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Abstract 
 

Drug resistance is a major challenge leading to low survival amongst diseases like 

lung cancer, the most diagnosed cancer in Canadians. Cisplatin is the current standard 

of care, but resistance is common after 4-6 months. A strong association between 

treatment outcomes and the metabolism of Vitamin B6, or Pyridoxine (PN), has been 

found, where the active form of PN is associated with effective chemotherapy, while the 

inactive metabolite is associated with resistance. Previous work using contrast agents by 

MRI have begun addressing this need, but clinical relevance is limited due to motion of 

the lungs and perturbance of metabolic processes. Herein we focused on developing a 

non-invasive way to detect the onset of cancer resistance from Cisplatin-based 

chemotherapy using Positron Emission Tomography (PET). Towards this goal, three cold 

analogues of PN were prepared, with successful fluorine and carbon substitutions. 

Metabolomic analysis found interaction with pyridoxal kinase, phosphatase, and oxidase 

enzymes, showing cell transport and metabolic transformations were maintained. This 

was followed by radiolabelling efforts, where fluorination was unsuccessful due to low 

[18F]HF concentrations. However, carbon radiolabelling showed apparent product 

formation, with work currently being done to optimize reaction conditions, purification, and 

characterization. With optimized radiotracers in-hand, future work will focus on 

differentiating chemotherapy responsive and resistant lung cancer by PET imaging in 

animal model tumour tissue. PET imaging is performed routinely in clinic, and the rapid 

translation of radiotracers to clinical use (18 months) suits the need for rapid response to 

this clinical challenge, improving patient treatment outcomes. 
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Chapter 1 – Introduction and Literature Review 
 

1.1 Lung Cancer and Treatment in Canada 
 
 Lung cancer continues to be one of the most diagnosed cancers in Canadian men 

and women, accounting for approximately 24% of all cancer deaths as of 2023.1 Non-

small cell lung cancer (NSCLC) represents 87% of lung cancer cases,2 while small-cell 

lung cancer (SCLC) is representative of smoking related cases.3 Most NSCLC patients 

tend to be diagnosed with later-stages of the disease, and the prognosis involves a 5-

year survival rate of only 17.4%, which is significantly lower than many other cancers.4 

 In both neo-adjuvant (before therapy) and adjuvant (after surgery) chemotherapy, 

platinum based drugs like cisplatin (cis-diamminedichloroplatinum (II) (CDDP) are the 

standard of care (Figure 1A).5 Combination drugs are often employed such as paclitaxel 

and gemcitabin, which act synergistically by assisting in the interference of DNA synthesis 

and cell division.6,7 CDDP transport into cancer cells is mediated by copper transporters, 

and upon cell entry, CDDP is hydrolyzed to a potent electrophile that reacts with sulfhydryl 

groups of proteins and N7 reactive centres of purine residues of DNA (Figure 1B). This 

results in platinum complexes forming intra- and inter-strand DNA adducts that block cell 

division, specifically at the G2/M checkpoint, and facilitate cell death mediated by DNA 

damage that causes senescence and mitochondrial apoptosis.89 CDDP can also engage 

poorly characterized cytoplasmic pathways that promote apoptotic or necrotic cell death 

by overproducing reactive oxygen species (ROS).9 In some instances, activation of pro-

apoptotic proteins, like BCL-2 members BAX, BAK, voltage-dependant anion channel 1 

(VDAC1), and cytoplasmic p53 also mediate cell death (Figure 2).9–12 
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Figure 1. Clinically approved platinum-based anti-cancer drugs. A) Cisplatin (first-

generation treatment), as well as carboplatin and oxaliplatin (second-generation 
treatments). B) Platinum based agents work by hydrolysis to potent electrophiles, 
reacting with N7 reactive centres of purine residues of DNA, or sulfhydryl groups, 

causing DNA strand cross-links. 
 

 
Figure 2. Cisplatin downstream mode of action as a chemotherapeutic. As a result 
of reduced cytoplasmic concentration of chloride ions, intracellular cisplatin (CDDP) is 
rapidly ‘aquated’, generating potent electrophiles. CDDP then cross-links nuclear DNA, 

as well as cytoplasmic targets like mitochondrial DNA (mtDNA) and proteins. These 
interactions induce oxidative and reticular stress; eliciting a signal transduction cascade 

that includes the pro-apoptotic BCL-2 family members BAK1 and BAX, as well as 
voltage-dependent anion channel 1 (VDAC1) and activates the cytoplasmic pool of p53. 
Asterisks tag the primary consequences of CDDP reactivity. ER, endoplasmic reticulum; 
MOMP, mitochondrial outer membrane permeabilization. Figure made using BioRender. 
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CDDP-based treatments suffer from major complications, with significant off-target 

effects including peripheral neurotoxicity, ototoxicity, myelosuppression, and 

nephrotoxicity due to its primarily kidney based excretion.13 Resultingly, second 

generation complexes carboplatin and oxaliplatin were developed (Figure 1A), which 

result in fewer significant side effects, and have been shown to exhibit efficacy in CDDP-

resistant lung cancer.3 The success of platinum based complexes has also advanced 

development in drugs derived from other metals including ruthenium  (NAMI-A, KP1019), 

which have entered clinical trials and show antitumoral effects and less off-target 

activity.14 Despite the known side effects, and the presence of other treatment options, 

CDDP still remains the first-line treatment option for lung cancer. 

 Drug resistance remains one of the biggest challenges in cancer chemotherapy,2 

and is the leading cause of the low survival rates of lung cancers.2 CDDP treatment 

suffers predominantly from this principal factor limiting treatment efficacy.15 Drug 

resistance in chemotherapy is quite similar to infectious disease, where although early 

developments proved quite effective, tumour remissions are now more common due to 

the development of resistance. Combination chemotherapy has thus become a paradigm 

to cancer therapy,16 necessitating more complex and toxic treatments with increasing 

dosage intensity.17,18 

 Devastatingly, many patients suffering from lung cancer acquire CDDP resistance 

that limits treatment efficacy. Acquired resistance mechanisms in CDDP treated patients 

have been tied to decreased cytoplasmic accumulation, cytoplasmic sequestration, and 

enhanced DNA repair.16 Malignant cells exposed to CDDP are known to activate a 

multipronged adaptive response that renders them less susceptible to cytotoxic and 
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antiproliferative effects.12 CDDP resistance can occur via pre-target, on-target, post-

target, and off-target resistances, and is often a combination of non-overlapping 

molecular mechanisms.19–21 Currently in clinic, CDDP resistance is only detected after 4-

6 cycles of therapy (i.e. 4 to 6 months) at the earliest.22 This delay results in futile therapy 

with unnecessary toxicity, and a significant period of time for tumour reprogression under 

selective pressure encouraging CDDP resistance. As a result, not only are therapeutic 

strategies in need of change, but so are diagnostic measures for earlier identification of 

resistance onset, better guiding treatment changes. 

1.2 Vitamins and their role in Human Health 

 
 Vitamins are a group of complex functionalized compounds, present in minute 

quantities typically in foodstuffs, which are critical to normal metabolic and functional 

processes in human health.23,24 Vitamins and minerals and their necessity for human 

health was demonstrated more than 100 years ago, and recommendation guides have 

been thoroughly produced to illustrate necessary dietary intake to ensure sufficient 

population health.25 Absence of these nutrients is associated with various different 

disorders, where reintroduction of vitamins can counteract these symptoms, usually in the 

form of food or dietary supplements. Clinical deficiencies in developed countries is now 

quite uncommon, but insufficiencies are seen worldwide with variations depending on age 

and country.25,26 While metabolic needs remain more consistent, dietary needs are more 

variable among individuals. In most instances, a varied and balanced diet, rich in nutrient-

dense foods is sufficient for maintaining adequate levels. However, some vitamins such 

as vitamin D (synthesized by ultraviolet (UV) radiation), niacin (synthesized from 
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tryptophan), and vitamin C are produced by humans, and therefore food intake is not the 

only factor determining bioavailability.24 

 Traditionally, vitamins are divided into two main groups based on solubility, being 

fat soluble or water soluble.24 Fat soluble vitamins include A, D, E and K, while B-complex 

and C-complex vitamins are water soluble. Alterations in fat absorption have impacts on 

fat-soluble vitamin uptake,24 while water soluble vitamins are unaffected. As a result of 

their solubilities, water soluble vitamins like B-vitamins are not as well stored in the body, 

and are more rapidly excreted. A more continual supply is often necessary to maintain 

adequate levels, and excess levels are less likely to cause toxic effects. 

 When originally discovered, the composition of vitamins were unknown, and 

Casimir Funk, a pioneer in vitamin research coined the term “vitamine”,27 with an 

alphabetized system being used to identify them by functional class.24 As more variations 

in chemical structure were found, suffixes were adopted within each class (eg. vitamin B6 

and vitamin B9). The final classification system was established by the Committee on 

Nomenclature of the American Institute of Nutrition (CNAIN), and is the standard system 

by which vitamins are referred to in literature and common dialogue. 

 The history for vitamins is quite storied, with countless review articles by pioneers 

like Casimir Funk (1922),27 Scott et al. (1982),28 and many more. Although the existence 

of these compounds was not recognized until the twentieth century, the existence of 

vitamin deficiency type disease had already become common-place, including scurvy, 

beriberi, night blindness, and pellagra.29,30,31 Scientists in the field of nutrition at the time 

began recognizing the necessity for not only carbohydrates, fats, proteins, and salts, but 

also the importance of coenzymes in the early 1900s. Soon after, rat studies contributed 
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significantly to our knowledge base,24,32 involving the use of diet manipulation to identify 

and isolate coenzymes responsible for their effects. 

 Vitamins are now understood to be associated with multiple diseases, with 

malignant or cancerous disease being of particular interest.33 Since vitamins are required 

for cellular metabolism and immunity,34 deficiency increases risk and severity of infection 

and cancer.35,36 For instance, animal models have suggested that vitamin A deficiency is 

associated with cancer risk, with important cell membrane, protein glycosylation, and 

DNA replication involvement.37–39 Associations have also been made for virtually all other 

vitamins,40 but most pertinent to our research study is the role of vitamin B. Deficiency in 

B-vitamins like B6 and B12 are associated with DNA damage, which increases risk of 

cancer formation.41 Also quite interestingly, Vitamin B9 (Folate) depletion is used as a 

chemotherapeutic with antifolate drugs,42 which induce DNA insult in rapidly dividing 

cancer cells. Undoubtedly, a strong association has been found between blood vitamin 

concentrations and the risk of disease such as cancer, which has developed into 

significant work into using vitamins as biomarkers.33 

1.3 Vitamin B6 and its Metabolic Alterations 
 
 Vitamin B6 is an essential nutrient obtained from our diet that is a coenzyme 

necessary for more than 140 biochemical transformations.43 Vitamin B6 is a complex 

molecule that is essential for human health, and has been implicated in inflammation-

related chronic diseases, metabolism, and immune regulation.44 However, the role of 

vitamin B6 in carcinogenesis is of particular focus. 

 Vitamin B6 exists in a variety of different forms, with variations in functionality 

present on the 4’-benzyl position (Figure 3). The predominant forms consist of pyridoxine 
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(PN) which carries a hydroxyl group, pyridoxal (PL) which carries an aldehyde, and 

pyridoxamine (PM) which carries an amine group. Sources of the different vitamin B6 

structures consist of non-citrus fruits, fish, and starchy vegetables,45 and has been found 

to be synthesized by gut microbiota through de novo or salvage pathways,46 which may 

explain why deficiencies are uncommon. 

 
Figure 3. Structures of pyridoxine, pyridoxal, and pyridoxamine. Predominant 

structures consist of pyridoxine (4’-hydroxyl), pyridoxal (4’-aldehyde), and pyridoxamine 
(4’-amine). 

 
 Absorption of vitamin B6 begins in the intestine, and transport predominantly 

occurs for the native substrate PN.45 Any modified forms of vitamin B6 are therefore 

hydrolyzed by intestinal phosphatases (phosphorylated vitamin B6) and glycosidases 

(glucoside of vitamin B6) prior to transport.47,48 Experimentation with Saccharomyces 

cerevisiae (Brewers Yeast) has identified the transporter TPN1, which is a member of the 

purine-cytosine permease family (Figure 4).49 This protein functions as a proton 

symporter, localized to the plasma membrane, with high affinity for PN. Once in the cells 

of the intestine, PN can undergo metabolic alterations prior to transport to the liver,50 or 

once within the liver. PN may first be phosphorylated by pyridoxal kinase (PDXK) to 

pyridoxine 5’-phosphate (PNP), and then oxidized by the flavin mononucleotide (FMN) 

dependant enzyme, pyridoxine 5’-phosphate oxidase (PNPO) to pyridoxal 5’-phosphate 

(PLP).45 Alternatively, PN can be oxidized first by PNPO to PL, and then phosphorylated 

by PDXK to PLP. Phosphorylation of PN results in trapping of the molecule in the cell, 
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however, reversibility is possible with pyridoxal phosphatase (PDXP).45 If vitamin B6 

vitamer levels exceed biological requirements, PLP may undergo this dephosphorylation 

event, and will be oxidized to 4-pyridoxic acid (PA), with excretion occurring through the 

urine.51 Ultimately, the final metabolic product PLP can then be secreted from the liver, 

covalently bound to lysine residue 190 on human serum albumin (HSA) as a Schiff base.52 

This not only facilitates transport in the blood, but also mitigates dephosphorylation.53 

 
Figure 4. Metabolic alterations of pyridoxine. PDXP, pyridoxal phosphatase; PDXK, 

pyridoxal kinase; PNPO, pyridoxine phosphate oxidase. (A) Vitamin B6 metabolism 
involves active transport into the cell, then oxidation by PNPO and phosphorylation by 

PDXK. Figure made using BioRender. 
 

Once secreted into the circulatory system, PLP is delivered to a variety of different 

tissue types including the brain, red blood cells, liver, and lungs.53 As previously 

mentioned, vitamin B6 is involved in over 140 enzymatic processes, and plays a crucial 

role in cellular metabolism and physiological health. PLP has been reported to play roles 

in protein folding,54 amino acid biosynthesis and degradation (transamination by Schiff 

base reactions),53,55 glycogen storage and breakdown,53 neurotransmitter synthesis,56 

and carbohydrate and lipid synthesis.43 
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As such an integral, multifaceted, and well-integrated substrate for so many 

processes, vitamin B6 and its vitamers act as one of the most central molecules in cellular 

processes of living organisms. In the last several years, major discoveries have been 

made on its role in human health, and is continuing to develop. Consequently, such a 

critical coenzyme has garnered interest as an important, and underutilized biomarker for 

disease. 

1.4 Pyridoxine’s Role in Carcinogenesis and Lung Cancer 
 
 A strong clinical association has been made between the PN status of lung 

tumours and their sensitivity to CDDP chemotherapy.9,57 A relatively comprehensive 

analysis of CDDP-resistance in NSCLC has been performed to identify CDDP response 

modifying factors that inhibit or exacerbate treatment.9,57–59 Among these investigations, 

the metabolism of PN appears to be central in both cytotoxic response and adaptation of 

NSCLC cells to perturbations in homeostasis like nutrient depravation and exposure to 

cytotoxic agents.57 More specifically, high expression levels of PDXK have been 

associated with improved disease outcomes of NSCLC patients. After ingestion, PN is 

taken up by TPN1, and metabolized to the active form PLP as previously described. Pre-

clinically, lung cancer cells with more of the active form of PN (PLP) are more sensitive 

to CDDP treatment (Figure 5A).60 However, those with more of the inactive form (PL) 

exhibit CDDP resistance (Figure 5B). 
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Figure 5. Biochemical CDDP resistance in lung cancer. Ultimately the PLP:PL 

balance, defined by PDXK and PDXP activity, dictates sensitivity to CDDP therapy. 
Lung cancer cells sensitive to CDDP have more PLP than PL (A), whereas resistant 

cells have more PL (B). 

 Mechanistically, PLP-conferred sensitivity to CDDP is dependent upon PDXK.9 It 

was found that the loss or knockdown of PDXK via small interfering RNA (siRNA), 

protected A549 NSCLC cells against CDDP cytotoxicity.57 Population studies have also 

found a negative correlation between PN serum levels and risk for developing NSCLC.61 

In vivo studies have shown that the anti-tumour efficacy of CDDP was enhanced by co-

administration of PN to mice, increasing intracellular concentrations of vitamin B6 

vitamers, with higher than normal levels exacerbating cancer cell death.59 In-vitro models 

sought an explanation of this effect, and suggested that acquired CDDP resistance 

ultimately correlated to a loss of PDXK and/or increase in PDXP. The same effects hold 

true for human NSCLC H460 cells, and is also a contributor to ovarian carcinoma, cervical 

carcinoma, and even colorectal cancer cell lines, showing the important impact of PN 

metabolism in cancer therapy. 

 PN-mediated chemosensitization has been investigated. Reduced glutathione 

(GSH) and N-acetylcysteine (NAC) have been shown to prevent cytotoxicity of CDDP 

irrespective of PN levels, while inhibition of caspases reduces CDDP cytotoxicity.57 In the 

presence of PN, cells treated with sub-apoptotic concentrations of CDDP have shown 

increased phosphorylation of TP53, as well as increased activation of caspases 3 and 9, 

(A) CDDP-Sensitive Cancer (B) CDDP-Resistant Cancer
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which help facilitate apoptosis in cancer cells. Most notably, the accumulation of CDDP-

DNA adducts as well as phosphorylation of ataxia telangiectasia mutated (ATM) and its 

histone (H2AX) are aggravated in the presence of PN, which are known signs of ongoing 

DNA damage response.57 Ultimately, the presence of PN and its vitamer PLP are known 

to exacerbate the cytotoxic effects of CDDP by both caspase dependant and independent 

mechanisms, upstream of the DNA damage response. 

 Given the importance of PN and PDXK in response and resistance to CDDP based 

treatments of NSCLC, their quantification can provide risk assessment for disease 

progression and treatment response. PDXK levels as a marker for lung cancer CDDP-

resistance was demonstrated to have clinical relevance in human lung cancer biopsy 

samples, with low tumour PDXK levels being significantly associated with poorer disease-

free and overall survival.57 While these studies reinforce the prognostic value of PDXK, it 

does not explain why an enzyme responsible for over 140 metabolic alterations driving 

cell growth and survival is lost in rapidly dividing cancer cells. 

 The Shuhendler group has already evaluated PN metabolism in A549 and H460 

NSCLC cell lines,62 where A549 cells have shown to be more intrinsically resistant to 

CDDP therapy than H460 cells.63 Through targeted mass spectrometry (MS), it was 

shown that H460 cells had more intracellular PLP relative to PL than A549 cells.62 This 

result was further confirmed by in vivo magnetic resonance imaging (MRI) of heterotopic 

A549 and H460 tumour xenografts. This methodology utilized chemical exchange 

saturation transfer magnetic resonance imaging (CEST-MRI), leveraging a hydrazine-

based contrast agent that generates hydrazones with PLP to measure activity (Figure 

6A), which produced results in line with previously discussed literature (Figure 6B).9,57 
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However, the clinical relevance of this contrast agent is limited due to its perturbation of 

the system by consuming PLP to provide imaging signal. Additionally, CEST-MRI suffers 

from motion sensitivity, which is incompatible with imaging organs such as the lungs. 

 
Figure 6. HydrazoCEST contrast agents’ detection of vitamin B6 using 2-HYNIC 
in-vivo in lung tumour xenografts. The ability of HydrazoCEST contrast agent 2-

HYNIC to react with pyridoxal (PL) or pyridoxal 5’-phosphate to form a hydrazone (A) 
through Schiff-base formation. (B) Mapping of PLP by 2-HYNIC in vivo in lung tumour 
xenografts is shown using mice bearing A549 (i-iii) or H460 (iv-vi) before (I and vi), 5 

min (ii and v), and 60 min (iii and vi) after IV-injection of 2-HYNIC. Figure adapted from 
reference 62. 

 
Despite these limitations, this work identified a shortcoming in literature findings of 

PDXK loss when assessing the expression levels of PDXK and PDXP in parental and 

CDDP-resistant A549 and H460 lines for three main reasons.64 (1) While a loss of PDXK 

was observed in CDDP-resistant relative to parental A549 cells using previous 

established antibodies57 recognizing the N-terminal epitope of PDXK, no PDXK was 

detected in parental or resistant H460 cells with the same antibody. (2) Using an anti-

PDXK antibody recognizing a C-terminal epitope, PDXK was detected in both A549 and 

H460 cells. With the C-terminal anti-PDXK antibody, the level of PDXK expression was 

independent of resistance status, with A549 cells expressing more enzyme than H460 

cells. (3) PDXP expression was elevated in sensitive cells, with H460 cells expressing 

more enzyme than A549 cells. To better understand why expression level changes were 
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occurring, further work was performed involving preliminary PCR studies. These alluded 

to a PDXK product of smaller cDNA size associated with CDDP-resistant A549 cells, 

which may be explained by a loss of exon 3 with the progressive onset of resistance. 

