0.04 

3.22 ± 
0.03 

3.20 ± 
0.06 

M06-2X 3.56 ± 
0.04 

3.53 ± 
0.06 

3.70 ± 
0.13 

3.81 ± 
0.08 

3.59 ± 
0.07 

3.63 ± 
0.07 
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Chapter 3: A Study of the Protonation States of Novel Therapeutics for the Resurrection of 

Organophosphorus-Aged Acetylcholinesterase 

Investigations into the function of acetylcholinesterase (AChE) have long been of 

interest. As a result of these long-standing investigations, the function of native AChE is well 

understood.1,2 However, upon inhibition of AChE by an organophosphorus (OP) nerve agent, 

the enzyme’s native function is inhibited (Figure 1.5). Left untreated and after exposure to a 

sufficient dose, an individual who has been exposed to an OP will experience a cholinergic 

crisis, often leading to death. 

While treatments for OP exposure exist, the treatments suffer from several limitations. 

Notably, current FDA treatments are incapable of restoring function to AChE which has 

undergone aging (Figure 1.5). Although no current FDA treatments are capable of restoring 

function to aged AChE, we have recently reported novel quinone methide precursors (QMPs), 

functionalized with amine leaving groups, and these novel frameworks serve to both resurrect 

OP-aged and reactivate OP-inhibited AChE.3 Our group has continued to investigate QMPs and 

their ability to resurrect aged and reactivate inhibited AChE. During our investigation into what 

characteristics lead to favorable improvements in QMPs, we evaluated structure-activity 

relationships (SAR) to see which components can be used to build the best and most efficacious 

QMP. While novel QMPs, predicted by the SAR study, have outperformed their first-generation 

counterparts, we have hypothesized that the protonation state of our QMP may also need to 

be optimized.  
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This chapter will explore the protonation states of several different species based on 

five core frameworks modified with a variety of amine leaving groups. For consistency, the 

alcohol present on each pyridine framework will be assigned to the 3-position while the 

pyridine nitrogen will be assigned to the 1-position. Of these five frameworks, three correspond 

to the pyridin-3-ol, 5-methoxy-pyridin-3-ol, and 6-methyl-pyridin-3-ol frameworks shown in 

Figure 3.1 to Figure 3.3, respectively. The last two frameworks correspond to the 5-fluoro-

pyridin-3-ol framework, which will be divided into two distinct frameworks depending on 

whether the amine leaving group is found at either the 2- or the 6-position, as shown in Figure 

3.4 and Figure 3.5, respectively. The potential amine leaving groups (A through F) for each core 

framework are illustrated in Figure 3.6. Henceforth, each framework will be denoted by the 

associated compound number appended by the letter referencing the correct amine leaving 

group; for example, compound 3.3B would refer to the 6-methyl-pyridin-3-ol framework with 

the diethylamine leaving group.        

       

Figure 3.1 The pyridin-3-ol framework (3.1 family) 
 

 
 

Figure 3.2 The 5-methoxy-pyridin-3-ol framework (3.2 family) 
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Figure 3.3 The 6-methyl-pyridin-3-ol framework (3.3 family) 
 

         
 

Figure 3.4 The 5-fluoro-pyridin-3-ol framework with the amine leaving group at the 2-position 

(3.4 family). 

  

Figure 3.5 The 5-fluoro-pyridin-3-ol framework with the amine leaving group at the 6-position 

(3.5 family). 

 

Figure 3.6 The referenced amine leaving groups for Figures 3.1 through 3.5. 
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Initial attempts by Ola Nosseir, a graduate student in our laboratory, to determine the 

protonation state of our compounds focused only on computational approaches. Nosseir used 

the EPIK4,5 program to predict the protonation state for a variety of our QMP frameworks ( 

Figure 3.8) at different confidence intervals. Nosseir created a naming scheme to 

denote the different protonation states generated by EPIK. To avoid ambiguity with the amine 

leaving groups, the protonation state will be appended only as a lowercase. An illustration of 

the protonation states for compound 3.2B is shown in Figure 3.7, denoting the involvement of 

the pyridinium (p), the aminium (a) and various zwitterion (z) options. At various pH values, 

these eight (8) different protonation states can be present. The b protonation state has a net +2 

charge, while a, zpa and p possess a net +1 charge. For the net neutral states, za, zp and n are 

possible, and d has a net –1 charge. Consequently, 3.2B-za would refer to the zwitter aminium 

protonation state for the 5-methoxy-pyridin-3-ol species with the diethylamine leaving group.  