These findings suggest structural alterations in PDXK upon conference of resistance 

onset (ie. a loss of the N-terminal epitope) in A549 cells, and varying levels of PDXP 

between parental A549 and H460 cell lines. This provides a possible new hypothesis that 

resistance to CDDP treatment ultimately occurs as a result of varying PDXP expression 

and alternative splicing of PDXK. 

Despite these possible foundations for CDDP-resistance onset, the fact still 

remains that alterations in PDXK and PLP levels are ultimately predictive of lung cancer 

outcomes,57 constituting an underutilized biomarker directly addressing a clinical need to 

improve therapeutic outcomes for this devastating disease. 

1.5 Anti-Vitamins and Ginkgotoxin as Disease Biomarkers 
 
 Similarly to vitamins, a class of molecules known as antivitamins have also 

undergone extensive research congruently. As early as 1926, Mellanby discovered a 

chemical of unknown composition that could counteract the effect of vitamin D, coined as 

a toxamin.65,66 Later, this structure was identified to be phytic acid, and it is one of many 

antivitamins known. Antivitamins are compounds that diminish or counteract the essential 

functions of vitamins, mimicking the effects of vitamin deficiency in most cases.65 With 

such a broad definition, many molecules have been classified as antivitamins, both with 

therapeutic and toxic implications. 

In fact, two groups of anti-vitamins have been established due to their diversity, 

differentiating between structural inhibitors/analogues (Class A) and structural modifiers 
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(Class B).67 Class A structural analogues are further classified into those that (A1) target 

proteins involved in biosynthesis, (A2) target proteins involved in cellular delivery, and 

(A3) target proteins involved in enzymatic transformations of the vitamin.65 A multitude of 

Class A antivitamins are known, predominantly associated with therapeutic applications. 

Methotrexate (chemotherapy, anti-vitamin B9) and warfarin (anticoagulant, anti-vitamin K) 

are two noteworthy examples, which are commonplace medical treatments.65 Class B do 

not target proteins directly, but rather modify the vitamins themselves into non-functional 

molecules, or by interrupting necessary coenzymes, rendering them unable to participate 

in their native reaction pathways. Various Class B antivitamins have been identified, 

including phytic acid (vitamin D modifier for coenzymes), thiaminase (thiamine modifier), 

and even streptavidin (biotin binder) which is now a critical biotechnology.65,68 Unlike class 

A antivitamins, class B represent mostly antinutritional factors, and are recognized as 

toxins rather than therapeutics. 

As suggested, the history of antivitamins and their toxic nature has ingrained these 

molecules as dangerous. Despite this, antivitamin research has been an important pillar 

in the understanding of vitamin deficiency and metabolic processes, with deliberate 

vitamin deficiency in bacteria, animals, and even humans shaping our understanding.69–

72 Notably, the antivitamin deoxypyridoxine has been used to understand skin lesion 

formations as a symptom of deficiency, with subsequent readministration of PN 

counteracting its effects (Figure 6).71 Of all explored antivitamins, the B-family has 

undoubtedly gathered significant interest in recent years. Vitamin B9 is of particular 

interest, due to the implications of folic acid in DNA synthesis for antiproliferative drugs.65 
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Vitamin B12 is also tightly associated with folic acid, and has seen a multitude of analogues 

for medical applications that failed before clinical trials in the late 1900s. 

4’-O-Methylpyridoxine (MPN, Ginkgotoxin) is a known Class A3 antivitamin of PN, 

which causes severe neuronal issues in mammals that often result in epileptic seizure 

(Figure 6).73 Ginkgotoxin originates from the Ginkgo biloba tree, within nut-like 

gametophytes inside its’ seeds.74 Full plant extracts are commonly used in dietary 

supplements, as well as medicines for cough and infections.75 Leaf extracts are even 

utilized for treating memory loss and cognitive disorders, and are sold as herbal 

supplements in health stores in North America.74 With a reported LD50 (lethal dose 

causing 50% death) of 1.1 g/kg intravenously,74 low dosages in supplements exhibit 

limited toxic effects. It is evident that although Ginkgotoxin poses adverse health effects, 

there is significant interest into its application in medicine. 

 
Figure 6. Anti-vitamins of pyridoxine of pyridoxine including 4-

deoxypyridoxine and Ginkgotoxin (4’-O-methyl pyridoxine). 
 

 Until recently, Ginkgotoxin research has provided limited understanding beyond 

nutritional supplementation. However, it has recently been suggested that Ginkgotoxin 

acts as a competitive inhibitor for PDXK.76 Incubation of PDXK with Ginkgotoxin and 

adenosine triphosphate (ATP) has shown time-dependent product formation through 

high-performance liquid chromatography (HPLC) detection of a 5’-phophorylated 

Ginkgotoxin product, with reversibility through alkaline phosphatase. Kinetic analysis after 
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this discovery was performed against other PN vitamers, with KM and KI reported. 

Ginkgotoxin (KM = 4.95 µM) showed an almost 2-fold increase in binding affinity compared 

to PN (KM = 9.87 µM), with a comparable specificity constant to PN (kcat/KM, 9.30 x 104 

mol-1s-1 versus 1.25 x 105 mol-1s-1). They also elucidated a seemingly competitive 

inhibition mechanism by using a fixed concentration of Ginkgotoxin, whose inhibitory 

effects on PDXK could be alleviated using increasing concentrations of PL. To understand 

the increased affinity of Ginkgotoxin, molecular modelling of the crystallographic structure 

of sheep PDXK was performed using substrate and co-factor binding.76 Modelling showed 

the 4’-O-methyl group of Ginkgotoxin extends into the most hydrophobic portion of the 

binding pocket, containing two hydrophobic side chains of tyrosine. The hydrophobic 

interactions in this region may be what contributes to the increased affinity of Ginkgotoxin, 

helping elucidate its potency as an inhibitor (Figure 7). 

 
Figure 7. View into the active site of human pyridoxine kinase binding 

Ginkgotoxin. The hydrophobic properties are colour coded from hydrophobic (brown) 
to more hydrophilic (green). Shown are one phosphate residue of ATP and Ginkgotoxin 

as docked using the program Gold. Figure is from reference 76. 
 

With an understanding of Ginkgotoxin and its interactions with PDXK and its high 

binding affinity relative to PN, this substrate acts as an appealing way to monitor changes 

in PDXK function. Unlike PN, Gingkotoxin can be taken up and reversibly phosphorylated 
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using the same mechanisms, allowing cell trapping, but further metabolic alterations 

cannot occur due to the 4’-position being chemically blocked (Figure 8). As a result, 

Ginkgotoxin only interacts with the enzymes of interest, PDXK and PDXP, providing a 

simplified metabolic system. Due to the low concentrations of radiotracers used for 

imaging, typically in the nanomolar range, toxicity is also not a concern.74 As a result of 

these combined features, Ginkgotoxin and its interactions with PDXK were also 

considered for CDDP-resistant lung cancer monitoring. 

 
Figure 8. Metabolic alterations of Ginkgotoxin. Ginkgotoxin metabolic 

alterations are limited to a simplified model, with phosphorylation possible at the 5’-
position. Further metabolic alterations at the 4’-benzyl position are limited by 

methylation, which simplifies metabolism and prevents further shuttling to downstream 
metabolites. 

 

1.6 Positron Emission Tomography (PET), Computed Tomography 
(CT) and Metabolic Imaging 
 
 Translational molecular imaging has improved our ability to diagnose and treat 

numerous pathologies in clinical applications, seeing daily use in the fields of cardiology, 

neurology, and oncology.77–79 Unlike anatomical imaging, molecular imaging provides 

detailed information on the interactions of a probe within biological systems, with real time 
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monitoring for disease.80 In nuclear medicine, the probe of interest consists of a 

radionuclide bearing molecule that interacts with the system, which is called a radiotracer. 

Radiotracers are utilized in non-invasive imaging modalities for detection of minute 

biochemical alterations for early disease monitoring,80 leveraging imaging techniques like 

positron emission tomography (PET). 

 The fundamentals of PET imaging begin with the utilization of radionuclides, which 

are generated from a cyclotron or generator with a specific decay mechanism. These 

radionuclides are then incorporated through a variety of radiochemical transformations 

with a precursor molecule on a commercial module, producing the desired radiotracer, 

like the commonly used [18F]2-fluorodeoxyglucose (FDG) in clinic.80,81 After quality 

control, the radiotracer is injected intravenously, distributing through the bloodstream to 

the desired target systems. The patient is then subsequently scanned in a round-shaped 

PET scanner (Figure 9). PET radiotracers are labelled with positron-emitting 

radionuclides, which decay and emit a positron, a positively charged particle or 

antielectron.82 This positron is emitted from the nucleus and travels a short distance in 

the surrounding tissue, eventually colliding with an electron, known as annihilation.81 This 

travelled distance before annihilation is known as positron range, with shorter ranges 

providing better spatial resolution.83 This annihilation produces two 511-keV gamma rays 

(photons), which are emitted simultaneously in opposite directions (Figure 10). The 

detectors of a PET system are in a full ring-array,80 where the photon pairs are detected 

as a coincidence event by striking opposing detectors simultaneously. Approximately 6-

70 million detector pair combinations record these events from different angles around 

the patient, providing many coincidences to localize the site of annihilation, which is 
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transferred to a computer.84 Three dimensional images can then be reconstructed into a 

map with information on the spatial distribution of radioactivity. A special advantage to 

PET is that the measured activity in the target tissue can provide absolute units of 

radioactivity, like Becquerel/mL, allowing for accurate quantitation of molecular 

processes. However, major challenges in PET reconstruction including correction for 

scattering, random coincidence events, and attenuation of signal through body tissue 

effect anatomical and quantitative processes.85 As such, PET imaging in pre-clinical and 

clinical settings is often combined with computed tomography (CT) scans for anatomical 

positioning and attenuation correction. 

 
Figure 9. Principles of PET-CT imaging. Imaging of PET-CT radiotracers consists of: 

1) radionuclide generation, 2) radiosynthesis, 3) quality control via HPLC and 
radioactivity detection, 4) intravenous (IV) injection in patients, 5) PET-CT annihilation 

and coincidence detection, and 6) image analysis and data quantifications via computer 
software. Figure adapted from reference 80 using BioRender. 
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Figure 10. Positron emitting atoms ([18F] and [11C]) decaying by emitting a 

positron. Radionuclides bearing a positron emitting nuclide, predominanly [18F] and 
[11C] in literature, emit a positively charged electron from their nucleus. After a short 

distance travelled in tissue, known as positron range, collision with an electron causes 
annihilation. Two 511-keV gamma rays (photons) are emitted simultaneously in 

opposite directions, where PET detectors in a ring-array are detected as a coincidence 
event by striking opposing detectors simultaneously. Figure made using BioRender. 

 
Using PET tracers, visualization of molecular and cellular events early in the 

course of disease and treatment is possible. PET gives access to prognostic information 

and can offer a risk-evaluation tool in clinical practice when applied to CDDP-resistant 

lung cancer. Changes in metabolic alterations at the cellular level in lung cancer can be 

monitored with a tailored radiotracer, providing a mechanism to monitor resistance onset 

earlier than anatomical changes to prevent devastating outcomes. 

1.7 Translational Radiochemistry Using Fluorine-18 and Carbon-11 
 
 The development of successful radiotracers depends not only on biological 

characteristics and application, but also on the use of radionuclides that are compatible 

with the molecule of interest and current automated tracer modules. The selection of the 

PET radionuclide, radiosynthetic methods, and stability are important considerations 

when devising synthetic conditions that are appropriate between benchtop and 

radiochemistry applications. The availability of these radionuclides is also important, and 

can depend upon access to a cyclotron facility.28 Commonly employed cyclotron-based 
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radionuclides include carbon-11 (half-life (t1/2)= 20.4 min), nitrogen-13 (t1/2 = 10 min), 

oxygen-15 (t1/2 = 2 min), fluorine-18 (t1/2 = 109.8 min), and iodine-124 (t1/2 = 4.2 days).80 

These radionuclides are introduced through extensive synthetic approaches either 

covalently or as a salt. Radiometals are also possible, including gallium-68 (t1/2 = 67.7 

min), copper-64 (t1/2 = 12.7 h), and zirconium-89 (t1/2 = 78.4 h), which are integrated 

through addition of a chelator and coordination chemistry.80 The use-case of 

radionuclides is dependent upon synthetic applicability, half-life duration, and spatial 

resolution requirements. Of all mentioned nuclides, fluorine-18 and carbon-11 are by far 

the most commonly employed. 

 Among the existing positron-emitting nuclides, fluorine-18 ([18F]) is the most widely 

utilized positron emitter. [18F] provides an optimal half-life of 109.8 minutes that enables 

longer reaction times and off-site clinical use.86 Additionally, the low positron range of 0.6 

mm enables high spatial resolution, coupled with a 97% positron efficiency that enables 

ideal imaging conditions.87 [18F] is produced in a cyclotron by proton irradiation of liquid 

[18O]H2O, producing an aqueous solution of [18F]HF.88 Proton irradiation of gaseous 

[18O]O2 is also possible, and produces [18F]F2 gas; however, electrophilic F2 is rarely 

utilized in modern radiochemistry due to hazards and synthetic difficulties.89 [18F] is 

introduced via bioisosteric substitution of hydrogen or hydroxyl groups, with limited steric 

implications.82 Introduction is most commonly mediated by nucleophilic substitution of 

sulfonate based leaving groups (mesyl, tosyl, triflate), halogens (Br, I), or aromatic SNAr 

leaving groups (-N+Me3, NO2) with [18F]F- in the forms of potassium fluoride (KF) and 

tetrabutyl ammonium fluoride (TBAF).80 Polar aprotic solvents such as acetonitrile 

(MeCN), dimethyl sulfoxide (DMSO), or dimethyl formamide (DMF) are typically employed 



22 

to enhance nucleophilicity in the short reaction times, and are permissible for higher 

temperatures. Other methodologies have been employed using deoxyfluorination,90 

enzymes,91 and even transition metal chemistry,92,93 highlighting the universal 

applicability of this radionuclide. 

 Besides [18F], carbon-11 ([11C]) labelling is commonly employed and has 

experienced significant advancement in synthetic strategies to enable access. Given that 

carbon atoms are abundant in biologically active molecules, this strategy acts as an 

alternative to [18F] bioisosteric replacement. [11C] has a significantly shorter half-life of 

20.4 minutes, which is ideal for limiting patient exposure but imparts synthetic challenges 

from time constraints.94 [11C] also provides a 99.8% positron efficiency, and moderate 

1.2-mm positron range that provides good spatial resolution.87 Production of [11C] begins 

with proton bombardment of nitrogen gas (14N to 11C) in the presence of oxygen, 

producing [11C]CO2. As a result, [11C]CO2 can be used for carbonylation,95,96 or be 

converted using various conditions to [11C]CO,97 [11C]HCN,98 and [11C]CS2 (Figure 11).99 

A plethora of radiolabelling handles have been developed for radiopharmaceuticals 

including [11C]-methyl-, [11C]-carbonyl-, and [11C]-trifluoromethyl. Of these handles, 

methylation of amines, alcohols, and carboxylates with [11C]CH3I (methyl iodide, MeI) or 

the more reactive [11C]CH3OTf (methyl triflate, MeOTf, by reacting [11C]CH3I with silver 

triflate) is most common.100101 Commercially available modules are designed for these 

reliable methylation strategies, and allow for automated synthesis in research and clinical 

settings. Despite methylation being more common, [11C]CO2 can be used for 

carbonylation,95,96 or be converted using various conditions to [11C]CO97, [11C]HCN98, and 

[11C]CS2
99 (Figure 11) for a variety of different carbon labelled funcitonalities.102 Although 
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[11C] suffers from a significantly lower half-life, its clinical relevance and synthetic 

versatility makes it a powerful tool for radiotracer production, still being used for the 

production of clinically relevant radiotracers like [11C]Raclopride103 and [11C]HED.103 

 
Figure 11. Cyclotron production of [11C] synthetic agents. Multiple stationary 

phases facilitate conversion of [11C]CO2 gas into carbonylating, methylating, and other 
carbon derived agents for radiochemical synthesis strategies. Figure adapted from 

reference 102. 
 

1.8 Goals and Objectives  
 

Conventional strategies for the detection and diagnosis of lung cancer rely on the 

commonly used FDG radiotracer, which maps the increased metabolic activity of cancer 

cells.104 However, due to limitations in low FDG uptake in cancer subtypes,105 infection or 

inflammation mimicking metastases106, and overall low specificity for NSCLC with variable 

uptake,106 the current standard is limited in consistency in providing prognostic 

information on treatment outcomes for CDDP treatment. Fortunately, a strong clinical 

association has been made between the PN and PLP status of lung tumours and their 

sensitivity to CDDP chemotherapy. The expression level changes of PDXK during CDDP-

resistance onset provides a changing metabolic process that can be leveraged for PET-

CT imaging. Through the utilization of radiochemical transformations, a suitable 
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radiotracer based on PN can be synthesized to monitor changes in metabolic alterations 

to provide insight on CDDP-resistance onset during treatment. 

To achieve this goal, three main objectives were established for the completion of 

this project: 

Objective 1: Synthesize cold standards, characterizing and ensuring purity of products. 

 Cold standards for use as a radiotracer are based upon both [19F]/[18F] and 

[12C]/[11C] analogues of pyridoxine. Four cold standard and radiotracer pairs were 

hypothesized (Figure 12), with the aromatic carbon-6 1 being the first option with fluorine 

substitution next to the pyridine nitrogen. Second, fluorine substitution at the 2’-benzyl 

position was also of interest, as this is a non-metabolically modified position, giving cold 

standard/radiotracer 2. Cold standard and radiotracers 3 and 4 were then based upon 

anti-vitamins of pyridoxine, with methylations at the 2’ and 4’-benzyl positions to provide 

comparison of radionuclide and analogue suitability in vivo. All proposed cold-standard 

modifications focused on positions translatable to radiochemical analogues, while limiting 

modification to metabolically active positions involving PDXK and PDXP.  

 
Figure 12. Proposed structures for cold-standard and radiotracer analogues of 

pyridoxine. 
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Objective 2: Assess the biochemical and metabolic alterations of cold vitamin B6 

derivatives using in vitro metabolomic analysis to ensure metabolic conversions through 

interactions with known enzyme pathways. 

 

Objective 3: Synthesize radiolabelled tracers, validating production through HPLC. We 

will then demonstrate that reduced [18F] and [11C]vitamin B6 retention in tumour tissue is 

associated with lung cancer resistance to CDDP, whether intrinsic or acquired. 

  

If successful, this work can provide a new strategy for monitoring the early onset 

of CDDP-resistant NSCLC lung cancer in the clinic. Utilization of PET-CT imaging and 

our most effective radiotracer can track changes in metabolic activity through qualitative 

and quantitative changes in imaging contrast, guiding informed decisions on patient 

treatment plans before cancer reprogression and devastating outcomes. 
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Chapter 2 – Results and Discussion 
 

2.1 Synthesis of C6-Fluoro Pyridoxine using SNAr 
 

 
Scheme 1. Proposed synthesis of C6-fluoro pyridoxine cold-standard 1 using 

nucleophilic aromatic substitution. 
  

We began our investigation by attempting to synthesize the carbon-6 aromatic 

fluorinated cold-standard 1 of PN. Scheme 1 shows the first synthesis, which began with 

a simple two step procedure adapted from Yu et al., where PN was reacted with iodine in 

10% aqueous K2CO3 with exclusion of light.107 This afforded 1 with 62% yield, which was 

reacted with KF and the cryptand Kryptofix [2.2.2] via nucleophilic aromatic substitution 

(SNAr) for attempted formation of 2. Despite varying conditions including the use of MeCN 

and DMF at 80 °C and 100 °C respectively, no desired product could be observed by 

liquid chromatography mass spectrometry (LC-MS) analysis (see Appendix Figures 

S56/S57). This was speculated to be due to the high electron density from the electron 

donating alcohol groups present at the ortho and para positions of pyridoxine, limiting 

reactivity. To try and circumvent this issue, a protection of the alcohol groups of 1 was 
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attempted using para-methoxybenzyl chloride (PMB-Cl) and sodium hydride to form 3. 