 

Figure 3.7 An illustration of the protonation states for compound 3.2B.  
 

 While EPIK can predict protonation states for our compounds, the results were often 

determined to be a mix of many different protonation states of the molecule ( 
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Figure 3.8). Consequently, we wished to generate experimental data which could 

corroborate our computational assignments as well as to investigate additional methods which 

may correlate with our efficacy data. Essentially, we sought to understand if the protonation 

state and its preference correlated with the efficacy of resurrection, thereby assisting our team 

in understanding the critical features for optimal drug design. 

  
 

Figure 3.8 Protonation state data for a variety of QMP frameworks with various amine leaving 

groups at physiological pH (7.4), using a minimum probability of 0.1, as generated by Ola 

Nosseir. 

 

Conveniently, samples with varying pH ranges can be examined via nuclear magnetic 

resonance (NMR). As the chemical shift of a nucleus depends on its chemical environment, a 

change in the protonation state of neighboring acidic protons results in a change in neighboring 
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proton’s chemicals shifts, and possibly their coupling constants to other nuclei. As the 

deprotonation event results in a negative charge, the proton signals would shift upfield ( 

Figure 3.9). 

 For these NMR spectra, most samples were prepared by diluting a stock solution of the 

QMP in water to create approximately 20 unique 1 mM samples in water. Samples 3.1, 3.1A, 

3.1C, 3.2 and 3.2B were instead diluted to 1 mM using a 40 mM phosphate buffer in water. The 

final volume for all prepared samples was approximately 500 µL. Each unique sample was 

titrated with HCl or NaOH such that the 20 samples of a single compound spanned a pH range 

of approximately 1 – 12. After the pH titration, each sample was diluted with 50 µL of D2O to 

give a final H2O:D2O ratio of approximately 90:10 and a final QMP concentration of 

approximately 900 µM. Any addition of D2O to a sample had a marginal difference on the pH; 

for example, a sample with an initial pH of 11.96 was lowered to a pH of 11.91 when D2O was 

added. 

 A 1-D 1H NMR spectra was then obtained on a 400 MHz Avance Neo NMR from Bruker. 

Solvent suppression was performed utilizing 1D excitation sculpting with the zgesgp pulse 

sequence with an O1P set to 4.7 ppm. Spectra were obtained with 64 scans with a delay of one 

second between pulses. Each spectrum was obtained over a range of –11.67 to 21 ppm. Auto 

shimming was done via the IconNMR software program. While the excitation sculpting 

successfully suppressed the 1H NMR peak from water, the suppression also severely impacted 

the analysis of the benzylic proton signals. At low pH, the benzylic proton signals were absent as 
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the water suppression reduced the benzylic signals of the QMP. As the pH of the solution 

increased, the benzylic signals began to grow in.  

 

 
 

Figure 3.9 Subset of variable pH titration data for pyridin-3-ol, 3.1. pH values for each NMR 

spectra are shown on the left. 

 

By plotting the chemical shift vs the pH for each proton in each molecule, one obtains a 

graph with several sigmoidal curves.6 Compound 3.1 (pyridin-3-ol) has only a few protonation 

states (+1: p; neutral: n and zp; –1: d), but this will be used as the first prototypical example. 

Each proton for 3.1 has been labeled, as in  

6.14 

7.47 

3.27 

1.56

6 

4.66 

9.12 
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Figure 3.10. Moreover, Figure 3.10 also illustrates the conversion of the protonated 

pyridinium form (3.1-p) to the neutral form (3.1-n) and then conversion of 3.1-n to the 

deprotonated form (3.1-d).  

 

 
 

Figure 3.10 Species 3.1 with labeled protons illustrating multiple protonation states. 
 

 

An example of the raw titration data for protons A and B (H on C6 and C5 respectively) 

of 3.1 are shown in Figure 3.11. The inflection point of these sigmoidal curves represents the 

pKa for a titratable proton.6 Analysis of Figure 3.11 (right) indicated that 3.1 had two titratable 

protons with pKa values of approximately 5.0 and 8.6. The protonation event at 5.0 represented 

the deprotonation of the pyridinium nitrogen in the 3.1-p species to generate the 3.1-n species 

while the protonation event at 8.6 corresponded to the deprotonation of the alcohol in the 3.1-

n species. While the 3.1-zp species was a possible protonation state, the titration data for 

proton A in 3.1 had not indicated that 3.1-zp is formed at a meaningful concentration as the 

chemical shift for proton A in Figure 3.11 (left) was expected to experience a downfield shift 

which would have increased the chemical shift.   

While the pKa of the pyridine nitrogen and alcohol were easily obtained by tracking the 

change in peak shift of a proton situated on the aromatic ring, the pKa of the amine nitrogen in 
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the derivatized frameworks was difficult to interpret from the change in the shift of the 

aromatic protons Figure 3.12 (left). Rather, the amine nitrogen pKa was obtained by plotting the 

chemical shift of the benzylic protons vs pH, as illustrated in Figure 3.12 (right). 

 

 
Figure 3.11 Titration data following the chemical shifts of protons A (left) and B (right) (H on C6 

and C5 respectively, see Figure 3.10) in pyridin-3-ol, 3.1. 

 

 
Figure 3.12 pH vs chemical shift data for the H-C4 (left) and benzylic hydrogens (right) in 

compound 3.2B. 
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The titration data for the 3.1 family is shown in Table 3.1. Interestingly, the pKa values 

for each titratable proton in 3.1D, which was one of our initial lead compounds, were similar to 

other pKa values in the family.  The higher resurrection efficacy of compound 3.1D over 

dialkylamines or even pyrrolidine as the amine suggests that a change in protonation state was 

not the critical factor. Instead, the improved efficacy of 3.1D can likely be attributed to the 

more effective binding in the active site of OP-aged AChE.  

 

Pyridin-3-ol  
Derivative (Amine) 

pKa of Pyridine 
Nitrogen 

pKa of 
Alcohol 

pKa of Amine 
Nitrogen 

3.1 5.0 ± 0.2 8.6 ± 0.2 - 

3.1A (Me2N) < 5.4a 7.4 ± 0.2 11.0 ± 0.2 

3.1C (pyrrolidine) 2.1 ± 0.2 7.5 ± 0.2 11.6 ± 0.2 

3.1D ((R)-2-Me-pyrrolidine) 2.2 ± 0.2 7.2 ± 0.2 11.7 ± 0.2 

3.1E (piperidine) < 5.9a 7.2 ± 0.2 11.0 ± 0.2 
aThe pH range was not sufficient to generate a sigmoidal curve for the specific protonation 

event. 

Table 3.1 Observed pKa results for the 3.1 family with an assortment of amine leaving groups.  

 

5-OMe-Pyridin-3-ol  
Derivative (Amine) 

pKa of Pyridine 
Nitrogen 

pKa of 
Alcohol 

pKa of Amine 
Nitrogen 

3.2 5.8 ± 0.2 9.3 ± 0.2 - 

3.2A (Me2N) 2.3 ± 0.2 7.4 ± 0.2 11.3 ± 0.2 

3.2B (Et2N) 2.0 ± 0.2 7.2 ± 0.2 12.1 ± 0.2 

 
Table 3.2 Extracted pKa data for the 3.2 family with select amine leaving groups 
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6-Me-Pyridin-3-ol  
Derivative (Amine) 

pKa of Pyridine 
Nitrogen 

pKa of 
Alcohol 

pKa of Amine 
Nitrogen 

3.3B (Et2N) 2.8 ± 0.2 7.4a ± 0.2 10.9a ± 0.2 

3.3C (pyrrolidine) 2.6 ± 0.2 6.9 ± 0.2 11.4 ± 0.2 

3.3F (MePrN) 2.9 ± 0.2 7.7a ± 0.2 > 6.8 
aRepresents an approximate pKa value due to the collected data across the pH range.  