However, once pyridoxine was substituted on the carbon-6 position, the substrate 

exhibited little to no reactivity, with most of the mixture still containing starting material 

after 16 hours (see Appendix Figures S58-S60). Other possible leaving group options 

were also considered, specifically chlorine and nitro groups based on other pyridine-

based probes.108 The chlorinated derivative could be synthesized, but didn’t improve 

reactivity, while the nitro group could not be installed. Trialkyl ammonium groups are also 

commonly employed, synthesized through pyridine-N-oxides using trifluoroacetic 

anhydride and trimethylammonium.109 However, due to the presence of the methyl group 

on the carbon-2 position of pyridoxine, functional group compatibility became an issue, 

with preference for Boekelheide rearrangement to the 2’-benzyl alcohol (Figure 13).110,111 

 
Figure 13. Mechanism of the Boekelheide rearrangement of pyridine compounds 

with ortho-methyl substitution. 
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Scheme 2. Proposed synthesis of C6-fluoro pyridoxine cold-standard 1 using 

nucleophilic aromatic substitution on hypervalent iodine. 
 
 Due to the limited leaving group compatibility and reactivity toward SNAr at carbon-

6, we searched for strategies to decrease electron density or further activate this position. 

One common strategy used for the introduction of [18F]F- into electron rich arenes is 

diaryliodonium salt-based precursors using hypervalent iodine (III).112–114 More 

specifically, spirocyclic iodonium ylides (SPIAd) have been made popular due to synthetic 

ease and stability as precursors.114 Adapting this strategy, 4 was first synthesized using 

malonic acid and 2-adamantone in the presence of cat. H2SO4 and acetic anhydride 

(solvent) with 82% yield according to scheme 2. Using conditions established by Rotstein 

et al.,114 6-iodopyridoxine 1 was combined with 4 in the presence of trifluoroacetic acid 

and oxone to activate the pyridine nitrogen, followed by introduction of SPIAd to make the 

iodonium ylide. Despite multiple attempts, 5 was not observed by LC-MS analysis (see 

Appendix Figures S61/S62). It is speculated that due to the highly acidic and oxidative 

conditions, PN undergoes significant side-reactivity that prevents any notable conversion. 

Implementation of protecting group strategies may be a possibility, including the use of 

benzyl ethers,115 but due to the requirement of precursors for radiochemistry containing 

fast and acid-labile protecting groups, the conditions of the reaction remain unsuitable. 
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 In addition to previously described substitutions, electrophilic aromatic 

substitutions (EAS) were considered for this substrate. However, pyridine is known to 

preferably react at the meta position, instead of the desired ortho position (Figure 14).116 

In Figure 14A, this can be described using resonance structures, where meta substitution 

results in only carbon atoms bearing the positive charge. In Figure 14B, ortho substitution 

results in the same number of resonance structures, but produces a resonance structure 

where the more electronegative nitrogen bears a positive charge and an incomplete octet, 

making ortho substitution less favourable. Additionally, the basic nitrogen of pyridine can 

undergo protonation under acidic conditions, which can interfere with some EAS 

reactions. An additional issue with EAS for fluorinated substrates is the requirement of 

fluorine gas (F2),117 which is not suitable for most organic chemistry labs and is not 

available for radiochemistry. Significant work has been done for fluorine suitable and 

more mild methods for EAS including selectfluor118 but are not available for 

radiochemistry in most labs. As a result, aromatic substitution on pyridoxine appears 

unsuitable for development of the desired radiotracer 1. 

 
Figure 14. Complications for electrophilic aromatic substitution (EAS) of pyridine 

rings. (A) Pyridine rings prefer meta-addition, with resonance stability that limits the 
positive charge present on nitrogen. (B) Ortho substitutions result in positive charge on 

the pyridine nitrogen, resulting in unstable resonance structures that make this 
substitution less preferable. 
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2.2 Synthesis of C6-fluoro pyridoxine using the Sandmeyer Reaction 
 

 
Scheme 3. Proposed synthesis of C6-fluoro pyridoxine cold-standard 1 using the 

Sandmeyer reaction. 

 
 With significant difficulty limiting the potential for EAS and SNAr on pyridoxine, a 

search into alternatives was performed on substrates resembling pyridoxine. Quite 

unexpectedly, the synthesis of cold standard 1 was previously described by Sha et al. in 

1998 for the development of 19F nuclear magnetic resonance spectroscopy (NMR) pH 

indicators.119 Scheme 3 describes the synthesis of desired product C6-fluoro pyridoxine 

using the Sandmeyer reaction. Beginning with PN, aniline and sodium nitrite were 

combined to yield 6 with 98% yield. This product could then be reduced to the amine 

using H2 gas with palladium over carbon (10% by weight) to give 7 in 92% yield. Two 

potential reactions were hypothesized for fluorine introduction on 7 based on activation 

of the amine with sodium nitrite to a diazonium salt leaving group. One prominent reaction 

is the Balz-Shiemann reaction,120 which would yield the desired product, but with difficult 

translation to radiochemistry due to the 1 in 4 statistical distribution of fluorine addition 

when performing isotopic exchange with HBF4. The use of TBAF and KF were also 

attempted but were unsuccessful in yielding product. As a result, the proposed cold 

standard 8 was synthesized via the Sandmeyer reaction by combining 7 with sodium 

nitrite and 48% aqueous hydrofluoric acid in 79% yield after HPLC purification. [18F]HF is 

a feasible reactant, as it is the product of cyclotron production, allowing the Sandmeyer 

to be a potential radiochemistry viable pathway. 
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2.3 Synthesis of 2’-Fluoro Pyridoxine 
 

 
Scheme 4. Proposed synthesis of 2’-fluoro pyridoxine cold-standard 2 using 

nucleophilic substitution. 
 

In addition to fluorination on the aromatic ring of pyridoxine, a fluorinated derivative 

on the 2’-benzyl position yielded the second proposed vitamin-B6 analogue radiotracer. 

The advantage to modification of this position is its limited impact on metabolism, being 

an unmodified position by PN’s enzymes. The synthesis of 2’-fluoro pyridoxine cold-

standard 2 is shown in scheme 4, which begins with protecting groups being installed on 

pyridoxine to prevent side reactivity of the varying alcohol groups. Per-addition of PMB-

Cl in the presence of sodium hydride in DMF was the protecting group strategy of choice. 

The use of sodium hydride at large scale produced a messy suspension, but after 

purification afforded 9 in 36% yield. Limitations in yield are attributed to various factors 

including complications in extraction and flash chromatography due to a black tar-like 

substance that is difficult to remove, as well as the presence of partially protected 
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products. Attempts to switch solvent to tetrahydrofuran (THF) saw poor solubility and 

reactivity and attempting to add PMB-Cl in greater quantities complicated 

chromatography. Other protecting group strategies were considered, including silyl, 

acetyl and benzyl ether groups. Silyl ethers proved too unstable for addition and could 

not effectively be added to all alcohols of pyridoxine. Additionally, previous work has 

shown that less stable groups like acetyl groups can migrate in the presence of 

fluorinating agents, which would complicate selective fluorination of the 2’-position.121 

Finally, acid-labile protecting groups for alcohols in radiochemistry are common, as the 

radiosynthetic TRACERlab modules require facile deprotections to limit loss in 

radioactivity. The module is not designed for complex catalyst introductions, with no 

capacity for hydrogen gas introduction, preventing the use of benzyl ethers as protecting 

groups. 

With pyridoxine protected, synthesis of 10 could then be performed using meta-

chloroperoxybenzoic acid (m-CPBA) in chloroform with 95% yield.122 Transformation to 

the 2’-alcohol protected product 11 could be performed using a Boekelheide 

rearrangement, employing trifluoroacetic anhydride (TFAA) as an acylating agent which 

is subsequently hydrolyzed.110,111 Due to the acidic nature of this reaction, with 

trifluoroacetic acid (TFA) being a by-product, the standard conditions resulted in 

deprotection of the PMB-ether groups previously installed. To modulate this, an excess 

of triethylamine (TEA) was added to the reaction, which allowed for isolation of 11 in 80% 

yield. Activation of the alcohol as a leaving group was then necessary for substitution with 

fluorine, which was first attempted with p-toluene sulfonyl chloride, with limited conversion 

and poor isolation. The milder activator, methanesulfonyl chloride (MsCl), was used in 
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place in the presence of TEA to sequester chlorine ions from further substitution and limit 

hydrochloric acid (HCl) by-product, affording 12 with 75% yield. This product exhibited 

poor stability, and loss of the methanesulfonyl group over prolonged storage, so the 

product was made, characterized, and used directly in the next step. Fluorination could 

be achieved using the standard fluorinating agent TBAF, affording 13 in 84% yield. 

Characterization of 13 included high-resolution MS (HRMS) and 1H, 13C, and 19F NMR, 

which all showed desired product was formed (see Appendix Figures S20-S22). The final 

step of this scheme included deprotection of the PMB groups, using a commonly 

employed TFA and THF mixture at reflux. Reaction progress was monitored using 

electrospray ionization (ESI) positive mode LC-MS, where desired product with m/z 188 

formed after 4 hours. However, alongside the desired product appeared co-elution of a 

product with m/z 186 that corresponds to the mass of a 2’-hydroxyl containing PN 

derivative (Figure 15). 

 
Figure 15. LC-MS analysis of 2’-fluoro pyridoxine substitution in ESI+ 

mode. The top ion chromatogram shows an undesired 2’-hydroxyl pyridoxine product of 
m/z 186 (1.93 min RT), while the bottom ion chromatogram shows the desired product 

2’-fluoro pyridoxine of m/z 188 (2.03 min RT) corresponding to fluorinated product. 
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Despite the implementation of varying conditions of temperature, time, and acid 

equivalents, 14 could not be isolated and characterized. This finding prompted an 

investigation into the literature to find an explanation to the lability of the fluorine after 

deprotection of the alcohol groups. It was discovered that pyridine groups with ortho 

substitution are known to exhibit a mechanism known as the pyridinone-methide 

elimination.123 This is facilitated by a neighbouring phenol oxygen group forming a ketone 

under aqueous conditions. This would allow for the elimination of the ortho-substituent 

(halogens and sulfonyl activators), followed by reformation of the phenol using water to 

generate the hydroxyl substitution (Figure 16). 

 
Figure 16. Proposed mechanisms for pyridinone-methide elimination of 2’-fluoro 

pyridoxine. 
 

This elimination imparts an instability to the benzyl position of pyridoxine and 

makes 2’-benzyl substitutions most likely unsuitable for this substrate. In vivo this would 

have significant implications, because even a mixture of substrates including the desired 

product would exhibit defluorination, which is a known issue to PET radiotracer design 

with skeletal fluorosis occurring due to fluorides affinity for bone.124,125 

2.4 One-Carbon Homologation of Pyridoxine to Prevent Elimination 
 

 
Scheme 5. Proposed synthesis of 2’-benzyl one-carbon homologated pyridoxine 

using the Jocic-Reeve reaction. 
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 With the knowledge that substitution of the 2’-benzyl position of PN is unstable, it 

was hypothesized that a carbon homologation on this position may promote greater 

stability by distancing the leaving group. Due to the restraints of our tracer design, one 

carbon homologations were chosen as potential options to limit modifications of the 

structure too significantly from native pyridoxine, so metabolism was not impacted. After 

a literature search, Scheme 5 was proposed for synthesis via a modified Jocic-Reeve 

reaction (Figure 17).126 

 
Figure 17. Jocic-Reeve reaction mechanism. 

 
 This began with the use of previously isolated 11, which could be readily 

transformed to the aldehyde product 15, using Dess-Martin periodinane (DMP) as a mild 

oxidative agent, in 95% yield. The trichloro-substituted 16 could then be synthesized 

using an excess of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) in chloroform to form 

trichloromethanide in situ, giving 16 in 76% yield.126 Finally, the Jocic-Reeve reaction was 

attempted using the best optimized conditions from Li et al. using sodium hydroxide 

(NaOH) and lithium borohydride (LiBH4) to form 17.126 Reaction progress was monitored 

by LC-MS (see Appendix Figures S63/S64), which showed two main products after 24 

hours, the desired homologated hydroxyl product, as well as loss of the carbon and 

reformation of the benzyl alcohol 11. Attempts were made to isolate this product by 

column chromatography, but the desired product could not be isolated, with benzyl 
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alcohol 11 being the major and only isolatable product. This finding suggests that the new 

C-C bond was unstable, and lost during the transformation, yielding the starting material 

once again. 

 
Scheme 6. Proposed synthesis of 2’-benzyl one-carbon homologated pyridoxine 

using asymmetric hydroboration and epoxide opening. 
 
 Another proposed pathway involved the use of a one-carbon homologated styryl 

containing derivative of pyridoxine through the Wittig reaction, illustrated in Scheme 6. 

The synthesis began with previously isolated 15, which could then be converted to styryl 

containing 18 with 56% yield. This reaction required a small optimization for a suitable 

base to produce the Wittig reagent, where n-butyl lithium and sodium hydride were 

compared, with sodium hydride being the best choice. A variety of different reactions were 

attempted on this derivative, with a focus on anti-Markovnikov additions to produce the 

desired terminal alcohol group. A hydroboration oxidation was performed using BH3THF, 

followed by 10% aqueous NaOH to form the terminal alcohol homologated product 19. 

Reaction progress was monitored using LC-MS, where the desired m/z of 560 was not 

observed. 9-BBN and BH3DMS complexes were also tried, but similar m/z species of 
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408 and 440 were observed by LC-MS (see Appendix Figures S65/S66). TLC analysis 

also showed loss of starting material, with a multitude of new UV active spots being 

present. The loss in mass may be attributed to an instability in the PMB protecting groups 

in these conditions. It is also assumed that the nitrogen in pyridine could be potentially 

complexing with boron in the reaction, which is known in the literature,127,128 limiting 

reactivity at the desired position. Increasing equivalents of borane reagents was 

attempted, but similar results were found. 

 An alternative attempt at anti-Markovnikov addition was performed using the styryl 

intermediate 18. The benzylic epoxide 20 could be synthesized from the alkene using 

freshly recrystallized N-bromosuccinimide (NBS) in a mixture of tert-butanol and water129 

under inert atmosphere of nitrogen. LC-MS analysis showed the major product by UV 

detection at 254 nm was most likely the desired product, with m/z of 558 (see Appendix 

Figures S67/S68). The product however was unstable when attempting column 

chromatography, making isolation and further characterization difficult. The solvent was 

instead removed, and the ring opening to the terminal aldehyde 21 was attempted directly 

using BH3Et2O in DMF.130 No observable reaction occurred, with starting material being 

the only UV active material present after 8 hours by LC-MS (see Appendix Figures 

S69/S70). It is again predicted that the capacity of boron to complex with the pyridine 

nitrogen limits reactivity, preventing chemoselectivity for the alkene position. A literature 

search provided few transformations containing pyridine groups, reinforcing its poor 

suitability for borane complexes. 

 



38 

 
Scheme 7. Proposed synthesis of 2’-benzyl one-carbon homologated pyridoxine 

using a nitrile derivative. 
 
 The final pathway attempted for the one carbon homologation is proposed in 

Scheme 7. Using previously methanesulfonyl-substituted 13, sodium cyanide could be 

introduced to homologate to the nitrile containing group 22 in 85% yield (see Appendix 

Figures S71/S72). From this product, the first attempt to bring the nitrile group to a 

reducible carbonyl functional group involved the use of a modified Pinner reaction under 

basic conditions using sodium hydroxide in methanol, as to avoid deprotecting the PMB 

groups.131 The desired product 23 was observed by LC-MS with m/z 588 (see Appendix 

Figures S73/S74) but attempting to isolate this product by column chromatography was 

unsuccessful over multiple attempts. Instead, it was opted to perform an extraction, and 

use the semi-crude material directly in the next step. Crude 23 was reacted with lithium 

aluminum hydride (LiAlH4) in methanol (MeOH), and the progress of product i formation 

was monitored by LC-MS. After one hour, complete consumption of starting material was 

seen, with new products containing m/z 546, 410, and 426 (see Appendix Figures S75-

S77). The product of m/z 546 matches the mass of the original hydroxylated 11, 

potentially seeing a loss of homologation. The lower masses also indicate that potentially 
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the PMB groups were not retained in these conditions. Finally, the Pinner reaction was 

also attempted using potassium hydroxide (KOH) with water present to promote the 

production of the carboxylic acid but did not show any significant transformation. 

 An alternative pathway using the nitrile derivative was attempted, where 22 was 

reacted with diisobutylaluminum hydride (DIBAL-H) at -78 °C to form 24. These conditions 

are well known and are used in conjunction with this reducing agent to assist in a 

controlled reduction of nitrile groups to an intermediate imine, which is hydrolyzed in the 

presence of water and usually acid.132,133 However, despite implementing careful control 

of temperature, and additionally performing this reaction in a Schlenk flask under nitrogen, 

the reduction could not be controlled and resulted in the amine with no intermediate imine 

observed (see Appendix Figures S78/S79). 

 With significant difficulty in one-carbon homologation of the 2’-benzyl position, it 

was decided that a new approach may be necessary to install an additional carbon. 

2.5 Kondrat’eva Synthesis of Pyridoxine for Carbon Homologation 
 

Traditionally, pyridoxine is produced in industry using an oxazole method, which 

involves a Kondrat’eva cycloaddition resembling a Diels-Alder reaction (Figure 18).134 

 
Figure 18. Diels-Alder based Kondrat’eva synthesis of pyridoxine. R-group 

replacement of the oxazole can produce functionalized derivatives of pyridoxine. 
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Significant work has been done to optimize the industrial production of pyridoxine, 

and the procedure has been optimized using alanine as a starting material with an 

improvement of yield from 1% to 56.4% overall.134 

 
Scheme 8. Proposed synthesis of 2-(propan-2-yl)-4,7-dihydro-2H-1,3-dioxepine for 

Kondrat’eva synthesis of one-carbon homologated pyridoxine. 
 

Coinciding with the oxazole synthesis, the dienophile 25 is necessary for the Diels-

Alder reaction. This product could be synthesized according to Scheme 8 by combining 

isobutyric aldehyde and cis-1,4-butenediol with para-toluene sulfonic acid (p-TSA). To 

help with conversion, 3-Å molecular sieves were added, as an equivalent of water is 

produced during the reaction. Distillation could then be performed to afford 25 in 62% 

yield as a colourless oil, which was then used later for the Diels-Alder reaction. 

 
Scheme 9. Proposed synthesis of one-carbon homologated pyridoxine using 

Diels-Alder chemistry. 
 

Modelling the industrial preparation of pyridoxine, it was proposed that a one-

carbon homologation could be accomplished using aspartic acid, which contains a hidden 
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homologated carbon as a carboxyl group (Scheme 9). To achieve this, the carboxylic acid 

groups of aspartic acid were first esterified by combination with thionyl chloride in n-

butanol, giving 26 in quantitative yield. Following the industrial preparation, the use of 

oxalic acid resulted in a poor yield of 27 of 42%, with difficult purification by azeotropic 

drying and distillation. Alternatively, 26 could be combined with commercially available 

butyl chloroacetate in the presence of TEA, with only extraction needed for purification to 

afford 27 in 87% yield. Formation of the oxazole was then possible using the dehydrating 

agent phosphorous oxychloride (POCl3) in the presence of TEA, affording 28 with 72% 

yield. With 28 in hand, the remaining two step saponification and decarboxylation could 

be conducted,134 utilizing NaOH and HCl respectively, to produce the final oxazole 29 in 

85% yield. 

With both the dieneophile 25 (dioxopene) and diene 29 (oxazole) in hand, a Diels-

Alder reaction was attempted by adapting previously established literature conditions.134 

Literature conditions require a mixture of the diene and dienophile, where the dienophile 

acts as the solvent. To the neat reaction is then added calcium oxide as a desiccant, and 

the mixture is stirred at 150 °C for 12 h. Following this, a 0.1% EtOH solution is added, 

followed by further addition of HCl, and final precipitation to the desired pyridoxineHCl 

salt. However, scaling down these reaction conditions to lab scale production resulted in 

little to no solubility, and further burning of the product that resulted in carbon soot. To try 

and promote better solubility, a series of Diels-Alder compatible solvent additions were 

incorporated, including DMF, toluene, and xylenes.135,136 Despite the increase in 

solubility, little to no conversion was observed, with the only product obtained being a 

shiny black crystalline solid with no observable LC-MS or NMR correlating to the desired 
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product. It is possible that industrial reactors allow for better mixing conditions and the 

suspension sees less contact with direct heat, preventing the burning of reactants. The 

use of a pressure vessel was also hypothesized to provide better reaction conditions, but 

despite its use, similar results were observed. 

Due to multiple unsuccessful cyclization attempts, it was decided that the 

Kondrat’eva Diels-Alder route may not be compatible with lab conditions. To further 

assess this conclusion, the production of PN from alanine was also attempted, to ensure 

this was not just an incompatibility with the one-carbon homologated aspartic acid. As 

was observed with previous attempts, the Diels-Alder attempts with alanine also proved 

unsuccessful. As a result, this reaction pathway was deemed unsuitable and left for future 

optimization. 