Table 3.3 Extracted pKa data for the 3.3 family with an assortment of amine leaving groups.  

 

5-F-Pyridin-3-ol  
Derivative (Amine) 

pKa of Pyridine 
Nitrogen 

pKa of 
Alcohol 

pKa of Amine 
Nitrogen 

3.4  3.2 ± 0.2 7.8 ± 0.2 - 

3.4C (pyrrolidine) 0.5 ± 0.2 6.4 ± 0.2 11.2 ± 0.2 

3.5C (pyrrolidine) 0.7a ± 0.2 6.1 ± 0.2 10.0 ± 0.2 
aRepresents an approximate pKa value due to the collected data across the pH range. 

Table 3.4 Extracted pKa data for the 3.4 and 3.5 families with the pyrrolidine leaving group. 

 

While plotting the chemical shift of each proton over a wide pH range proved to be 

valuable, the 1H NMR spectra had additional pieces of remarkable information. Herein, we 

report that the change in protonation state of a model QMP may be indicated by the coupling 

constants found between the protons of the pyridine ring. The J values for all subsequent 

discussions will listed be denoted as Jx-y where x and y represent the carbon atoms to which the 

coupled hydrogens are bonded. Additionally, these coupling constants, unless denoted 

otherwise, will only represent meta (4-bond) 4JH-H couplings that are present on the pyridine 

framework.  

Like the graph shown in Figure 3.11, the meta coupling constants between the aromatic 

protons in 3.2 were plotted versus the pH of an aqueous solution. Table 3.2 indicates that the 
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two titratable protons for 3.2 have pKa values of 5.8 and 9.3, corresponding to 

protonation/deprotonation of the pyridine nitrogen and the alcohol, respectively. Interestingly, 

these protonation events can be tracked not only by the chemical shifts of the hydrogen atoms, 

but also by the meta coupling constants in the molecule (Figure 3.13). Rather than assigning a 

protonation state based solely on chemical intuition and typical pKa values, we sought to find a 

computational method which could corroborate the variation in coupling constants. 

Fortunately, robust density functional theory (DFT) methods allow for the coupling constants of 

a species to be accurately calculated.7 

  

Figure 3.13 Titration data following the peak shift (left) for the H at C4 and meta 4J4-6 coupling 

constant (right) in 5-methoxypyridin-3-ol, 3.2 

 

Coupling constant data were generated by first obtaining conformations of 3.2, for each 

protonation state, using a Monte Carlo search algorithm with the OPLS3e8 molecular mechanics 

force field. All subsequent optimizations and calculations were performed with Gaussian 16.9 
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Optimizations followed by vibrational frequency analyses were then performed on each 

conformation of 3.2 using the B3LYP10-12/aug-cc-pVTZ13 level of theory along with the SMD 

solvation model for water as the solvent.14 Optimized stationary points were confirmed to be 

local minima (all real vibrational frequencies) from the vibrational frequency analyses. The 

lowest energy conformer was subsequently subjected to a single-point NMR coupling constant 

calculation using Deng’s two step coupling calculation. The first step calculates the Fermi 

Contact term by uncontracting and augmenting the basis set specified by the user with 

additional 1s functions for the hydrogen atom.15 The second step then calculates the spin-

dipolar, paramagnetic spin-orbit, and the diamagnetic spin-orbit terms using the initial basis set 

specified by the user.15 The four terms are then summed to give the total J coupling between 

the two nuclei.  

Our initial investigation of the meta 4J4-6 coupling constants were focused on the 3.2 

core framework. Notably, the comparison of the 3.2-p (pyridinium) and 3.2-d (phenoxide) 

protonation states were the simplest to validate experimentally as these states were expected 

to dominate the population in solution at low and high pH values, respectively. Additionally, the 

3.2-n and 3.2-zp protonation states were also examined. The calculated 4J4-6 coupling for 3.2-p, 

3.2-n and 3.2-d, which were expected to be the most dominant protonation states present at a 

low, moderate, and high pH were in excellent agreement with the experimental 4J4-6 couplings 

(Table 3.5). The 3.2-zp protonation state, which was not expected to be the dominant species 

in solution at any pH, did not indicate agreement between the calculated and experimental 4J4-6 

coupling constant.  
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Experimental pH Exp. 4J4-6 (Hz) Calc. 4J4-6 (Hz) 

3.3 2.23 ± 0.05 2.25 for 3.2-p 

7.8 2.38 ± 0.05 2.09 for 3.2-zp 

8.3 2.37 ± 0.05 2.33 for 3.2-n 

10.0 2.45 ± 0.05 2.41 for 3.2-d 
 

Table 3.5 Comparison of the experimental and calculated 4J4-6 coupling constants in 3.2 at a 

variety of pH values, along with the computed DFT values for specific protonation states. 

 

The remarkable agreement between the experimental and calculated coupling 

constants shown in Table 3.5 prompted the investigation of the meta couplings found in 

compound 3.1. Notably, 3.1 will only investigate the couplings found in the 3.1-d and 3.1-p 

species as the experimental data over the pH range of approximately 5 – 8 resulted in the 

overlap of the signals for the H at C-4 and the H at C-5. While the overlap allowed for the 

extraction of peak shifts as shown in Figure 3.11, any coupling information was not 

distinguishable. However, a comparison of the calculated and experimental 4J2-4 couplings at 

both low and high pH in 3.1 could be determined and are shown in Table 3.6. 

Experimental pH Exp. 4J2-4 (Hz) Calc. 4J2-4 (Hz) 

1.6 2.61 ± 0.05 2.65 for 3.2B-p 

9.4 2.93 ± 0.05 2.85 for 3.2B-d 

 

Table 3.6 Comparison of the experimental and calculated 4J2-4 coupling constants in 3.1 at a 

variety of pH values, along with the computed DFT values for specific protonation states. 
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Like 3.2, the limited calculated meta coupling constants for 3.1 were similar to the 

experimental coupling constants. Consequently, we wondered if the meta coupling constants of 

a QMP could be used to corroborate protonation state assignments generated from the NMR 

titration data, as illustrated in Table 3.1 through Table 3.4. The QMP 3.2B was arbitrarily 

chosen as the model reference. Additionally, while it is known that two theoretical protons A 

and B couple to each other exactly such that JA-B = JB-A, the coupling constants for 3.2B were 

only measured from the proton corresponding to the H on C-4. Interestingly, at both high and 

low pH, the experimental data indicated that J4-6 ≠ J6-4 (Figure 3.14). While the difference 

between the low pH couplings was approximately 0.1 Hz (Figure 3.14), most experimental 

spectra in this thesis only exhibited differences in the coupling constants of approximately 0.04 

Hz. The discrepancy between the coupling constants can likely be attributed to heteronuclear 

coupling between the H on C-6 and the pyridine nitrogen which, in some cases, is known to 

broaden the signal of the C-6 protons which are adjacent to the pyridine nitrogen via 

quadrupolar relaxation.16 This interaction with the pyridine N was not present with the H on C-

4. 
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Figure 3.14 pH vs 4J coupling constants obtained from the peaks corresponding to the NMR 

signal of the H on C-6 (left) and H on C-4 (right) in 3.2B, 5-OMe-pyridin-3-ol derivative with the 

diethylamine (Et2N) leaving group. 

 

 As in Figure 3.13, the data shown in Figure 3.15 (right) indicated that a protonation 

event at an approximate pH of 2 elicited a small change in the 4J4-6 coupling. This change in 

coupling constant likely correlated to the deprotonation of the pyridine nitrogen in the doubly 

charged 3.2B-b species which generated the 3.2B-a species. Additionally, the protonation event 

at a pH of 7.2 was also indicated by a small increase in the 4J4-6 values. The deprotonation of the 

amine nitrogen, indicated by a change in ppm (Figure 3.12), was not clearly indicated with a 

marked change in the 4J4-6 (Figure 3.15 right). However, this lack of significant change in the 4J4-6 
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coupling between the 3.2B-za and 3.2B-d species correlated well to the calculated data shown 

in Table 3.7.  