2.6 Synthesis of Methylated Cold Standards 
 

 
Scheme 10. Synthesis of 2’-O-methyl pyridoxine cold-standard 3. Compounds 9-11 

have been previously shown for 2’-fluoro pyridoxine synthesis. 
 

After extensive attempts to homologate the 2’-benzyl position of PN with little 

success, we returned to literature to find more stable substitutions. From this search, we 
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discovered antivitamins of PN, which are structurally similar molecules that interact with 

the same enzymes. More specifically, we found Ginkgotoxin, which is known to interact 

with only PDXK and PDXP with higher affinity as a competitive substrate.76 Ginkgotoxin 

is structurally related to PN but contains a 4’-O-methyl substitution that imparts a higher 

affinity to PDXK than endogenous PN. Finally, this methylation is known to stabilize the 

4’-benzyl position from elimination reactions previously observed, which provides a 

suitable modification and translatable radiolabel that will not degrade in vivo. 

Through an understanding of the benefits of 4’-O-methyl substitution in providing 

chemical stability, the 2’-benzyl position was first modified following Scheme 10. 

Synthesis began using previously described 11, which could be methylated on the 2’-

benzyl alcohol using MeI or MeOTf and sodium hydride. For this reaction, both DMF and 

THF were used as possible solvent choices. THF was ultimately chosen as it is more 

stable when heated with sodium hydride137 and is not reactive with TFA for deprotection 

conditions, with optimal yields after overnight reaction to give 31 in 96% yield. Final 

deprotection conditions using TFA were then screened, using a temperature range of 40-

85 °C (reflux), where it was found that no matter how long the reaction was given, full 

deprotection was only possible when temperatures approaching 85 °C were used. 

Additionally, approximately 25% deprotection was observed after 1 hour, but 4 hours was 

necessary to observe complete conversion to 32, which was HPLC purified with 80% 

yield. Unlike Ginkgotoxin, this modification should not affect the metabolic pathway by 

maintaining the original alcohol groups of pyridoxine. This provides a comparison to 

assess trapping and metabolism in cells and performance as a radiotracer.  



44 

 

 
Scheme 11. Synthesis of 4’-O-methyl pyridoxine (Ginkgotoxin) cold-standard 4. 

 
With Ginkgotoxin providing suitable qualities as a radiotracer, we devised scheme 

11 by modifying existing conditions.138 Protection of the phenolic and 4’-benzyl alcohol of 

pyridoxine to an acetonide could be performed using 2,2-dimethoxy propane and p-TSA 

in acetone. It was found that unlike literature conditions, isolation of 33 could be performed 

by precipitation in 5:1 pentanes:diethyl ether to afford 34 with 92% yield, without 

necessitating chromatography. The 5’-benzyl alcohol could then be selectively protected 

using sodium hydride and PMB-Cl to afford 35 with 58% yield. This was done to again 

provide acid-lability that is more suitable to radiochemistry hot-cells, unlike previously 

reported benzyl ether protecting groups.138 The acetonide was then selectively 
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deprotected over the PMB-ether using mild conditions of 1:1 formic acid:DI H2O at 55 °C, 

giving 35 with a reasonable 62% yield. Selective deprotonation of the phenolic alcohol 

with pKa of 9.8139 was then performed using cesium carbonate, allowing protection to the 

PMB-ether product 36 with 60% yield. Methylation of the 4’-benzyl alcohol could then be 

performed using MeI or MeOTf and sodium hydride in THF to give 37 in 76% yield. Final 

deprotection using 1:1 TFA:THF at 85 °C for 4 hours allowed for full deprotection 

conversion, with HPLC purification to afford 38 with 76% yield. 

2.7 Evaluation of Metabolism of Cold Standards 
 

 With cold-standard pyridoxine derivatives in hand, an understanding of metabolic 

alterations in cancer cell lines (A549 and H460) was needed. Metabolomics, or metabolic 

profiling, is a technique widely applied for unveiling novel compound behaviour in 

biological systems and their metabolism.140 Through changes of metabolite levels, an 

understanding can be gained for how molecules interact in vitro or in vivo, which is critical 

for compounds intended for monitoring metabolic changes in oncogenic disease states 

by PET imaging. Currently, many analytical techniques are employed for metabolomics 

including NMR and MS, but the higher sensitivity of MS makes it the predominant choice. 

In combination with liquid chromatography (LC), LC-MS can separate and evaluate 

individual metabolites in either an untargeted (global detection) or targeted (validating 

known metabolites) fashion with comparison to metabolite databases.141 

 Through collaboration with the uOttawa Metabolomics Core Facility (MCF), a 

targeted metabolic profiling of our cold standards was performed. A549 and H460 cells 

were cultured in lab, where they were then incubated with each of the standards to 

undergo metabolic change and equilibration using the in vitro enzymes: PDXK, PDXP, 
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and PNPO (detailed description in Materials and Methods Section 4.4). These cells 

were then lysed, extracted, and the polar metabolites were evaluated by LC-MS analysis 

using ESI-MS coupled to the Agilent Metabolomics Dynamic MRM Database for 

comparison to known precursor and product ion pairs of PN and its derivatives (Figure 

19). It is important to note that standards were not prepared for metabolic product 

validation due to synthetic difficulty, so ion chromatograms and tandem mass 

spectrometry (MS/MS) detection were used without 100% confirmation. 

 
Figure 19. Metabolic alterations of pyridoxine. PDXP, pyridoxal phosphatase; PDXK, 

Pyridoxal kinase; PNPO, pyridoxine phosphate oxidase. 
 
 Cold-standard 1, C6-fluoro pyridoxine, was the first compound evaluated for 

metabolic alterations. Since carbon-6 is not implicated in known metabolism, the 

proposed metabolic products should mimic pyridoxine, but with the addition of the mass 

of fluorine (Figure 20). 
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Figure 20. Metabolic alterations of C6-fluoro pyridoxine. PDXP, pyridoxal 
phosphatase; PDXK, Pyridoxal kinase; PNPO, pyridoxine phosphate oxidase. 

 
 All potential metabolic products were screened, and relevant mass detection, 

retention times, and ion fragments were recorded in positive and negative ion mode (see 

Appendix Figure S80). First, the standard of C6-fluoro pyridoxine was detected readily in 

both cell lines (Figure 21). Increasing collision energy saw greater fragmentation of the 

product, with comparable fragments to the pyridoxine standard (see Appendix Figure 

S81). 
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Figure 21. C6-fluoro pyridoxine MS/MS spectra. Analysis was performed using 

negative electrospray ionization (-ESI). On the left, H460 human non-small cell lung 
cancer cells (large cell carcinoma) were tested. On the right, A549 squamous 

adenocarcinomic human lung alveolar basal epithelial cells were tested. Fragmentation 
of ions utilized collision induced dissociation (CID) at increasing collision energy (CE), 

which refers to the rate of acceleration as the ions enter the quadrupole, promoting 
higher rates of fragmentation. 

 
 In addition to the standard, a molecular ion peak corresponding to C6-fluoro 

pyridoxal was detected in both cell lines, alongside expected fragment ions (Figure 22). 

This is an indication that not only is C6-fluoro pyridoxine transported into the cells but can 

interact with PNPO to oxidize the 4’-benzyl alcohol position, despite modification at the 

carbon-6 position. 
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Figure 22. C6-fluoro pyridoxal MS/MS spectra. Analysis was performed using 

negative electrospray ionization (-ESI). On the left, H460 human non-small cell lung 
cancer cells (large cell carcinoma) were tested. On the right, A549 squamous 

adenocarcinomic human lung alveolar basal epithelial cells were tested. Fragmentation 
of ions utilized collision induced dissociation (CID) at increasing collision energy (CE), 

which refers to the rate of acceleration as the ions enter the quadrupole, promoting 
higher rates of fragmentation. 

 
 Furthermore, detection of masses corresponding to the C6-fluoro pyridoxine 5’-

phosphate metabolite was seen in both cell lines (Figure 23). More specifically, fragments 

corresponding to the loss of a water molecule, with other MS/MS fragments being present 

such as the loss of the phosphate group. This is promising, as C6-fluoro pyridoxine can 

interact with PDXK, the enzyme of interest, and be phosphorylated. However, despite 

these metabolites being detected, very low abundance of the parent ion and high 

fragmentation with ions matching defluorinated fragments shows a characteristic loss of 



50 

fluorine from the carbon-6 position, indicating instability. The loss of fluorine at this 

position is concerning, as defluorination in vivo can result in high bone uptake of [18F]F-, 

which impacts imaging quality and patient health by off-target interactions.142 

 
Figure 23. C6-fluoro pyridoxine 5’-phosphate MS/MS spectra. Analysis was 

performed using negative electrospray ionization (-ESI). On the left, H460 human non-
small cell lung cancer cells (large cell carcinoma) were tested. On the right, A549 

squamous adenocarcinomic human lung alveolar basal epithelial cells were tested. 
Fragmentation of ions utilized collision induced dissociation (CID) at increasing collision 
energy (CE), which refers to the rate of acceleration as the ions enter the quadrupole, 

promoting higher rates of fragmentation. 
 

 Further analysis was performed to identify pyridoxamine and pyridoxal 5’-

phosphate products. Standard pyridoxine analysis saw detection of both metabolic 

derivatives, however C6-fluoro pyridoxal 5’-phosphate or C6-fluoro pyridoxamine products 

could not be identified. The lack of detection of the fluorinated derivative of PLP is 

unexpected, since we found independent interactions and products from PDXK and 

PNPO. It may be possible that due to the instability of the C6-fluorine, or low signal 

detection, that products may be possible but cannot be detected by MS/MS due to low 

signal intensity. It may be possible to improve signal intensity by increasing the 

concentration of standard incubated or increasing cell count. However, despite this 
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finding, the independent engagement of enzymes can still facilitate metabolic alterations 

and cell trapping. In addition to not detecting fluorinated-PLP, fluorinated pyridoxamine 

formation was not seen. This finding is unexpected, and is most likely also a detection 

limit issue, but is less of a concern for CDDP-resistance monitoring which is focused on 

PDXK/PDXP interactions. Ultimately, C6-fluoro pyridoxine (cold-standard 1) appears to 

interact with PDXK and PNPO in A549 and H460 cell lines, producing critical metabolic 

products for monitoring by PET-imaging. 

Cold-standard 3, 2’-O-methyl pyridoxine, was the next compound evaluated for 

metabolic alterations. Since the 2’-benzyl position is not implicated in known metabolic 

transformations, the proposed metabolic products should mimic pyridoxine, but with the 

addition of the mass of an O-methyl group (Figure 24). 

 
Figure 24. Metabolic alterations of 2’-O-methyl pyridoxine. PDXP, pyridoxal 
phosphatase; PDXK, Pyridoxal kinase; PNPO, pyridoxine phosphate oxidase. 
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 All potential metabolic products were screened, and relevant mass detection, 

retention times, and ion fragments were recorded in positive and negative ion mode (see 

Appendix Figure S82). The molecular ion of 2’-O-methyl pyridoxine was detected readily 

in both cell lines, with fragmentation patterns similar to standard pyridoxine (Figure 25). 

This indicates that cold-standard 3 can be transported into the cancer cell lines. 

 
Figure 25. 2’-O-methyl pyridoxine MS/MS spectra. Analysis was performed using 
negative electrospray ionization (-ESI). On the left, H460 human non-small cell lung 

cancer cells (large cell carcinoma) were tested. On the right, A549 squamous 
adenocarcinomic human lung alveolar basal epithelial cells were tested. Fragmentation 
of ions utilized collision induced dissociation (CID) at increasing collision energy (CE), 

which refers to the rate of acceleration as the ions enter the quadrupole, promoting 
higher rates of fragmentation. 
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 In addition to the standard, the molecular ion of the metabolite 2’-O-methyl 

pyridoxine 5’-phosphate could be detected in both cell lines, alongside phosphate 

fragments (Figure 26). 

 
Figure 26. 2’-O-methyl pyridoxine 5’-phoshate MS/MS spectra. Analysis was 

performed using negative electrospray ionization (-ESI). On the left, H460 human non-
small cell lung cancer cells (large cell carcinoma) were tested. On the right, A549 

squamous adenocarcinomic human lung alveolar basal epithelial cells were tested. 
Fragmentation of ions utilized collision induced dissociation (CID) at increasing collision 
energy (CE), which refers to the rate of acceleration as the ions enter the quadrupole, 

promoting higher rates of fragmentation. 
 

 Moreover, the molecular ion corresponding to the metabolic product 2’-O-methyl 

pyridoxal 5’-phosphate were detected in both cell lines (Figure 27). 
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Figure 27. 2’-O-methyl pyridoxal 5’-phoshate MS/MS spectra. Analysis was 

performed using negative electrospray ionization (-ESI). On the left, H460 human non-
small cell lung cancer cells (large cell carcinoma) were tested. On the right, A549 

squamous adenocarcinomic human lung alveolar basal epithelial cells were tested. 
Fragmentation of ions utilized collision induced dissociation (CID) at increasing collision 
energy (CE), which refers to the rate of acceleration as the ions enter the quadrupole, 

promoting higher rates of fragmentation. 
 

The detection of both phosphorylated and oxidized derivatives of 2’-O-methyl 

pyridoxine indicates a ready interaction with PDXK and PNPO. Unlike the fluorinated cold 

standard, the detection of a methylated analogue to PLP not only shows enzymatic 

interactions, but also a more comparable metabolic profile and a product mimicking native 

pyridoxal 5’-phosphate. Additionally, 2’-O-methyl pyridoxamine was detected in H460 

cells and suspected to be in A549 cells (low sample quantity limited MS/MS analysis) 

(Figure 28). As a result, this provides an effective probe with a similar metabolic profile to 
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pyridoxine, which is translatable to radiochemical synthesis and use for tracking metabolic 

activity using PET imaging. 

 
Figure 28. 2’-O-methyl pyridoxamine MS/MS spectra. Analysis was performed using 

positive electrospray ionization (+ESI). H460 human non-small cell lung cancer cells 
(large cell carcinoma) were tested. Fragmentation of ions utilized collision induced 
dissociation (CID) at increasing collision energy (CE), which refers to the rate of 

acceleration as the ions enter the quadrupole, promoting higher rates of fragmentation. 
 

Cold standard 4, 4’-O-methyl pyridoxine, was the next compound evaluated for 

metabolic interactions. Since the 4’-benzyl position is implicated in typical metabolic 

transformations, the proposed metabolic products should be limited compared to 

pyridoxine, with only the phosphorylated and non-phosphorylated products being 

possible (Figure 29). As previously discussed, this should limit downstream metabolic 

products, simplifying metabolomics, pharmacokinetics, while still allowing for cell trapping 

and reporting on the same enzymatic processes of interest. As of the time of writing this 
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thesis, the standard was submitted to the metabolomics facility, and is awaiting analysis 

due to a backlog of samples, with results expected to come in May 2024. However, it is 

expected based on literature precedence, that metabolism will produce the desired 

products observable by ESI MS/MS analysis.76 

 
Figure 29. Metabolic alterations of 4’-O-methyl pyridoxine. PDXP, pyridoxal 

phosphatase; PDXK, Pyridoxal kinase; PNPO, pyridoxine phosphate oxidase. Note 
metabolic conversions and enzymes typical to pyridoxine will not be engaged due to 

blocking of the 4’-benzyl position with O-methyl substitution. 
 
 With promising results for cold standards in metabolomics, observing transport and 

relevant enzyme interactions, these molecules and their precursors were prepared for 

radiochemical transformation. Radiochemical probes will not be rescreened for 

metabolomics but are expected to behave in an identical fashion. Metabolic products that 

are formed will undergo cell trapping, as only the non-phosphorylated and non-oxidized 

product can be transported from the cell, providing longer residence times for PET-CT 

imaging before the molecule is shuttled out. Changes in trapped radiolabelled products 

and their metabolites could then be used to differentiate between resistant and non-

resistant CDDP cancer cells, with detectable contrast changes. In healthy patients, with 
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high vitamin-B6 metabolism (especially PDXK), we would expect higher contrast in non-

resistant cancer cells. During CDDP-resistance onset, less PDXK activity in cancer cells 

will result in less trapping, reducing imaging contrast. 

2.8 Radiochemical Transformations and Validation 
 

 To produce radiolabelled counterparts for synthesized and metabolically active 

cold-standard precursors, work was translated to the University of Ottawa Heart Institute 

(UOHI) radiochemistry facility. Prior to production, product validation was necessary using 

an analytical radio-HPLC (Materials and Methods Section 4.6) to establish precursor, 

intermediate, and final product retention times for comparison to radiolabelled products 

using validated standards previously described (Table 1 and Appendix Figures S83-S92). 

Table 1. Cold-standard retention times on analytical radio-HPLC. 

Cold-Standard (Compound #) Retention Time (min) 

Pyridoxine 2.6 

Methyl Iodide 12 

C6-NH2 Pyridoxine (7) 2.9 

C6-F Pyridoxine (8) 2.1-3 

2'-OH-Pyridoxine (11) 16 

2'-O-Methyl PMB Pyridoxine (31) 16.75 

2'-O-Methyl Pyridoxine (32) 6.8 

4'-OH-Pyridoxine (36) 14.2 

4'-O-Methyl PMB Pyridoxine (37) 15.7 

4'-O-Methyl Pyridoxine (38) 7.4 

 

Prior to radiolabelling, standards for methylated intermediates, and final products 

were also analyzed for retention on Semi-Prep radio-HPLC systems attached to the 
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automated TRACERlab synthesis modules (Table 2 and Figures S93-S95). By recording 

these retention times, product peaks from radiochemical conversions could be more 

easily identified and isolated based on time to elute, especially during initial reaction 

screenings which provide more complicated spectra. 

Table 2. Cold-standard retention times on Semi-Prep radio-HPLC.  

Cold-Standard (Compound #) Retention Time (min) 

12C-MeI/12C-MeOTf /12C-MeOH 6-9 

2’-O-Methyl Pyridoxine (32) 5-7 

4’-O-Methyl Pyridoxine (38) 4.5-6 

 

For [18F]fluorine labelling, synthesis was conducted on a TRACERlab FX-FN 

module from GE healthcare. Cyclotron production results in [18F]HF in 2.5 mL of water, 

which was dispensed directly into the reactor without trapping or azeotropic drying, due 

to the need of aqueous HF for reaction. A 1-hour proton beam of [18O-H2O] produced 

approximately 1600 millicuries (mCi) of [18F]HF (58.5 nmol), which was added directly to 

the reaction vial containing pre-incubated 6-amino pyridoxine (7) with sodium nitrite as a 

diazo species and reacted for 1 h at 60 °C (Scheme 12). Long cyclotron beaming was 

utilized to maximize the effective concentration of HF (~40 µM), which is suggested to 

occur in the 1 hour provided time by Siemen’s engineers. After a NaOH quench and 

filtration through an aluminum cartridge to trap [18F]NaF, Semi-Prep radioHPLC detected 

a major radioactive peak from 6-14 minutes, with no corresponding UV peaks (Figure 30). 

 
Scheme 12. Radiosynthesis of [18F]C6-fluoro pyridoxine. 



59 

 
Figure 30. Semi-Prep radio-HPLC trace for synthesis of [18F]C6-fluoro pyridoxine 

using [18F]-HF, with UV detection at 254 nm. 
 

 Isolated product was injected into the analytical radioHPLC, showing one peak at 

2.9 min, matching the expected retention time for 6-amino pyridoxine (Figure 31). 

 
Figure 31. UV chromatogram for C6-fluoro pyridoxine radiosynthesis using [18F]-
HF on analytical radioHPLC. The peak at 2.9 minutes corresponds to the expected 

retention time for the standard of 6-amino pyridoxine, instead of [18F]C6-fluoro 
pyridoxine, measured at 274 nm.  
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 Additionally, radiation detection showed no significant isolated products, with high-

background radioactivity (Figure 32). Since no major peaks matched the UV detected 

product at 2.9 min, it is suspected no significant reaction occurred, with starting material 

7 remaining. The high background radioactivity, despite aluminum cartridge filtering, is 

most likely residual [18F]NaF that does not interact well with the column, and rather 

broadens out to create high activity throughout. As a result, due to low successful 

reactivity over multiple attempts, [18F]C6-fluoro pyridoxine could not be formed due to poor 

translation of Sandmeyer conditions, which necessitate much higher concentrations of 

HF to occur (~40 µM in radiochemistry vs. 28.1 M in cold-chemistry). 

 
Figure 32. Radiation chromatogram for [18F]C6-fluoro pyridoxine 

radiosynthesis using [18F]-HF on analytical radioHPLC. High background radiation 
detection of [18F]-NaF was observed, with no detection of [18F]C6-fluoro pyridoxine. 