 

Figure 3.15 Titration data following the peak shift (left) and meta coupling constant (right) in 

3.2B, 5-OMe-pyridin-3-ol derivative with the diethylamine (Et2N) leaving group. 

 

Experimental pH Exp. 4J4-6 (Hz) Calc. 4J4-6  (Hz) 

1.3 2.32 ± 0.05 2.30 for 3.2B-b 

5.3 2.40 ± 0.05 2.26 for 3.2B-a 

8.3 2.49 ± 0.05 2.47 for 3.2B-za 

12.0 2.52 ± 0.05 2.52 for 3.2B-d 

 
Table 3.7 Comparison of the experimental and calculated 4J4-6 coupling constants in 3.2B at a 

variety of pH values, along with the computed DFT values for specific protonation states. 

 

While solution-phase NMR can generate a plethora of useful data, NMR is intrinsically a 

slow method where the data represent an average of all species in solution. Consequently, we 

sought to find a faster analytical method which could be used to corroborate our initial 
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protonation assignments. We initially focused on IR spectroscopy as computational simulations 

of IR spectra were simple to calculate and easily compared to the extant experimental data.  

Initial investigations into using IR spectroscopy and computational methods to correlate 

protonation states, like the NMR study above, focused on using 3.2B, the 5-OMe-pyridin-3-ol 

derivative with the diethylamine (Et2N) leaving group. In the NMR studies, each compound was 

typically in the 1 mM concentration range, and the solvent was either a 40 mM concentration 

phosphate buffer or water where both solvents were diluted with 10% D2O.  However, for the 

IR spectra, 3.2B was dissolved at a concentration of 220 mM in deionized water. The sample 

was then titrated with HCl or NaOH to the pH of interest. 

 Before the experimental IR spectrum was recorded, the IR instrument was blanked with 

a sample of deionized water which was titrated with HCl or NaOH to be within 0.5 pH units of 

the sample of interest. Additionally, the deionized water blank made the IR spectra range of 

2000 – 3000 cm-1 undiscernible. Consequently, all IR spectra will be analyzed in the range of 

750 – 1650 cm-1. Experimental IR data for 3.2B were obtained at pH 7.25 and the spectrum is 

shown in Figure 3.16. 
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Figure 3.16 IR spectrum of 3.2B in deionized water at pH 7.25 
 
 

Additional IR spectra with the overlaid calculated IR, shown as vertical lines, for each 

protonation state of 3.2B are shown in  

Figure 3.17. Both experimental and calculated spectra were scaled in relation to the IR 

peak with the largest intensity. All calculated conformations of 3.2B, for each protonation state, 

were generated with a Monte Carlo search algorithm using the OPLS3e molecular mechanics 

force field.8 The resulting conformations were optimized with the B3LYP10-12 density functional 

and the 6-311+G**17-18 basis set using the SMD14 solvation model with water as the solvent. 

Vibrational frequency analyses were performed for each conformation to ensure that only real 

frequencies were present. The generated vibrational frequencies were not scaled.  
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Figure 3.17 Experimental IR spectrum of 3.2B at pH 7.25 overlaid with the calculated IR spectra 

for each protonation state (vertical lines). The protonation state is indicated above each image. 

 
 

An analysis of Figure 3.16 indicated a variety of IR peaks, with the most notable 

signatures being at 865, 972, 1050, 1150, 1170, 1200, 1310, 1430, and 1575 cm-1 with the peak 

at 1430 cm-1 being the most intense. Of the computed spectra presented in Figure 3.17, figures 

which represent the 3.2B-n, 3.2B-za, 3.2B-d and the 3.2B-zp protonation states bore moderate 

agreeance with the experimental IR spectra.  

Notably, of these four protonation states, three protonation states, 3.2B-za, 3.2B-d and 

3.2B-zp, possessed a formal negative charge on the oxygen atom.  Each of these species are 

predicted to have intense bands at approximately 1430 cm-1 which agree well with the 
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experimental band at 1430 cm-1 (Figure 3.16). Examination of the 3.2B-za, 3.2B-d and 3.2B-zp IR 

bands at approximately 1430 cm-1 with Gaussview 619 confirm that the IR band is a C–O stretch.  

The calculated spectra for 3.2B-n, 3.2B-za and 3.2B-d also showed moderate agreement 

with the experimental band at 865 cm-1 which correlated to a distinct out-of-plane C–H bend 

from the pyridine framework. Analysis of the computational normal coordinate for that band 

(with Gaussview) confirmed the motions to be a C–H out-of-plane bending vibration. 

 Subsequently, we wondered if the C–H out-of-plane bending vibration could be used as 

a diagnostic for the protonation state of the pyridine nitrogen, while the C–O stretch at 1430 

cm-1 would be used as a diagnostic for the protonation state of the oxygen atom. Importantly, 

only the protonation states with a deprotonated pyridine nitrogen in 3.2B have a C–H out-of-

plane bending vibration at approximately 865 cm-1. Similarly, only the calculated protonation 

states of 3.2B where the alcohol was anionic possessed the intense C–O stretch at 1430 cm-1.  

As the NMR titration data shown in Table 3.2 indicated that the amine in 3.2B had a pKa 

of approximately 12.2, the amine nitrogen should be protonated at a pH near 7. Subsequently 

near physiological pH, 3.2B was determined to primarily be in the 3.2B-za protonation state. 

Consequently, we wondered if a plot which contained a Boltzmann weighting of all 121 

conformations of 3.2B-za would provide an accurate representation of the experimental IR 

spectrum (Figure 3.18). 
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Figure 3.18 Boltzmann distribution of all computed 121 conformations of 3.2B-za at the 

B3LYP/6-311+G(d,p) level of theory. The experimental IR of 3.2B was obtained at a pH of 7.25 in 

water. The experimental spectrum is shown in red, while a gaussian-broadened spectrum (using 

a peak broadening of approximately 4 cm-1) of all calculated IR peaks is shown as a dashed line. 

 

Unfortunately, while Figure 3.18 indicated that the calculated peaks at approximately 

870, 980, 1150, and 1570 cm-1 were in moderate agreeance with the experimental spectra, the 

features at approximately 1340 and 1430 cm-1 were not representative of the experimental IR. 

However, it should be noted that the features in the Boltzmann of distribution of 3.2B-za were 

heavily weighted towards conformations which contain an NH---O hydrogen bond between the 

amine nitrogen and the phenoxide. Consequently, we hypothesized that conformations bearing 

an NH---N hydrogen bond between the amine and pyridine nitrogen might generate a different 

Boltzmann distribution, which may be more representative of the experimental IR. Two 
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Boltzmann distributions of 3.2B-za, representing orientations featuring an NH--O hydrogen 

bond or an NH--N hydrogen bond are shown in Figure 3.19. 

 
 

Figure 3.19 Boltzmann distributions of 3.2B-za calculated at the B3LYP/6-311+G(d,p) level of 

theory, representing conformations which feature an NH---O shared hydrogen bond (left) and 

an NH---N hydrogen bond (right). The experimental spectrum is shown in red, while a gaussian-

broadened spectrum (using a peak broadening of approximately 4 cm-1) of the calculated IR 

peaks is shown as a dashed line. 

 
 Interestingly, the conformation bearing the NH---N hydrogen bond (Figure 3.19 right) 

seemed to more accurately predict the peaks found at approximately 1300 and 1430 cm-1. 