 
For [11C]-carbon labelling, synthesis was conducted on a TRACERlab FX C Pro 

module from GE healthcare. Cyclotron production of [11C]CO2 is further derivatized 

through a gas-phase in-module system by various stationary phases in a closed loop, 

with eventual production of either [11C]MeI or [11C]MeOTf (Detailed description provided 

in Materials and Methods Section 4.6). A 20-minute proton beam of 14N was utilized to 

produce ~500 mCi of [11C]CO2, which after column conversion, provided on average 300 

mCi of methylating agent in the reaction vial after 8-10 min of column circulation.  
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Scheme 13. Radiosynthesis of [11C]2’-O-methyl pyridoxine. 

 
For 2’-O-methyl pyridoxine radiosynthesis, precursors were reacted with both 

[11C]MeI and [11C]MeOTf to establish the best methylating conditions (Scheme 13). Prior 

testing with cold standard showed a retention time of 5-7 minutes in 80:20 MeCN:H2O, 

which was used as reference for isolation. Multiple attempts were made using MeI; 

however, despite changes in temperature (30-65 °C) and reaction time (5-10 min), the 

only detected products were between 8-12 minutes by UV and radiation detection (Figure 

33). The peaks at these positions are believed to be associated with aqueous conversion 

of residual methylating agent to [11C]MeOH, which drags through the column starting 

around 6-8 minutes. As a result, it was determined MeI is not suitable to methylate the 

precursor in the limited reaction time, so methyl triflate was used in place. Using the same 

conditions, [11C]MeOTf produced a single UV and radiation peak from 4-6 minutes, which 

is closer to 2’-O-methyl pyridoxine’s standard retention time (Figure 34). Longer drying 

times after acidic deprotection of 3 minutes at 120 °C also assisted in removal of residual 

unreacted methylating product. 7.38 mCi of isolated [11C]2’-O-methyl pyridoxine, with 600 

microcuries (µCi) being dispensed for quality control by analytical radio-HPLC. 
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Figure 33. Semi-Prep radio-HPLC trace for synthesis of [11C]2’-O-methyl 

pyridoxine using [11C]MeI at 280 nm. 
 

 
Figure 34. Semi-Prep radio-HPLC tracer for synthesis of [11C]2’-O-methyl 

pyridoxine using [11C]MeOTf at 280 nm. 
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 Isolated product using [11C]MeOTf was first injected directly into the analytical 

radioHPLC, without standard product spiking, showing two peaks: 4.5 min for [11C]MeOH 

and 5.2 min for [11C]2’-O-methyl pyridoxine, which exhibited a lower retention time than 

the cold-standard 3 (Figure 35). 

 
Figure 35. Radiation chromatogram for [11C]2’-O-methyl pyridoxine 

radiosynthesis using [11C]MeOTf on analytical radioHPLC. The peak at 4.5 minutes 
correspond to [11C]-MeOH, while the peak at 5.2 minutes corresponds to [11C]2’-O-

methyl pyridoxine. 
 

 To better identify radiotracer peaks, a standard process implemented is co-

injection with cold standard. This allows for any differences in pH, salt, and solvent 

systems to equilibrate between samples and better align peaks, as well as provide a 

strong UV peak to match the radioactive product. After spiking with 1 mg/mL of 2’-O-

methyl pyridoxine standard (compound 32), the radiation peak appeared to align more 

closely to the UV standard at 6.8 minutes (Figures 36 and 37). This shift in elution time is 

slightly more extreme than expected. This difference may result from the high TFA 

content of the radiochemistry deprotection (approximately 30x more TFA than cold 

synthesis), which could have made a more polar TFA-salted product compared to cold-

standard synthesis. By combining products, it may be possible that they underwent some 

form of salt exchange and equilibrated at the same pH. With this result, and the presence 

of two other radioactive peaks at 4 minutes ([11C]MeOH) and 9 minutes (partially 
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deprotected product), more optimization and characterization of this radiosynthesis is still 

necessary and is undergoing further testing, including the introduction of a buffered HPLC 

solvent. 

 
Figure 36. UV chromatogram for [11C]2’-O-methyl pyridoxine radiosynthesis using 
[11C]MeOTf with cold-standard co-injection on Analytical RadioHPLC. The peak at 
6.8 minutes corresponds to the expected retention time for the standard, measured at 

274 nm.  
 

 
Figure 37. Radiation chromatogram for [11C]2’-O-methyl pyridoxine 

radiosynthesis using [11C]MeOTf with cold-standard co-injection on Analytical 
RadioHPLC. The peak at 4.5 minutes corresponds to [11C]MeOH, while the peak at 7.2 

minutes aligns with product. The small radioactive peak at 9 minutes is another 
unidentified impurity, potentially corresponding to partially deprotected product. 

 

 
Scheme 14. Radiosynthesis of [11C]4’-O-methyl pyridoxine. 



65 

In parallel, [11C]4’-O-methyl pyridoxine radiosynthesis was also attempted on the 

FX-C Pro automated synthesis module. For 4’-O-methyl pyridoxine radiosynthesis, 

precursors were reacted with both [11C]MeI and [11C]MeOTf to establish the best 

methylating conditions once again (Scheme 14). Prior testing with cold standard showed 

a retention time of 4.5-6 minutes in 80:20 MeCN:H2O, which was used as reference for 

isolation. Multiple attempts were made using [11C]MeI, however, this approach once again 

showed chromatographically broad peaks from 5-10 min, indicating poor conversion and 

residual radioactivity from by-products and unincorporated [11C]MeI (Figure 38). 

Analytical radio-HPLC analysis showed a similar radiation peak at 4-4.5 minutes for 

[11C]MeOH, with no observed product formation of [11C]4’-O-methyl pyridoxine (Figure 

39). With low confidence in the success for this methylation reaction, it was opted that 

[11C]MeOTf would be used. 

 
Figure 38. Semi-Prep radio-HPLC tracer for synthesis of [11C]4’-O-methyl 

pyridoxine using [11C]MeI with UV detection at 280 nm. 
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Figure 39. Radiation chromatogram for [11C]4’-O-methyl pyridoxine 

radiosynthesis using [11C]MeI on Analytical RadioHPLC. The peak at 4-4.5 minutes 
corresponds to [11C]MeOH. 

 
Using similar conditions, [11C]MeOTf produced two UV peaks and one radioactive 

peak (Figure 40). The peak from 6-8 minutes was collected, as it matches standard 

retention times of 4.5-6 min for 4’-O-methyl pyridoxine by semi-prep HPLC. 10.48 mCi of 

product was isolated, with 500 µCi of [11C]4’-O-methyl pyridoxine being dispensed for 

quality control by analytical radio-HPLC. Isolated product was injected into the analytical 

radioHPLC, showing three peaks: 4 min for [11C]MeOH, 7.6 min for [11C]4’-O-methyl 

pyridoxine, and 9 min for an impurity (Figure 41). Since the peak at 7.6 min is close to the 

cold standard retention time of 7.4 min, it may be possible that product formation was 

successful. However, despite this success, there remains the problem of residual activity 

from radioactive methanol, and a shoulder peak that may represent a product with only 

partial deprotection of PMB groups. Further optimization is necessary to better isolate this 

product, necessitating longer drying time before HPLC purification for [11C]MeI/MeOH 

removal, and longer deprotection times. 
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Figure 40. Semi-Prep radio-HPLC tracer for synthesis of [11C]4’-O-methyl 

pyridoxine using [11C]MeOTf with UV detection at 280nm. 
 

 
Figure 41. Radiation chromatogram for [11C]4’-O-methyl pyridoxine 

radiosynthesis using [11C]MeOTf on Analytical RadioHPLC. The peak at 4 min 
corresponds to [11C]-MeOH, 7.5 min may correspond to 4’-O-methyl pyridoxine, and 9 

min is an impurity potentially corresponding to a partially deprotected intermediate. 
 

Overall, despite the synthetic ease of cold-standard C6-fluoro pyridoxine, 

radiochemical transformation proved to be non-translatable. In contrast, carbon labelling 

strategies for both 2’- and 4’-O-methyl pyridoxine show some success, with the necessity 

for optimization of radiochemical conversion and purification. Collaborations have now 
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been made with Peter Scott and the PET Centre at the University of Michigan to assist in 

production, with hopes that synthetic difficulties can be overcome with in-field experts. 

Chapter 3 – Conclusions and Future Work 
  

 Lung cancer continues to account for most cancer-related deaths in Canadian men 

and women, with CDDP remaining the standard of care. With drug resistance being a 

major clinical challenge, low survival rates necessitate better diagnostic and prognostic 

care. A strong association has been found between treatment outcomes of lung tumours 

and the metabolism of PN, providing a useful biomarker for monitoring resistance onset. 

With changes in metabolic alterations during resistance onset, PET-CT and radiotracer 

development was explored to quantify and image CDDP sensitive and resistant lung 

cancer, with the goal of improving patient treatment outcomes. 

 Cold-standard radiotracer structures were proposed for addressing this issue, 

beginning with fluorine labelling techniques. Carbon-6 aromatic labelling (cold-standard 

1) experienced significant difficulties with utilizing standard aromatic nucleophilic 

substitutions with fluorine, even with activated leaving groups, due to PN’s high electron 

density and functional group incompatibility. Unconventional conditions were instead 

selected, using a Sandmeyer reaction and aqueous HF, allowing for efficient production 

of C6-fluoro pyridoxine. Synthesis efforts for 2’-fluoro pyridoxine (cold-standard 2) were 

also complicated by known pyridinone-methide eliminations, and therefore necessitated 

efforts for carbon-homologation. In the effort to prevent significant deviation and metabolic 

issues, one-carbon homologations were attempted, but fell short under varying conditions 

due to difficult functional group compatibility and poor reaction conversion. 
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 Cold-standard radiotracer structures involving carbon labelling techniques were 

also utilized. With an understanding of the anti-vitamin Ginkgotoxin, the 2’-benzyl and 4’-

benzyl positions were identified for methylation strategies. Through implementation of 

PMB and acetonide protecting group strategies, 2’-O-methyl pyridoxine (cold-standard 3) 

and 4’-O-methyl pyridoxine (cold-standard 4) were synthesized and characterized. 

Methylation of these positions provided aqueous stability unlike the previous benzyl 

fluorine substitution and provides comparisons for radionuclides and pharmacokinetics in 

further studies. 

  The analysis of cold-standard metabolism showed that despite modification of 

PN’s structure, transport into A549 and H460 cancer cells was still possible. Metabolic 

alteration of C6-fluoro pyridoxine interacted with both PDXK and PNPO but suffers from 

potential defluorination. 2’-O-methyl pyridoxine in contrast exhibited great stability, 

interacting with all relevant enzymes with structures mimicking pyridoxine’s PL, PLP and 

PM, but with O-methyl substitution. Unfortunately, due to time constraints, 4’-O-methyl 

pyridoxine (Ginkgotoxin) has not yet been analyzed. However, it has been submitted for 

analysis but it is expected to behave according to literature as a known substrate. 

 Finally, radiotracer production of [18F]C6-fluoro pyridoxine proved to be a difficult 

translation from cold chemistry, with low concentrations of [18F]HF limiting reaction 

conversion. [11C]-radiochemical transformation on the 2’-benzyl position also saw 

extensive attempts, with apparent success in acquiring conversion to the [11C] O-methyl 

derivative with methyl triflate when co-injected and compared to cold-standard by radio-

HPLC. Further optimization and characterization efforts are necessary, with translation to 

partially successful 4’-O-methyl pyridoxine. 
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Overall, this work has identified both fluorine and carbon-labelled derivatives of 

pyridoxine that are capable of being transporting into lung cancer cells and reporting on 

metabolism using PN based enzymes PDXK, PDXP, and PNPO. Currently conditions are 

still being optimized for [11C] labelling, with new collaborations being made with Peter 

Scott and the PET Centre at the University of Michigan to assist in production. If 

successful, radiotracer production will be optimized for desired activity and purity. With 

PN based radiotracers in hand, PET-CT imaging can be performed on mice models to 

non-invasively evaluate the cancer resistance phenotype prior to and during CDDP-based 

chemotherapy (Figure 42). We hope to demonstrate that reduced radiolabelled PN 

retention in lung cancer tissue is associated with resistance, and compare prognostic 

ability to the clinical radiotracer [18F]FDG. With this new precision cancer medicine 

approach, treatment outcomes for patients with lung cancer could be improved, and most 

importantly, the patient would be spared the devastation of learning that their painful and 

taxing therapy was ineffective against their lung cancer. 

 
Figure 42. Future radiotracer workflow using PET-CT. 
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Chapter 4 – Materials and Methods 
 

4.1 General Information 
 

Reagents were commercially available and sourced from Sigma-Aldrich unless 

otherwise stated and used as received. 4-Methoxybenzyl chloride was sourced from TCI 

and used as received. Tetrabutylammonium fluoride was sourced from Oakwood 

Chemicals and used as received. All solvents and acids (TFA) used for HPLC purification 

were HPLC grade except for water (18.2 MΩ cm Millipore water). All volatiles were 

removed under reduced pressure using a BUCHI rotary evaporator (R-100, B-100, and 

V-100), except for final products which were lyophilized using a LABCONCO FreeZone 

lyopholizer after HPLC purification. Thin-layer chromatography (TLC) was carried out on 

aluminum backed silica gel plates with compounds visualized by UV light. All 1H, 13C, and 

2D COSY NMR spectra were recorded on Bruker 400, 500, and 600 MHz NMR 

spectrophotometers as reported in the synthesis characterization below and analyzed 

using MestReNova software. HRMS spectra were obtained using ESI+ ionization mode. 

4.2 Separation Protocols 
 
 Flash column chromatography was run manually, using solvent gradients 

consistent of ethyl acetate, hexanes, dichloromethane, and methanol. All columns utilized 

SiliaFlash Irregular Silica Gels F60, which are particle size 40-64 µm, at 60 Å. Columns 

were equilibrated for 5 minutes prior to elution with the more non-polar solvent (hexanes 

in most cases). Introduction of dried crude reaction mixture or dried organic phases from 

extraction was done by re-dissolving in 1-2 mL running solvent and pipetting onto the top 

of the silica gel. Sand was then added on top to prevent disruption of the silica gel, and 

desired solvent systems were added according to reaction procedures in Materials and 
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Methods Section 4.3. Product separation was monitored by TLC analysis in a matching 

eluent system, with desired product identified by UV light at 254 nm. 

LC-MS analysis of synthetic intermediates for evaluation of reaction conversion 

was performed using a Shimadzu Prominence UFLC HPLC separation module utilizing a 

LC-20AD liquid chromatography unit connected to an SPD-20A UV-Vis detector (at 210 

and 254 nm) and a column warmer set to 40 °C. All samples were prepared by dissolving 

approximately 1 mg of material in 400 µL of LC-MS grade acetonitrile. An Agilent 959963-

902 Eclipse Plus C18 column with 3.5 µm particle size, at 95 Å, with dimensions 4.6x100 

mm was used for separation. Eluent A was OMNISolv LC-MS grade water with 0.05% 

LC-MS grade formic acid, and eluent B was Optima LC-MS grade acetonitrile with 0.05% 

LC-MS grade formic acid. All samples utilized a gradient profile as follows: flow rate of 1 

mL/min, with 2 minutes at 5% acetonitrile, followed by a gradient to 99% acetonitrile over 

6 minutes, a static 4 minutes at 99% acetonitrile, then re-equilibration back to 5% 

acetonitrile over 1 minute and running for 2 more minutes for a total of 15 minutes. A 

Shimadzu LCMS-2020 mass spectrophotometer was coupled for analysis, with a 

scanning range of 100-800 m/z at a scan speed of 715 u/sec on a single quadrupole. Any 

HPLC conversion was represented in %area and calculated using the integration of peaks 

present at 254 nm. 

HPLC purification of final cold-standard products was performed using a Shimadzu 

Prominence HPLC separation module utilizing a LC-20AR liquid chromatography unit 

connected to an SPD-M20A Diode photodiode array detector (scanning from 190-400 

nm) without a column warmer. All samples were prepared by dissolving 25 mg of material 

in 5 mL of acetonitrile (5 mg/mL). A Phenomenex 00G-4542-P0-AX Luna C18(2) column 
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with 5 µm particle size, at 100 Å, with dimensions 250 × 21.2 mm was used for separation. 

Eluent A was 18.2 MΩ cm Millipore water with 0.1% TFA, and eluent B was HPLC grade 

acetonitrile with 0.1% TFA. All samples utilized a gradient profile as follows: flow rate of 

10 mL/min, with an increase from 1 to 92% acetonitrile over 23 minutes, re-equilibrating 

to 1% acetonitrile over 1 minute, and then running for 6 more minutes (total run time of 

30 minutes). Desired final product peaks were identified and collected using a Shimadzu 

FRC-40 automatic fraction collector. 

4.3 Synthetic Procedures 
 

Synthesis of C6-fluoro pyridoxine using Standard Nucleophilic Aromatic 
Substitution 
 

 
Synthesis of compound 1: 6-Iodopyridoxine. To a round bottom flask charged with a 

magnetic stir bar was added 2 g (11.8 mmol) of pyridoxine, dissolved in 20 mL 10% 

aqueous solution of K2CO3. Iodine (3.00 g, 23.6 mmol) was then added, and the solution 

was left to stir for 3 hours at RT while wrapped in aluminum foil to exclude light. The 

reaction was then quenched using saturated sodium thiosulfate, and pH was adjusted to 

pH 3 using concentrated HCl. A yellow precipitate formed, which was then vacuum filtered 

and washed with cold water. Concentration and drying in vacuo afforded 6-iodopyridoxine 

as a yellow solid (2.16 g, 62%). 1H NMR (600 MHz, DMSO) δ 9.49 (s, 1H), 5.80 (s, 1H), 

5.06 (t, J = 5.2 Hz, 1H), 4.79 (s, 2H), 4.55 (d, J = 5.1 Hz, 2H), 3.32 (s, 4H), 2.30 (s, 3H). 

13C NMR (151 MHz, DMSO) δ 150.39, 148.19, 136.20, 134.94, 112.09, 63.94, 56.97, 

18.90. HRMS (ESI): Mass calc for C8H10NO3[M+H]+: 294.9705, found: 294.9683. 
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Synthesis of compound 2: C6-fluoro pyridoxine. To a round bottom flask charged with 

a magnetic stir bar was added compound 1, 6-iodopyridoxine (0.02 g, 0.068 mmol), 

dissolved in either anhydrous acetonitrile of DMF (2 mL). Potassium fluoride (0.004 g, 

0.069 mmol) and kryptofix [2.2.2] cryptand ligan (0.026 g, 0.069 mmol) were then added 

to the flask, a condenser was fixed, and the reaction mixture was left to stir at 80 °C for 2 

hours. Reaction progress was monitored by LC-MS. No conversion of starting material 

was observed. 

 
Synthesis of compound 3: 3,4,5-O-methoxymethyl 6-iodopyridoxine. To a round 

bottom flask charged with a magnetic stir bar was added anhydrous DMF (15 mL) and 1 

(0.02 g, 0.068 mmol). The reaction mixture was cooled down to 0 °C, and sodium hydride 

(60% dispersion in mineral oil, 0.0137 g, 0.408 mmol) was added. The mixture was stirred 

for 5 minutes at 0 °C, and then removed from ice to stir for 1 hour at RT. To the viscous 

suspension was then added 4-methoxybenzyl chloride (0.033 mL, 0.211 mmol) at 0 °C 

dropwise, and the resulting mixture was then stirred overnight at RT for a total of 16 hours. 

Reaction progress was monitored by LC-MS. No conversion of starting material was 

observed. 
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Synthesis of C6-Fluoro Pyridoxine using Hypervalent Iodine 
 

 
Synthesis of compound 4: Spiroadamantyl-1,3-dioxane-4,6-dion (SPIAd): To round 

bottom flask charged with a magnetic stir bar was added malonic acid (1 g, 9.610 mmol) 

and 2-adamantone (1.45, 9.652 mmol), dissolved in acetic anhydride (2 mL). To the 

mixture was then added 10 uL sulfuric acid (catalytic), and the mixture was stirred at 60 

°C for 30 min, and then cooled to RT and stirred a final 1.5 h. Cold hexanes was then 

added to the flask alongside a small amount of diethyl ether, and sonicated to produce a 

crystalline solid. The solid was then vacuum filtered and dried in vacuo to afford 

Spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd) as a white crystalline solid (1.86 g, 82%). 

1H NMR (600 MHz, CDCl3) δ 3.61 (s, 2H), 2.20 (s, 2H), 2.14 (d, J = 13.1 Hz, 4H), 1.94 – 

1.90 (m, 2H), 1.82 – 1.74 (m, 6H). 13C NMR (151 MHz, CDCl3) δ 163.17, 109.77, 37.77, 

36.84, 36.65, 33.60, 26.18. HRMS (ESI): Mass calc for C14H15N3O3[M-H]-: 235.0971, 

found: 235.0963. 

C6-Fluoro Pyridoxine Cold Standard Synthesis using the Sandmeyer Reaction 

 
Synthesis of compound 6: 6-Phenylazopyridoxine hydrochloride. 2 g (11.8 mmol) of 

pyridoxine was dissolved in 30 mL deionized water in a 250 mL Erlenmeyer flask. The 

solution was adjusted to pH 8 with 2.5 M NaOH, equipped with a stir bar, then placed in 
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an ice bath. To a round bottom flask charged with a magnetic stir bar, 1 equivalent of 

aniline (0.54 mL, 5.9 mmol)) was combined with 10 mL 6 M HCl and cooled down to 0 

°C. In a separate 10 mL flask, NaNO2 (0.62 g, 8.98 mmol) was dissolved in 2 mL deionized 

water and the solution was cooled down to 0 °C. The cooled down NaNO2 was added 

portion wise to the aniline solution at 0 °C to perform diazotization. The diazotized aniline 

solution was then added portion wise to the pyridoxine solution at 0 °C while maintaining 

pH 8 by subsequent additions of 2.5 M NaOH. Once addition was finished, the solution 

was allowed to warm up to room temperature and was stirred for 2 hours, protected from 

light. Once the reaction was done, the pH was adjusted to 3 with 6 M HCl and the solution 

was placed on ice to crystallise. The reaction mixture was filtered, and the precipitate was 

washed with ethanol. The precipitate was then dried under vacuum to give 2.1 g of pure 

compound 6 as a red solid in 98% yield. 1H NMR (600 MHz, DMSO) δ 7.96 (dd, J = 7.9, 

1.3 Hz, 2H), 7.64 – 7.58 (m, 3H), 5.06 (s, 2H), 4.98 (s, 2H), 2.54 (s, 3H). 13C NMR (151 

MHz, DMSO) δ 154.47, 152.05, 147.61, 146.05, 137.52, 134.62, 131.97, 129.58, 122.82, 

56.55, 54.30, 17.63. HRMS (ESI): Mass calc for C14H16N3O3[M+H]+: 274.1192, found: 

274.1191. 

 
Synthesis of compound 7: 6-Aminopyridoxine hydrochloride. To a Schlenk flask 

charged with a magnetic stir bar was added 6, 6-phenylazopyridoxine hydrochloride (2.10 

g, 7.69 mmol), dissolved in 50 mL dry methanol. 0.2 g of palladium on carbon (10 

weight%) was added to the flask. Three full balloons of hydrogen gas were placed into 

the flask to saturate, and the solution was stirred overnight. The solution was then filtered 
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through celite by vacuum filtration, washing with methanol three times. Elution of product 

off the celite bed could be monitored by UV wand (blue fluorescence). The solvent was 

then removed by rotary evaporation to give a dark brown solid. The crude solid was then 

purified by triturating the solid with cold ether, followed by washing over a vacuum filter 

with multiple portions of cold ether. The precipitate was then dried under vacuum to afford 

1.3 g of a yellow solid with 92% yield. 1H NMR (600 MHz, DMSO) δ 9.18 (s, 1H), 7.03 (s, 

1H), 5.67 (s, 1H), 5.36 (s, 1H), 4.66 (s, 2H), 4.54 (s, 2H), 2.36 (s, 3H). 13C NMR (151 

MHz, DMSO) δ 148.96, 146.33, 140.82, 132.65, 120.77, 54.94, 54.56, 14.13. HRMS 

(ESI): Mass calc for C8H13N2O3[M+H]+: 185.0926, found: 185.0932. 

 
Synthesis of compound 8: C6-fluoro pyridoxine. To a 25 mL falcon tube charged with 

a magnetic stir bar was added  7 (0.1 g, 0.543 mmol) and sodium nitrite (0.056g, 0.815 

mmol), followed by 0.4 mL of 48% aq. hydrofluoric acid. The mixture was stirred at 0 °C 

on ice for 20 minutes, and then allowed to heat and stir at 60 °C for 1 hour. To quench 

the reaction, 1M sodium hydroxide solution was added until neutral. The solution was 

then concentrated in vacuo, and the crude solid was filtered and purified by semi-prep 

HPLC. Fractions containing product were collected and dried by lyophilization to afford 

C6-fluoro pyridoxine as a white powder ( 0.078 g, 79%). 1H NMR (600 MHz, DMSO) δ 

9.15 (s, 1H), 4.77 (d, J = 0.6 Hz, 2H), 4.46 (s, 2H), 2.28 (s, 3H). 13C NMR (151 MHz, 

DMSO) δ 154.39, 152.88, 147.84, 142.85 (d, J = 15.2 Hz), 138.79, 117.87, 56.33, 53.52, 

18.71. 19F NMR (471 MHz, DMSO) δ -74.33, -85.41. HRMS (ESI): Mass calc for 

C8H10FNO3Na[M+Na]+: 210.0542, found: 210.0551. 
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Synthesis of compound 9: 3’,4’,5’-O-methoxybenzyl pyridoxine. To a round bottom 

flask charged with a magnetic stir bar was added anhydrous DMF (25 mL) and pyridoxine 

(2 g, 11.8 mmol). The reaction mixture was cooled down to 0 °C, and sodium hydride 

(60% dispersion in mineral oil, 1.702 g, 42.56 mmol) was added. The mixture was stirred 

for 5 minutes at 0 °C, and then removed from ice to stir for 1 hour at RT. To the viscous 

suspension was then added 4-methoxybenzyl chloride (5.29 mL, 39.18 mmol) at 0 °C 

dropwise, and the resulting mixture was then stirred overnight at RT for a total of 16 hours. 

The dark brown-green solution was then quenched by adding ice-water to the mixture at 

0 °C. The majority of solvent was then removed by rotary evaporation. The solution was 

then partitioned between H2O (100 mL) with 25 mL of brine and Et2O (50 mL), with the 

organic phase isolated. The aqueous phase was washed with Et2O (3 x 50 mL) and the 

organic extracts were combined, dried with Na2SO4, and concentrated in vacuo. The 

crude material was purified by column chromatography (hexanes:ethyl acetate = 1:1). 

Fractions containing product were collected and dried in vacuo to afford 3’,4’,5’-O-

methoxybenzyl pyridoxine as an orange precipitate (2.25 g, 36%). 1H NMR (400 MHz, 

CDCl3) δ 8.31 (s, 1H), 7.24 (m, J = 17.1, 7.6, 1.7 Hz, 7H), 6.94 – 6.81 (m, 6H), 4.77 (s, 

2H), 4.56 (d, J = 7.6 Hz, 4H), 4.43 (d, J = 11.9 Hz, 4H), 3.83 (s, 3H), 3.80 (s, 3H), 3.79 (s, 

3H), 2.52 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.82, 159.52, 159.46, 153.30, 152.16, 

145.48, 138.04, 132.08, 130.13, 129.92, 129.90, 129.71, 128.98, 114.09, 113.97, 76.46, 

73.07, 72.39, 67.15, 62.50, 55.44, 55.42, 55.38, 19.89. HRMS (ESI): Mass calc for 

C32H36NO6[M+H]+: 530.2543, found: 530.2542. 
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Synthesis of compound 10: 3’,4’,5’-O-methoxybenzyl pyridin-N-oxide. To a round 

bottom flask charged with a magnetic stir bar was added CHCl3 (8 mL) and Compound 9 

(2.25g, 4.25 mmol). In a separate flask, m-CPBA (0.88 g, 5.10 mmol) was added to 5 mL 

CHCl3, which was then transferred dropwise to the reaction slowly over 5 minutes. The 

reaction was then stirred for 2 hours at RT. Reaction progress was monitored by TLC in 

95:5 DCM:MeOH. Once complete, an extraction was performed. The solution was then 

partitioned between H2O (100 mL) with 25 mL of brine and CHCl3 (40 mL), with the 

organic phase isolated. The aqueous phase was washed with CHCl3 (3 x 40 mL) and the 

organic extracts were combined, dried with Na2SO4, and concentrated in vacuo. The 

crude material was purified by column chromatography (hexanes:ethyl acetate = 1:1, 

followed by ethyl acetate:methanol = 90:10). Fractions containing product were collected 

and dried in vacuo to afford 3’,4’,5’-O-methoxybenzyl pyridine-N-oxide as an off-white 

powder (2.14 g, 95%). 1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H), 7.28 – 7.16 (m, 6H), 

6.93 – 6.81 (m, 6H), 4.77 (s, 2H), 4.48 (d, J = 13.7 Hz, 4H), 4.41 (d, J = 4.0 Hz, 4H), 3.82 

(s, 3H), 3.80 (s, 3H), 3.79 (s, 3H), 2.43 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 160.04, 

159.58, 159.51, 153.80, 144.14, 135.49, 134.18, 130.14, 129.92, 129.57, 129.50, 128.42, 

127.86, 114.13, 113.99, 113.97, 72.86, 72.61, 66.15, 61.98, 55.38, 55.37, 55.34, 12.00. 

HRMS (ESI): Mass calc for C32H35NO7Na[M+Na]+: 568.2311, found: 568.2324. 
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Synthesis of compound 11: 2’-hydroxyl-3’,4’,5’-O-methoxybenzyl pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added DCM (20 mL) and 

Compound 10 (2.14 g, 3.92 mmol). Triethylamine (2.19 mL, 15.7 mmol) was then added 

to the flask, and stirred for 5 minutes at RT. Then trifluoracetic anhydride (0.818 mL, 5.88 

mmol) was added slowly over 10 minutes, and the reaction was left to stir overnight at RT 

and under nitrogen atmosphere. Reaction progress was monitored by TLC in 

hexanes:ethyl Acetate 40:60. Once complete, an extraction was performed. The solution 

was then partitioned between H2O (100 mL) with 25 mL of brine and DCM (50 mL), with 

the organic phase isolated. The aqueous phase was washed with DCM (3 x 50 mL) and 

the organic extracts were combined, dried with Na2SO4, and concentrated in vacuo. The 

crude material was purified by column chromatography (hexanes:ethyl acetate = 4:6). 

Fractions containing product were collected and dried in vacuo to afford 2’-hydroxyl-

3’,4’,5’-O-methoxybenzyl pyridoxine as a red precipitate (1.72 g, 80%). 1H NMR (400 

MHz, CDCl3) δ 8.43 (s, 1H), 7.34 – 7.21 (m, 7H), 6.91 (m, J = 14.4, 7.5, 1.9 Hz, 6H), 4.81 

(s, 2H), 4.75 (s, 2H), 4.64 (s, 2H), 4.58 (s, 2H), 4.48 (d, J = 17.6 Hz, 4H), 3.86 (s, 3H), 

3.84 (s, 3H), 3.83 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.99, 159.61, 159.51, 152.87, 

150.69, 144.49, 138.38, 133.56, 130.05, 129.98, 129.71, 129.66, 128.54, 114.16, 114.01, 

73.18, 72.57, 67.03, 62.12, 60.49, 55.43, 55.39. HRMS (ESI): Mass calc for 

C32H36NO7[M+H]+: 546.2492, found: 546.2492. 
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Synthesis of compound 12: 2’-O-mesyl-3’,4’,5’-O-methoxybenzyl pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added DCM (4 mL) and 

Compound 11 (0.05 g, 0.092 mmol). Triethylamine (0.066 mL, 0.474 mmol) was then 

added to the flask, and stirred for 5 minutes at RT. Then methanesulfonyl chloride (0.011 

mL, 0.140 mmol) was added, and the reaction was left to stir for 1 hour under nitrogen 

atmosphere at 0 °C. Reaction progress was monitored by TLC in hexanes:ethyl Acetate 

40:60. Once complete, the reaction was concentrated by rotary evaporation. The crude 

material was purified by column chromatography (hexanes:ethyl acetate = 1:1). Fractions 

containing product were collected and dried in vacuo to afford 2’-O-mesyl-3’,4’,5’-O-

methoxybenzyl pyridoxine as a light pink oil, used directly in the next reaction due to 

instability (0.0429 g, 75%). 1H NMR (500 MHz, CDCl3) δ 8.48 (s, 1H), 7.28 – 7.17 (m, 

7H), 6.91 – 6.82 (m, 7H), 5.29 (s, 2H), 4.85 (s, 2H), 4.59 (s, 2H), 4.53 (s, 2H), 4.47 (s, 

2H), 4.42 (s, 2H), 3.81 (s, 3H), 3.79 (s, 3H), 3.78 (s, 3H), 3.03 (s, 3H). 13C NMR (101 

MHz, CDCl3) δ 171.26, 160.06, 159.65, 159.54, 153.01, 147.30, 145.96, 139.14, 136.16, 

130.32, 129.99, 129.80, 129.69, 129.45, 128.10, 114.18, 114.02, 114.01, 78.73, 73.25, 

72.75, 68.23, 66.80, 62.08, 60.50, 55.41, 55.39, 55.36, 38.32, 21.16, 14.31. HRMS (ESI): 

Mass calc for C33H37NO9SNa[M+Na]+: 646.2087, found: 646.2075. 
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Synthesis of compound 13: 2’-fluoro-3’,4’,5’-O-methoxybenzyl pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added anhydrous acetonitrile (2 

mL) and Compound 12 (0.0429 g, 0.069 mmol). Tetrabutylammonium fluoride 

monohydrate (0.022 g, 0.084 mmol) was then added to the flask, and stirred for 4 hours 

at 60 °C. Reaction progress was monitored by TLC in hexanes:ethyl Acetate 40:60. Once 

complete, the reaction was concentrated by rotary evaporation to remove acetonitrile, and 

an extraction was performed. The solution was then partitioned between H2O (40 mL) 

with 10 mL of brine and DCM (20 mL), with the organic phase isolated. The aqueous 

phase was washed with DCM (3 x 20 mL) and the organic extracts were combined, dried 

with Na2SO4, and concentrated in vacuo. The crude material was purified by column 

chromatography (hexanes:ethyl acetate = 4:6). Fractions containing product were 

collected and dried in vacuo to afford 2’-Fluoro-3’,4’,5’-O-methoxybenzyl pyridoxine as an 

off-white solid (0.032 g, 84%). 1H NMR (400 MHz, CDCl3) δ 8.50 (s, 1H), 7.30 – 7.18 (m, 

7H), 6.93 – 6.84 (m, 7H), 5.52 (s, 1H), 5.40 (s, 1H), 4.87 (s, 2H), 4.62 (d, J = 1.7 Hz, 2H), 

4.56 (s, 2H), 4.47 (s, 2H), 4.42 (s, 2H), 3.83 (s, 3H), 3.81 (s, 3H), 3.80 (s, 3H). 13C NMR 

(126 MHz, CDCl3) δ 159.99, 159.62, 159.54, 153.28, 153.26, 149.40, 149.28, 145.91, 

139.04, 139.02, 135.76, 135.73, 130.19, 129.95, 129.92, 129.70, 129.65, 128.58, 114.14, 

114.03, 82.41, 81.09, 78.95, 78.92, 72.90 (d, J = 66.8 Hz), 66.93, 62.12, 55.44, 55.42, 

55.39. 19F NMR (377 MHz, CDCl3) δ -211.68, -211.80, -211.93. HRMS (ESI): Mass calc 

for C32H35FNO7[M+H]+: 564.2398, found: 564.2396. 
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Synthesis of compound 14: 2’-fluoro-pyridoxine. To a round bottom flask charged 

with a magnetic stir bar was added compound 13, dissolved in 2 mL anhydrous 

acetonitrile. 2 mL of synthesis grade TFA was then added, the flask was fixed with a 

condenser, and the solution was stirred for 4 hours at 70 °C to ensure full conversion. 

Reaction conversion was monitored by LC-MS, which showed desired product as well as 

loss of fluorine. Once consumption of starting material was observed, the reaction was 

stopped by boiling without the condenser to remove residual methyl iodide, quenched 

with a small amount of water and sodium hydroxide, followed by rotary evaporation. The 

crude material was then purified by semi-prep HPLC. Fractions containing product were 

collected and dried by lyophilization, but LC-MS and NMR of the sample showed 

degradation of product and inability to be isolated. 

 
Synthesis of One-Carbon Homologated Pyridoxine from PMB-Protected Pyridoxine 
 

 
Synthesis of compound 15: 3’,4’,5’-O-methoxybenzyl-2-Pyridoxine 

carboxaldehyde. To a round bottom flask charged with a magnetic stir bar was added 

DCM (4 mL) and Compound 12 (0.07 g, 0.128 mmol). Dess–Martin periodinane (0.06 g, 

0.141 mmol) was then added to the flask, and stirred for 1 hour at RT. Once complete, 

the reaction was then partitioned between H2O (40 mL) with 10 mL of brine and DCM (20 
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mL), with the organic phase isolated. The aqueous phase was washed with DCM (3 x 15 

mL) and the organic extracts were combined, dried with Na2SO4, and concentrated in 

vacuo. The crude material was purified by column chromatography (hexanes:ethyl 

acetate = 7:3). Fractions containing product were collected and dried in vacuo to afford 

3’,4’,5’-O-methoxybenzyl-2-pyridinecarboxaldehyde as a white solid (0.066 g, 95%). 1H 

NMR (400 MHz, CDCl3) δ 10.16 (s, 1H), 8.70 (s, 1H), 7.30 – 7.25 (m, 4H), 7.20 (d, J = 

8.6 Hz, 2H), 6.91 – 6.84 (m, 6H), 4.95 (s, 2H), 4.65 (s, 2H), 4.51 (d, J = 7.1 Hz, 4H), 4.39 

(s, 2H), 3.81 (d, J = 2.3 Hz, 6H), 3.80 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 190.87, 

160.11, 159.63, 159.59, 155.40, 146.14, 145.21, 141.72, 140.32, 139.81, 133.03, 131.73, 

130.64, 129.89, 129.69, 129.63, 129.50, 128.04, 128.02, 114.14, 114.05, 114.01, 79.03, 

73.13, 72.90, 66.77, 61.55, 55.41, 55.38. HRMS (ESI): Mass calc for C32H34NO7[M+H]+: 

544.2335, found: 544.2357. 

 
Synthesis of compound 16: 3’,4’,5’-O-methoxybenzyl-2’-hydroxy-(2,2,2-trichloro) 

pyridoxine. To a round bottom flask charged with a magnetic stir bar was added 

compound 15 (0.066 g, 0.121 mmol), dissolved in 4 mL CHCl3. To the flask was added 

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) (0.0216 g, 0.142 mmol, 0.0212 mL), and the 

reaction was left to stir at RT overnight. Reaction progress was monitored by LC-MS, and 

after approximately 90% conversion, the reaction was stopped by concentrating with 

rotary evaporation. The crude material was purified directly by column chromatography 

(hexanes:ethyl acetate = 1:1). Fractions containing product were collected and dried in 
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vacuo to afford 3’,4’,5’-O-methoxybenzyl-2’-hydroxy-(2,2,2-trichloro) pyridoxine as an oil 

(0.061 g, 76%). 1H NMR (600 MHz, CDCl3) δ 8.51 (s, 1H), 7.29 – 7.27 (m, 2H), 7.26 – 

7.24 (m, 2H), 7.22 – 7.20 (m, 2H), 6.93 – 6.90 (m, 4H), 6.87 – 6.85 (m, 2H), 5.43 (d, J = 

10.2 Hz, 1H), 5.07 (d, J = 10.3 Hz, 1H), 4.91 – 4.82 (m, 2H), 4.63 (s, 2H), 4.55 – 4.46 (m, 

4H), 4.42 (d, J = 3.0 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 4H), 3.80 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 159.94, 159.67, 159.57, 152.59, 147.77, 144.52, 139.04, 136.42, 130.05, 

129.78, 129.73, 129.54, 129.40, 128.27, 114.22, 114.04, 102.36, 78.10, 77.61, 73.17, 

72.97, 66.83, 65.16, 62.23, 60.51, 55.56, 55.43, 55.41, 55.37, 31.71, 22.78, 22.75, 14.26. 

HRMS (ESI): Mass calc for C33H34Cl3NO7[M+H]+: 662.1495, found: 662.1479. 

 
Synthesis of compound 17: 3’,4’,5’-O-methoxybenzyl-2’-(2-hydroxyethyl) 

pyridoxine. To a Schlenk flask charged with a magnetic stir bar was added compound 

16 (0.044 g, 0.066 mmol), placed into an inert nitrogen atmosphere, and dissolved in 2 

mL dry isopropyl alcohol. Sodium hydroxide (0.008 g, 0.2 mmol) was ground into a 

powder and added, followed by addition of lithium borohydride (0.0058 g, 0.266 mmol). 