Additionally, while displaying conformations containing either the NH---O or NH---N shared 

hydrogen bond is informative, the hydrogen bond is dynamic and is likely situated somewhere 

between the two atoms. Thus, the dynamic nature of the hydrogen bond might make 3.2B-zp 

as well as 3.2B-n valid protonation states. Boltzmann distributions of all of the calculated IR 

3.2B-zp and 3.2B-n protonation states are shown in Figure 3.20.  
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Figure 3.20 Boltzmann distributions featuring the 3.2B-zp protonation state (left) and the 3.2B-

n protonation state (right) calculated at the B3LYP/6-311+G(d,p) level of theory. The 

experimental spectrum is shown in red while a gaussian-broadened spectrum (using a peak 

broadening of approximately 4 cm-1) of all calculated IR peaks is shown as a dashed line. 

 

While both images shown in Figure 3.20 bear some resemblance to the experimental 

spectra, the overall agreement between the calculated spectra of 3.2B-zp and 3.2B-n relative to 

the experimental spectrum was poor. Notably, as the 3.2B-n, 3.2B-za, and 3.2B-zp protonation 

states are isomers with similar electronic energies, these different protonation states could be 

mixed to generate novel Boltzmann distributions. Consequently, we hypothesized that a 

Boltzmann distribution of conformations of 3.2B-za bearing the NH---N hydrogen bond and all 

conformations of the 3.2B-zp protonation state might more accurately represent the 

experimental IR. We also examined a Boltzmann distribution containing conformations of 3.2B-
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za bearing the NH---O hydrogen bond as well as the 3.2B-n protonation (Figure 3.21). 

 

 
Figure 3.21 Boltzmann distributions featuring 3.2B-za orientations bearing an NH---O hydrogen 

bond and the 3.2B-n conformations (left) and 3.2B-za conformations bearing the NH---N 

hydrogen bond and the 3.2B-zp conformations (right) calculated at the B3LYP/6-311+G(d,p) 

level of theory. The experimental spectrum is shown in red, while a gaussian-broadened 

spectrum (using a peak broadening of approximately 4 cm-1) of all calculated IR spectra is 

shown as a dashed line. 

   
 Analysis of Figure 3.21 indicated that the Boltzmann distribution containing 

conformations of 3.2B-za with an NH---N hydrogen bond as well as all conformations of the 

3.2B-zp protonation state bore significant agreeance with the experimental spectrum. 

However, two regions of the IR shown in Figure 3.21 (right) at approximately 1250 and 1500 

cm-1 have calculated bands which are not represented well in the experimental spectra. 

Interestingly, Gaussview analysis of the vibrational bands at 1500 cm-1, which were only found 

in the 3.2B-zp conformations, revealed that the bands are an in-plane NH bend. If the hydrogen 
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atom is involved in a shared intramolecular NH---N hydrogen bond, perhaps this vibrational 

mode might be significantly dampened in the experimental spectra. Analysis of the bands at 

approximately 1250 cm-1 in Figure 3.21 (right) indicated that these bands represent an in-plane 

symmetric bend of both aromatic hydrogens, and that this vibrational mode is also coupled 

with an N–H in-plane hydrogen bend. Perhaps the reduced intensity of the 1250 cm-1 band in 

the experimental spectra, could also be explained by an NH--N intramolecular hydrogen bond.  

 In conclusion, the 1H-1H coupling constant data obtained from NMR as well as the IR 

data for 3.2B indicate that near physiological pH, 3.2B exists primarily as 3.2B-za. Additionally, 

while 3.2B-za might be the prevalent protonation state, the hydrogen atom on the amine 

nitrogen is involved in a shared hydrogen bond, with the phenoxide oxygen (NH---O) and the 

pyridine nitrogen (NH---N). This hydrogen bond results in the 3.2B-zp protonation state 

conformations being necessary to accurately predict the IR spectra of 3.2B. Additionally, the 

titration data which analyzed the chemical shift of various protons on 3.2B indicated that 3.2B 

is near the equivalence point for the deprotonation event of 3.2B-a. Near the equivalence 

point, 3.2B is expected to be present as both the 3.2B-a and 3.2B-za protonation states. 

Consequently, after consideration of both the IR and NMR data presented, future molecular 

dynamic studies should focus on the 3.2B-a, 3.2B-za and 3.2B-zp protonation states as these 

protonation states have been shown to be the most dominant protonation states for 3.2B near 

physiological pH.  
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