Poor solubility was noted, so an additional 2 mL of THF was added to the mixture to assist 

in solubilizing, and the reaction was left to stir at 60 °C overnight with a condenser. LC-

MS was used to monitor reaction progress alongside TLC (1:1 hexanes:ethyl acetate). 

Desired product mass of m/z 560 was observed with little conversion, alongside m/z of 

546 (starting material) as the major product and m/z 574 impurity. The reaction was 

concentrated by rotary evaporation, and the crude material was purified by column 
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chromatography (hexanes:ethyl acetate 1:1). No desired product was obtained, and LC-

MS of product fractions saw loss of desired product. 

 
Synthesis of compound 18: 3’,4’,5’-O-methoxybenzyl-2’-vinyl pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added 2 mL anhydrous THF with 

sodium hydride (60% dispersion in mineral oil, 0.0277 g, 1.155 mmol). 

Methyltriphenylphosphonium bromide (0.0687 g, 0.192 mmol) was then added at 0 °C, 

and stirred for 1 h to prepare the Wittig reagent. Compound 16 aldehyde (0.07 g, 0.129 

mmol) was then added at 0 °C and left to stir for 15 min. The reaction was then warmed 

to RT, and left to stir under nitrogen atmosphere overnight. Reaction progress was 

monitored by TLC in hexanes:ethyl acetate 1:1, and once conversion was seen, the 

reaction was stopped by concentrating by rotary evaporation. Once complete, the 

reaction was then partitioned between H2O (20 mL) with 5 mL of brine and EtOAc (15 

mL), with the organic phase isolated. The aqueous phase was washed with EtOAc (3 x 

15 mL) and the organic extracts were combined, dried with Na2SO4, and concentrated in 

vacuo. The crude material was purified by column chromatography (hexanes:ethyl 

acetate = 1:1). Fractions containing product were collected and dried in vacuo to afford 

3’,4’,5’-O-methoxybenzyl-2’-vinyl pyridoxine as a colourless oil (0.040 g, 56%). 1H NMR 

(600 MHz, CDCl3) δ 8.45 (s, 1H), 7.30 – 7.25 (m, 5H), 7.24 – 7.21 (m, 2H), 7.14 (dd, J = 

17.3, 10.8 Hz, 1H), 6.93 – 6.89 (m, 4H), 6.87 – 6.84 (m, 2H), 6.44 (dd, J = 17.3, 2.0 Hz, 

1H), 5.52 (dd, J = 10.8, 2.0 Hz, 1H), 4.79 (s, 2H), 4.61 (s, 2H), 4.56 (s, 2H), 4.47 (s, 2H), 

4.42 (s, 2H), 3.84 (s, 3H), 3.81 (s, 3H), 3.80 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 159.83, 
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159.51, 159.44, 151.26, 149.49, 146.07, 138.72, 133.50, 130.88, 130.09, 129.89, 129.85, 

129.65, 128.75, 119.61, 114.07, 113.95, 77.54, 73.00, 72.34, 67.08, 65.97, 62.27, 55.41, 

55.39, 55.35, 53.55, 25.72, 15.40. HRMS (ESI): Mass calc for C33H36NO6[M+H]+: 

542.2543, found: 542.2541. 

 
Synthesis of compound 19: 3’,4’,5’-O-methoxybenzyl-2’-(2-

hydroxyethyl)pyridoxine. To a round bottom flask charged with a magnetic stir bar was 

added 2 mL of anhydrous THF, and compound 18 (0.04 g, 0.0738 mmol). The mixture 

was placed under a nitrogen atmosphere and cooled to 0 °C, and BH3THF complex (0.08 

mL, 0.835 mmol) was added and stirred for 2 h at RT. Similarly, 9-BBN and BH3DMS 

complexes were also used. This was then followed by addition of 10% aqueous NaOH 

and 35% hydrogen peroxide. Reaction progress was monitored by LC-MS. Despite 

multiple attempts, no successful conversion to the desired product was observed. 

 
Synthesis of compound 20: 3’,4’,5’-O-methoxybenzyl-2’-(2-(oxiran-2-yl))pyridoxine. 

To a round bottom flask charged with a magnetic stir bar was added compound 18 (0.128 

g, 0.236 mmol), dissolved in 2 mL t-butanol and 2 mL H2O. Freshly recrystalized N-bromo 

succinimide (0.046 g, 0.258 mmol) was added slowly. The reaction was then heated to 

40 °C and stirred for 1 h. After 1 h, the reaction was cooled to 0 °C, and 0.7 mL of 1 M 

NaOH solution was added, and stirring continued for 1 h at RT. The reaction was then 
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stopped by concentration by rotary evaporation, and an extraction was performed. The 

crude material was partitioned between H2O (20 mL) with 5 mL of brine and EtOAc (15 

mL), with the organic phase isolated. The aqueous phase was washed with EtOAc (3 x 

15 mL) and the organic extracts were combined, dried with Na2SO4, and concentrated in 

vacuo. The crude material was purified by column chromatography (hexanes:ethyl 

acetate = 1:1). Fractions containing product were collected and dried in vacuo to afford 

3’,4’,5’-O-methoxybenzyl-2’-(2- 2-(oxiran-2-yl))pyridoxine as a yellow oil (0.047 g, 36%). 

The reaction success was evaluated by LC-MS to confirm desired mass, and was used 

directly in the next reaction without further characterization due to the instability of the 

epoxide. 

 
Synthesis of compound 21: 3’,4’,5’-O-methoxybenzyl-(2’-acetaldehyde)-pyridoxine. 

To a Schleck flask charged with a magnetic stir bar was added compound 20 (0.047 g, 

0.0843 mmol), dissolved in 1 mL anhydrous DMF. The reaction mixture was cooled to 0 

°C, and BH3Et2O complex (0.011 mL, 0.089 mmol) was added. The reaction was stirred 

at RT for 8 h. Reaction progress was assessed by LC-MS, where no desired formation of 

product was observed. 
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Synthesis of compound 22: 3’,4’,5’-O-methoxybenzyl-2’-(2-cyano)-pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added compound 13 (0.369 g, 

0.592 mmol), dissolved in 2 mL DMF and 2 mL H2O. Sodium cyanide (0.06 g, 1.224 mmol) 

was added carefully. The reaction was then heated to 90 °C and stirred for 2 h. The 

reaction progress was monitored by LC-MS, and when desired product was formed in 

high conversion, the reaction was stopped by concentrating in vacuo by rotary 

evaporation. The crude material was partitioned between H2O (25 mL) with 10 mL of brine 

and EtOAc (20 mL), with the organic phase isolated. The aqueous phase was washed 

with EtOAc (3 x 20 mL) and the organic extracts were combined, dried with Na2SO4, and 

concentrated in vacuo. The crude material was purified by column chromatography 

(hexanes:ethyl acetate = 1:1). Fractions containing product were collected and dried in 

vacuo to afford 3’,4’,5’-O-methoxybenzyl-2’-(2-cyano)-pyridoxine as a yellow oil (0.280 g, 

85%). LC-MS was used to assess reaction success without further characterization, and 

used directly in the next reaction. 

   
Synthesis of compound 23 and compound i: 3’,4’,5’-O-methoxybenzyl-(2’-acetate)-

pyridoxine and 3’,4’,5’-O-methoxybenzyl-2’-(2-hydroxyethyl)-pyridoxine. To a round 

bottom flask charged with a magnetic stir bar was added compound 22 (0.085 g, 0.153 
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mmol), dissolved in 2 mL of MeOH. KOH (0.004 g, 0.071 mmol) was then added. The 

reaction was then left to stir at 80 °C for 8 h. Reaction progress was monitored by LC-

MS, where desired methyl ester was observed. To stop the reaction, 5 mL H2O was then 

added and stirred for 20 min, where then MeOH was removed by rotary evaporation. The 

crude material was partitioned between H2O (25 mL) with 10 mL of brine and EtOAc (20 

mL), with the organic phase isolated. The aqueous phase was washed with EtOAc (3 x 

20 mL) and the organic extracts were combined, dried with Na2SO4, and concentrated in 

vacuo. The material was then used directly in the next reaction without characterization. 

Compound (0.007 g, 0.012 mmol) was dissolved in 1 mL anhydrous THF, followed by 

lithium aluminum hydride (0.0003 g, 0.006 mmol). The mixture was left to stir at RT for 1 

h. Reaction progress was monitored by LC-MS, where desired product was not observed. 

As a result, compound i was not able to be synthesized. 

 
Synthesis of compound 24 and ii: 3’,4’,5’-O-methoxybenzyl-(2’-acetaldehyde)-

pyridoxine and 3’,4’,5’-O-methoxybenzyl-2’-(2-hydroxyethyl)-pyridoxine. To a round 

bottom flask charged with a magnetic stir bar was added compound 22 (0.280 g, 0.505 

mmol) and dissolved in 10 mL DCM. The mixture was cooled to -78 °C, where then 

DIBAL-H (1M in Hexanes, 0.505 mL, 0.505 mmol) was then added dropwise over 2 min. 

The mixture was then left to stir at -78 °C for 1 h, and was then quenched with 15 mL sat. 

Rochelle salts while stirring, followed by sat. aqueous ammonium chloride and 2 mL 

MeOH. The crude mixture was then partitioned between H2O (25 mL) with 10 mL of brine 
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and DCM (20 mL), with the organic phase isolated. The aqueous phase was washed with 

DCM (3 x 20 mL) and the organic extracts were combined, dried with Na2SO4, and 

concentrated in vacuo. The crude material was then assessed by LC-MS, where desired 

product was not observed, but rather full reduction to the amine. Despite multiple 

attempts, desired product could not be obtained. As a result, compound ii was unable to 

be synthesized. 

Diels-Alder/Kondrat'eva Synthesis of One Carbon Homologated Pyridoxine 
 

 
Synthesis of compound 25: 2-isopropyl-4,7-dihydro-[1,3]dioxepine. To a round 

bottom flask charged with a magnetic stir bar was added isobutyraldehyde (2.00 g, 27.74 

mmol), followed by cis-1,4-butenediol (2.44 g, 27.693 mmol). 15 mL of hexanes was then 

added, followed by a spatula tip of 3 Å molecular sieves. The reaction was set to reflux at 

70 °C for 12 h. Once complete, the sieves were removed by gravity filtration through 

paper, and an extraction/wash was performed on the filtrate. Two washes with 25 mL 1 

M NaOH were performed, followed by two washes with brine. The organic extracts were 

collected and dried with Na2SO4, and concentrated in vacuo. A distillation was then 

performed using a high vacuum, with an oil bath heated from 40 °C- 70 °C. The distillate 

was collected into a separate flask. The distillation process afforded 2-isopropyl-4,7-

dihydro-[1,3]dioxepine as a colourless oil (0.900 g, 23%). 1H NMR (600 MHz, CDCl3) δ 

5.72 – 5.70 (m, 2H), 4.40 (dt, J = 16.4, 2.5 Hz, 2H), 4.33 (d, J = 7.0 Hz, 1H), 4.20 – 4.11 

(m, 2H), 1.95 – 1.84 (m, J = 6.8 Hz, 1H), 0.95 (s, 3H), 0.94 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 129.79, 109.15, 65.93, 31.84, 18.05. Obtained NMR matches previously 

published literature.143 
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Synthesis of compound 26: di-n-butyl ester of L-aspartic acid. To a round bottom 

flask charged with a magnetic stir bar was added aspartic acid (2.00 g, 15.02 mmol), 

dissolved in 50 mL of n-butanol. Thionyl chloride (SOCl2, 4.5 mL, 62.032 mmol) was then 

added at 0 °C for 30 min, followed by stirring overnight for 12 h at RT. n-butanol was then 

removed in vacuo, azeotropically with toluene, and 50 mL of diethyl ether was then added 

to the flask. The flask was then placed in the freezer, and once cold, sonicated to promote 

precipitation of product. The resulting solid was then washed with cold diethyl ether and 

cold hexanes under vacuum filtration. This afforded the di-n- butyl ester of L-aspartic acid 

as a white solid (3.73 g, Quant.). 1H NMR (600 MHz, CDCl3) δ 8.87 (s, 2H), 4.54 – 4.51 

(m, 1H), 4.25 (d, J = 10.7 Hz, 1H), 4.21 – 4.13 (m, 2H), 4.12 (dd, J = 6.8, 5.1 Hz, 1H), 

3.33 (dd, J = 17.9, 5.0 Hz, 1H), 3.20 (dd, J = 17.9, 5.1 Hz, 1H), 1.62 (s, 4H), 1.35 (s, 4H), 

0.92 (td, J = 7.4, 2.1 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 170.39, 168.11, 66.94, 65.80, 

49.78, 34.00, 30.55, 30.41, 19.15, 19.05, 13.80, 13.74. HRMS (ESI): Mass calc for 

C12H23NO4Na[M+Na]+:268.1525, found: 268.1542. 

 
Synthesis of compound 27: di-n-butyl ester-2-oxoacetamido propanoate. To a round 

bottom flask charged with a magnetic stir bar was added compound 26 (3.73 g, 15.20 

mmol), dissolved in 20 mL of DCM. Triethylamine (6.36 mL, 45.60 mmol) was then added, 

followed by butyl chloroacetate (2.57 mL, 18.24 mmol). The mixture was then stirred 

overnight at room temperature for 12 h. Reaction progress was monitored by TLC. Once 
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complete, an extraction performed. The crude material was partitioned between H2O (50 

mL) with 20 mL of brine and DCM (40 mL), with the organic phase isolated. The aqueous 

phase was washed with DCM (3 x 40 mL) and the organic extracts were combined, dried 

with Na2SO4, and concentrated in vacuo. This afforded di-n-butyl ester-2-oxoacetamido 

propanoate as a dark golden oil (4.94 g, 87%). 1H NMR (600 MHz, CDCl3) δ 8.17 – 7.95 

(m, 1H), 4.83 – 4.78 (m, 1H), 4.29 (t, J = 6.9 Hz, 1H), 4.22 – 4.05 (m, 5H), 3.10 – 3.02 

(m, 1H), 2.89 – 2.81 (m, 1H), 1.75 – 1.70 (m, 1H), 1.65 – 1.56 (m, 5H), 1.45 – 1.32 (m, 

6H), 0.96 – 0.90 (m, 9H). 13C NMR (151 MHz, CDCl3) δ 170.63, 170.36, 169.72, 160.00, 

158.94, 156.38, 67.26, 66.17, 65.27, 49.15, 36.00, 30.62, 30.53, 30.42, 19.17, 19.12, 

19.09, 13.74. HRMS (ESI): Mass calc for C18H31NO7Na[M+Na]+:396.1960, found: 

396.1998. 

 
Synthesis of compound 28: 5-Butoxy-4-butyl acetate-2-butyl carboxylate oxazole. 

To a round bottom flask charged with a magnetic stir bar was added compound 27 (1.55 

g, 4.15 mmol), dissolved in 12 mL anhydrous toluene. The mixture was cooled to 0 °C, 

and triethylamine (1.754 g, 12.45 mmol). Phosphorous oxychloride (POCl3) (0.582 mL, 

6.225 mmol) was then addded slowly. After stirring for 30 min, the round bottom flask was 

fixed with a condenser, and the mixture was heated to 80 °C and stirred overnight. To 

stop the reaction, the mixture was concentrated by rotary evporation until most solvent 

was removed, and then an extraction was performed. The crude material was partitioned 

between H2O (50 mL) with 20 mL of brine and EtOAc (30 mL), with the organic phase 

isolated. The aqueous phase was washed with EtOAc (3 x 30 mL) and the organic 
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extracts were combined, dried with Na2SO4, and concentrated in vacuo. The crude 

material was purified by column chromatography (hexanes:ethyl acetate = 9:1 to 

hexanes:ethyl acetate = 8:2). Fractions containing product were collected and dried in 

vacuo to afford 5-butoxy-4-butyl acetate-2-butyl carboxylate oxazole as a yellow oil (1.062 

g, 72%). 1H NMR (300 MHz, DMSO) δ 4.39 – 4.28 (m, 3H), 4.10 (t, J = 6.7 Hz, 2H), 3.52 

(s, 1H), 1.81 – 1.18 (m, 14H), 1.00 – 0.82 (m, 9H). HRMS (ESI): Mass calc for 

C18H30NO6Na[M+Na]+: 378.1894, found: 378.1893. 

 
Synthesis of compound 29: 4-(acetic acid)-5-Butoxy-oxazole. To a round bottom flask 

charged with a magnetic stir bar was added compound 28 (1.00 g, 2.813 mmol), dissolved 

in 2 mL THF and 2 mL H2O. Sodium hydroxide (0.282 g, 7.052 mmol) was then added, 

and the reaction was left to stir for 3 h. The mixture was then adjusted to pH 2 with 1 M 

HCl, and set to stir at 70 °C for 2 h, monitoring the release of CO2 by collection with a 

balloon. Reaction progress was monitored by TLC and LC-MS. The reaction was then 

stopped by removal of solvent by rotary evaporation, and then an extraction was 

performed. The crude material was partitioned between H2O (50 mL) with 20 mL of brine 

and DCM (30 mL), with the organic phase isolated. The aqueous phase was washed with 

DCM (3 x 30 mL) and the organic extracts were combined, dried with Na2SO4, and 

concentrated in vacuo. After high vacuum overnight, this afforded 4-(acetic acid)-5-

Butoxy-oxazole as a yellow solid (0.476 g, 85%). 1H NMR (500 MHz, CDCl3) δ 7.49 (s, 

1H), 4.16 (t, J = 6.6 Hz, 2H), 3.52 (s, 2H), 1.71 (ddt, J = 9.0, 7.8, 6.5 Hz, 2H), 1.50 – 1.39 

(m, 3H), 0.95 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 174.30, 142.69, 74.52, 
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66.21, 31.43, 30.46, 30.33, 18.93, 13.77. HRMS (ESI): Mass calc for 

C9H13NO4Na[M+Na]+: 222.0742, found: 222.0737. 

 
Synthesis of compound 30: 2’-(acetic acid) pyridoxine. To a round bottom flask 

charged with a magnetic stir bar and fixed with a condenser was added compound 29 

(0.042 g, 0.211 mmol), followed by dixoxopene compound (0.06 g, 0.422 mmol). 3 mL of 

DMF was added, and the mixture was stirred at reflux overnight for 12 h. After this, 4 mL 

of 95% EtOH and 1 mL of 0.1% aqueous HCl solution were added and stirred for an 

additional 6 h, followed by 2 h of heating at 60 °C. The mixture was then concentrated by 

rotary evaporation, and 1 mL of 1 M HCl was added and set to reflux and for 1hr. Finally, 

2 mL of 95% EtOH was added and stirred for 10 min. This mixture was then concentrated 

by rotary evaporation, followed by addition of diethyl ether to precipitate the product. The 

solid was vacuum filtered and washed twice with diethyl ether to afford a red solid (0.03g). 

NMR was used to characterize this solid, however, the desired product was not observed, 

and no carboxylic acid peak was present. LC-MS also further confirmed no desired 

product masses were present. As a result, compounds iii and iv were not able to be 

synthesized. 
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2’-O-Methyl Pyridoxine and Gingktoxin Cold Standard Synthesis 
 

 
Synthesis of compound 31: 3’,4’,5’-O-methoxy benzyl-2’-O-methyl pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added compound 11 (0.142 g, 

0.262 mmol) in 2 mL anhydrous THF. Sodium hydride (60% dispersion in mineral oil, 

0.012 g, 0.30 mmol) was then added at 0 °C and left to stir for 30 minutes. Iodomethane 

(0.02 mL, 0.32 mmol) was then added to the mixture and left to stir at RT overnight under 

nitrogen. Reaction progress was monitored by TLC in hexanes:ethyl acetate 4:6. The 

reaction was then quenched by addition of distilled water, concentrated to remove the 

majority of THF by rotary evaporation, and then extracted. The solution was partitioned 

between H2O (20 mL) with 5 mL of brine and DCM (15 mL), with the organic phase 

isolated. The aqueous phase was washed with DCM (3 x 15 mL) and the organic extracts 

were combined, dried with Na2SO4, and concentrated in vacuo. The crude material was 

purified by column chromatography (hexanes/ethyl acetate = 4:6). Fractions containing 

product were collected and dried in vacuo to afford 3’,4’,5’-O-methoxy benzyl-2’-O-methyl 

pyridoxine as a yellow oil (0.14 g, 96%). 1H NMR (600 MHz, CDCl3) δ 8.46 (s, 1H), 7.28 

– 7.20 (m, 7H), 6.92 – 6.84 (m, 7H), 4.86 (s, 2H), 4.60 (s, 2H), 4.58 (s, 2H), 4.55 (s, 2H), 

4.45 (s, 2H), 4.41 (s, 2H), 3.83 (s, 3H), 3.80 (s, 3H), 3.79 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 159.87, 159.57, 159.50, 152.75, 151.69, 145.62, 138.84, 134.33, 130.04, 

129.92, 129.79, 129.70, 128.97, 114.09, 114.00, 78.33, 73.10, 72.49, 71.40, 67.03, 62.31, 
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58.86, 55.44, 55.42, 55.39. HRMS (ESI): Mass calc for C33H37NO7Na[M+Na]+: 582.2438, 

found: 582.2468. 

 
Synthesis of compound 32: 2’-O-methyl pyridoxine. To a round bottom flask charged 

with a magnetic stir bar was added compound 31 (0.13 g, 0.232 mmol), dissolved in 2 mL 

anhydrous THF. 2 mL of synthesis grade TFA was then added, the flask was fixed with a 

condenser, and the solution waas stirred for 4 hours at 85 °C to ensure full conversion. 

Reaction conversion was monitored by LC-MS. Once complete, the reaction was 

concentrated in vacuo. The crude material was then purified by semi-prep HPLC. 

Fractions containing product were collected and dried by lyophilization to afford 4’-O-

methylpyridoxine as an off-white solid (0.037 g, 80%). 1H NMR (600 MHz, DMSO) δ 8.14 

(s, 1H), 4.78 (s, 2H), 4.69 (s, 4H), 3.42 (s, 3H). 13C NMR (151 MHz, DMSO) δ 150.74, 

141.05, 138.90, 132.15, 104.99, 67.35, 58.56, 57.95, 55.60. HRMS (ESI): Mass calc for 

C9H14NO4[M+H]+: 200.0950, found: 200.0923. 

 
Synthesis of compound 33: 3,4’-O-Isopropylidenepyridoxine. To a round bottom 

flask charged with a magnetic stir bar was added p-toluenesulfonic acid monohydrate 

(13.4 g, 77.80 mmol) and pyridoxine hydrochloride (4 g, 19.46 mmol). 40 mL of dry 

acetone was added, followed by 2,2-dimethoxypropane (24 mL, 195.86 mmol). The 

resulting mixture was stirred overnight at room temperature under a nitrogen atmosphere. 
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The dark brown solution was then neutralized to pH 7 using sat. NaHCO3, concentrated 

by rotary evaporation, and extracted. The solution was partitioned between H2O (75 mL) 

with 25 mL of brine and DCM (50 mL), with the organic phase isolated. The aqueous 

phase was washed with DCM (3 x 50 mL) and the organic extracts were combined, dried 

with Na2SO4, and concentrated in vacuo. The resulting solid was precipitated and 

triturated in 5:1 pentane:ether, and put in the fridge to promote further precipitation. This 

was followed by vacuum filtration, where the solid was washed with cold ether three 

times.The solid was dried in vacuo to afford 5’-O-methoxybenzyl pyridoxine as a white 

powder (3.75 g, 92%). 1H NMR (400 MHz, CDCl3) δ 7.78 (s, 1H), 4.92 (s, 2H), 4.53 (s, 

2H), 2.35 (s, 3H), 1.54 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 147.83, 146.20, 138.69, 

129.58, 126.09, 99.92, 60.28, 58.70, 24.88, 18.38. HRMS (ESI): Mass calc for 

C11H16NO3[M+H]+: 209.1052, found: 209.1069. 

 
Synthesis of compound 34: 3,4’-O-Isopropylidene-5’-O-methoxybenzyl pyridoxine. 

To a round bottom flask charged with a magnetic stir bar was added dry DMF (6 mL), 

followed by compound 33 (2 g, 9.56 mmol). The reaction mixture was cooled down to 0 

°C, and sodium hydride (60% dispersion in mineral oil, 0.674 g, 16.86 mmol) was added. 

The mixture was stirred for 5 minutes at 0 °C, and then removed from ice to stir for 1 hour 

at RT. To the suspension was then added 4-methoxybenzyl chloride (1.495 mL, 11.47 

mmol) at 0 °C dropwise, and the resulting mixture was then stirred overnight at RT for a 

total of 16 hours. The dark brown-green solution was then quenched by adding ice-water 

to the mixture at 0 °C, and then the pH of the mixture was adjusted to pH 8 using sat. 
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ammonium chloride. The majority of solvent was then removed by rotary evaporation. 

The solution was then partitioned between H2O (75 mL) with 25 mL of brine and DCM (50 

mL), with the organic phase isolated. The aqueous phase was washed with DCM (3 x 50 

mL) and the organic extracts were combined, dried with Na2SO4, and concentrated in 

vacuo. The crude material was purified by column chromatography (hexanes/ethyl 

acetate = 3:1 to hexanes/ethyl acetate = 4:6). Fractions containing product were collected 

and dried in vacuo to afford 3,4’-O-isopropylidene-5’-O-methoxybenzyl pyridoxine as a 

yellow oil (2.23 g, 58%). 1H NMR (400 MHz, DMSO) δ 7.92 (s, 1H), 7.25 (d, J = 8.6 Hz, 

2H), 6.91 (d, J = 8.6 Hz, 2H), 4.84 (s, 2H), 4.43 (s, 2H), 4.40 (s, 2H), 3.74 (s, 3H), 2.29 

(s, 3H), 1.48 (s, 6H). 13C NMR (101 MHz, DMSO) δ 158.82, 146.43, 145.26, 139.30, 

129.95, 129.42, 127.05, 125.84, 113.72, 99.54, 71.17, 66.39, 57.89, 55.06, 24.48, 18.35. 

HRMS (ESI): Mass calc for C19H24NO4[M+H]+: 330.1690, found: 330.1705. 

 
Synthesis of compound 35: 5’-O-methoxybenzyl pyridoxine. To a round bottom flask 

charged with a magnetic stir bar was added compound 34 (1.42 g, 4.31 mmol). 5 mL of 

distilled water and 5 mL of formic acid (LC-MS grade) were then added. The mixture was 

stirred at 55 °C for 6 hours. Progress of the deprotection was monitored by LC-MS. The 

reaction mixture was then concentrated by rotary evaporation. 2 portions of 10 mL 

acetone were added, and concentrated again by rotary evaporation. 5 mL of cold acetone 

was then added and sonicated, precipitating product. The flask was then placed in the 

fridge to promote further precipitation, and was then washed under vacuum filtration 1x 

with cold acetone, and 2x with cold hexanes. The solid was dried in vacuo to afford 5’-O-
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methoxybenzyl pyridoxine as a white powder (0.763 g, 62%). 1H NMR (600 MHz, DMSO) 

δ 7.87 (s, 1H), 7.26 (d, J = 8.6 Hz, 2H), 6.93 – 6.89 (m, 2H), 4.72 (s, 2H), 4.48 (s, 2H), 

4.41 (s, 2H), 3.74 (s, 3H), 2.34 (s, 3H). 13C NMR (151 MHz, DMSO) δ 158.78, 149.89, 

146.79, 139.72, 131.70, 130.11, 129.44, 129.33, 113.69, 71.19, 66.93, 56.79, 55.06, 

19.32. HRMS (ESI): Mass calc for C16H19NO4Na[M+Na]+: 312.1231, found: 312.1212. 

 
Synthesis of compound 36: 3,5’-O-methoxybenzyl pyridoxine. To a round bottom 

flask charged with a magnetic stir bar was added compound 35 (0.763 g, 2.64 mmol), 

followed by 5 mL anhydrous DMF. Cesium carbonate (1.031 g, 3.16 mmol) was then 

added at 0 °C and stirred for 20 min. 4-methoxybenzyl chloride (0.392 mL, 3.00mmol) 

was then added to the mixture, and left to stir overnight at RT. Progress of reaction was 

monitored by TLC in 1:1 Hexanes/Ethyl Acetate. Once complete, the majority of solvent 

was then removed by rotary evaporation. The solution was then partitioned between H2O 

(100 mL) with 25 mL of brine and DCM (50 mL), with the organic phase isolated. The 

aqueous phase was washed with DCM (3 x 50 mL) and the organic extracts were 

combined, dried with Na2SO4, and concentrated in vacuo. The crude material was purified 

by column chromatography (hexanes/ethyl acetate = 1:1 to hexanes:ethyl acetate 3:7). 

Fractions containing product were collected and dried in vacuo to afford 3,5’-O-

methoxybenzyl pyridoxine as an orange solid (0.64 g, 60%). 1H NMR (600 MHz, CDCl3) 

δ 8.20 (s, 1H), 7.38 (d, J = 8.6 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H), 6.91 (dd, J = 10.9, 8.6 

Hz, 4H), 4.91 (s, 2H), 4.61 (s, 2H), 4.56 (s, 2H), 3.82 (s, 3H), 3.81 (s, 3H), 2.51 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 159.96, 159.80, 154.62, 152.02, 145.38, 142.07, 130.84, 
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130.23, 130.06, 128.97, 128.90, 114.23, 114.18, 76.75, 72.76, 68.58, 56.55, 55.46, 55.43, 

19.99. HRMS (ESI): Mass calc for C24H27NO5Na[M+Na]+: 432.1761, found: 432.1787. 

 
Synthesis of compound 37: 3’,5’-O-methoxy benzyl-4’-O-methyl pyridoxine. To a 

round bottom flask charged with a magnetic stir bar was added compound 36 (0.3 g, 

0.733 mmol) in 4 mL anhydrous THF. Sodium hydride (60% dispersion in mineral oil, 0.03 

g, 0.75 mmol) was then added at 0 °C and left to stir for 30 minutes. Iodomethane (0.05 

mL, 0.80 mmol) was then added to the mixture and left to stir at RT overnight under 

nitrogen. Reaction progress was monitored by TLC in hexanes:ethyl acetate 4:6. The 

reaction was then quenched by addition of distilled water, concentrated to remove the 

majority of THF by rotary evaporation, and then extracted. The solution was partitioned 

between H2O (20 mL) with 5 mL of brine and DCM (15 mL), with the organic phase 

isolated. The aqueous phase was washed with DCM (3 x 15 mL) and the organic extracts 

were combined, dried with Na2SO4, and concentrated in vacuo. The crude material was 

purified by column chromatography (hexanes/ethyl acetate = 4:6). Fractions containing 

product were collected and dried in vacuo to afford 4’-O-methyl-3,5’-O-methoxybenzyl 

pyridoxine as a yellow oil (0.234 g, 76%). 1H NMR (600 MHz, CDCl3) δ 8.31 (s, 1H), 7.36 

(d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H), 6.95 – 6.87 (m, 5H), 4.81 (s, 2H), 4.60 (s, 

2H), 4.50 (d, J = 5.2 Hz, 5H), 3.83 (s, 4H), 3.81 (s, 4H), 3.33 (d, J = 0.8 Hz, 3H), 2.53 (s, 

3H). 13C NMR (151 MHz, CDCl3) δ 159.89, 159.50, 153.40, 152.28, 145.59, 137.94, 

131.89, 130.14, 129.94, 129.73, 129.06, 114.16, 114.03, 114.01, 76.53, 72.37, 67.13, 
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65.25, 58.87, 55.47, 55.45, 19.94. HRMS (ESI): Mass calc for C25H29NO5Na[M+Na]+: 

446.1943, found: 446.1936. 

 
Synthesis of compound 38: 4’-O-methylpyridoxine (Ginkgotoxin cold standard). To 

a round bottom flask charged with a magnetic stir bar was added compound 37 (0.234 g, 

0.55 mmol), dissolved in 3 mL anhydrous THF. 3 mL of synthesis grade TFA was then 

added, the flask was fixed with a condenser, and stirred for 4 hours at 85 °C to ensure 

full conversion. Reaction conversion was monitored by LC-MS. Once complete, the 

reaction was concentrated in vacuo. The crude material was then purified by semi-prep 

HPLC. Fractions containing product were collected and dried by lyophilization to afford 

4’-O-methylpyridoxine (Ginkgotoxin) as a white-yellow solid (0.081 g, 80%). 1H NMR (400 

MHz, DMSO) δ 8.20 (s, 1H), 4.69 (s, 2H), 4.63 (s, 2H), 3.30 (s, 3H), 2.57 (s, 3H). 13C 

NMR (151 MHz, DMSO) δ 151.61, 142.13, 139.49, 137.16, 129.79, 63.84, 58.08, 57.60, 

15.47. HRMS (ESI): Mass calc for C9H14NO3[M+H]+: 184.0995, found: 184.0974. 

4.4 Cell Culture of H460 and A549 Cancer Lines 

Large-cell lung cancer cells (H460) were grown in RPMI-1640 (RPMI) medium 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) 

until 80% confluent, at which point they were passaged approximately every three days. 

To split cells, trypsin-EDTA was added to the medium and incubated at 37 C for 5 

minutes. Additional medium was then added to wash cells off the flask surface, and cells 

were transferred to falcon tubes. Centrifugation was then performed at 1000 xg (5 min) 
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to pit the cells, followed by careful removal of supernatant, which allowed for removal of 

trypsin-EDTA. Cells were then resuspended in RPI medium, counted, and split to a new 

flask using 250,000 cells. Cells were passaged three times before use in metabolic 

assays. 

Adenocarcinomic human alveolar basal epithelial cells (A549) were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin (P/S) using the same procedure. 

4.5 Vitamin B6 Derivative Metabolism Quantification 
 

Fluorinated pyridoxine and methylated pyridoxine derivatives were quantified in 

samples by LC-MS. 

A549 and H460 cells were seeded in 100-mm tissue culture-treated dishes and 

cultured with Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS 

and 1% P/S in a humidified CO2 incubator until the cells reached 70% confluency. Twenty-

four hours after seeding, the medium was replaced with fresh medium alone. After 

another 24 h, the medium was replaced with fresh medium alone or containing 25 mM of 

pyridoxine derivatives and incubated for 4 h at 37 °C. Two technical replicates for each 

of the three biological replicates were performed. Cells were rinsed with ice cold 150 mM 

ammonium formate, pH 7.4 and quenched with -20°C equilibrated 50% methanol (360 

µL). The cell slurry was transferred to prechilled tubes containing 1.4-mm ceramic beads 

(Omni International). Cells were lysed by bead beating (MagNA Lyser, Roche 

Diagnostics) at 2000 RPM for two rounds of one minute. Ice-cold dichloromethane (600 

µL) and H2O (300 µL) were then added, and samples were vortexed and incubated on 

ice for 10 minutes. Samples were centrifuged at 4,000 RPM for 10 minutes at 1°C and 
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the supernatants collected and dried by vacuum centrifugation at -4°C (Refrigerated 

Centrivap, Labconco). The resulting dried polar metabolite extract was stored at -80°C 

until LC-MS analysis. Samples were resuspended in H2O and run on a 6470 Triple 

Quadruple MS equipped with a 1290 Infinity ultraperformance LC system utilizing the 

Metabolomics Dynamic MRM Database and Method (Agilent), which uses an ion-pairing 

reverse phase chromatography with negative or positive ionization mode (substrate 

dependant). This method was optimized for phosphate-containing metabolites with the 

addition of 5 µM InfinityLab deactivator (Agilent) to mobile phases A and B, which requires 

decreasing the backflush acetonitrile to 90%. Precursor/product ion pairs for 

pyridoxamine, pyridoxine, pyridoxal 5-phosphate were present in the database. Relative 

metabolite quantifications were calculated by interpolating external compound calibration 

curves in Mass Hunter Quantitative Analysis 10.0 (Agilent). 
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4.6 FX-FN and FX-C Automated Radiochemistry Module Protocol 
 
TRACERlab FX-FN Automated Synthesis Module 

For [18F], an automated in-house time-list program was utilized to attempt 

synthesis of radiotracer 2, [18F]C6-fluoro pyridoxine. Typically an azeotropic drying stage 

is used; however, due to the requirement of [18F]HF for synthesis, this step was removed.  

The module was used in its basic configuration, without any modifications (Figure 

43). After proton bombardment of [18O-H2O] for 1 hour (~1600 mCi of activity), the 

[18F]fluoride produced by the cyclotron is delivered to the FX-FN module. The [18F]HF in 

2.5 mL of H2O was eluted into the reaction vessel containing compound 7 (1 mg) and 

sodium nitrite (1 mg). The reaction vessel was then heated to 60 °C and stirred for 1 h. 

After this time, drying under N2 flow at 110 °C was then performed to remove most 

residual water and [18F]HF. A small aliquot of 10 M NaOH was then added to ensure 

quenching of HF, then 2 mL of acetonitrile was added to the reaction vial. The resulting 

mixture was then passed through an Al2O3 cartridge to filter residual salt and [18F]NaF. 

An additional 2 mL of acetonitrile was used to wash the product out of the cartridge, where 

the solution was sent for semi-preparative HPLC purification according to the separation 

procedures outlined below. 
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Figure 43. TRACERlab FX-FN Synthesis Module Overlay. 

 
TRACERlab FX-C Pro Automated Carbon Module 
 
 For [11C], an automated in-house time-list program was utilized to attempt 

radiosynthesis of radiotracers 3 and 4, 2’-O-methyl pyridoxine and 4’-O-methyl 

pyridoxine. 

 The module was used in its basic configuration, without significant modifications 

(Figure 44). After proton bombardment of nitrogen gas ([14N]) in the presence of oxygen 

for 20 minutes by the cyclotron, [11C]CO2 was produced (~500 mCi of activity) and 

delivered to the FX-C Pro module through a Teflon delivery line by helium. A column 

containing Shimalite-nickel was then sealed under hydrogen gas and heated to 380 °C to 

convert of [11C]CO2 to [11C]CH4 by a gas phase reaction. The [11C]CH4 was then passed 

through a desiccant column of phosphorous pentoxide, and trapped on a column of 

carbosphere at -90 °C with liquid nitrogen. The carbosphere column is then heated at 90 

°C to release the gaseous [11C]CH4, which then enters a circulating oven system. This 
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contains a gas pump, a column of iodine at 100 °C, a Tracerlab iodine reactor tube at 720 

°C, adjacent columns of Ascarite II, and a column of Porapak Q at room temperature. 

This gaseous mixture was circulated for approximately 5 minutes, which accumulated 

[11C]MeI, which was either delivered directly to the reaction vessel, or passed through a 

silver triflate column at 190 °C to form  [11C]MeOTf. Once the desired methylation agent 

entered the reaction vessel, the reaction mixture was stirred for 5 minutes at 60 °C for 

MeI, or 30 °C for MeOTf. Deprotection can then begin, with introduction of TFA or 2N HCl, 

for 5 minutes at 85 °C. Once complete, the reaction vessel is heated to 120 °C and 

opened to a He gas stream to remove unreacted methylation agent and acid. 2 mL of the 

HPLC eluent (80:20 H2O:MeCN) is then added, and sent to the semi-prep HPLC for 

purification according to the procedure outlined below. 

 
Figure 44. TRACERlab FX-C Pro Synthesis Module Overlay. 
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Semi-Prep HPLC Separation and Product Validation by Analytical Radio-HPLC 

For radiochemical reactions, semi-prep HPLC purification of reaction mixtures 

were performed using a Sykam HPLC separation module utilizing an S 1122 solvent 

delivery unit connected to a UV detector (measuring at 254 or 280 nm) without a column 

warmer. All reaction mixtures were introduced into the column at approximate 3-4 mL 

total volume. A Phenomenex 00G-4252-N0 Luna C18(2) column with 5 µm particle size, 

at 100 Å, with dimensions 250x10 mm was used for separation. A pre-made solvent 

mixture of 20% HPLC grade acetonitrile with 80% 18.2 MΩ cm Millipore water was used. 

All samples utilized a 2-3 mL/min flow rate. Desired product peaks were identified during 

the run using a radioactivity and UV detector, and collected into a product vial where the 

radioactivity in mCi was recorded. 

Analytical HPLC product validation of cold-standard products and radiochemistry 

reactions was performed using a Waters HPLC separation module utilizing a Waters 1525 

Binary HPLC pump unit connected to a Waters 2996 photodiode array detector (scanning 

from 190-400 nm) without a column warmer. A Waters e-SAT/IN detector was coupled, 

allowing for detection of radioactive peaks. All cold-standards and reactants measured 

were prepared by dissolving 1 mg of material in 0.5 mL of acetonitrile. All radiolabelled 

products were HPLC separated for desired product, which was transferred to an HPLC 

vial with 200-400 µCi of activity. 

For fluorine-labelled products, a Supelco 56401AST apHera NH2 Polymer column 

with 5 µm particle size, at 300 Å, with dimensions 150x4.6 mm was used for separation. 

Eluent A was 18.2 MΩ cm Millipore water, and eluent B was HPLC grade acetonitrile. For 

fluorine labelled cold-standard 1 and its radiotracer counterpart, a gradient profile was 
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used as follows: flow rate of 1 mL/min, with an increase from 50% acetonitrile to 5% 

acetonitrile over 10 minutes, running at 5% acetonitrile for 2 more minutes, re-

equilibrating to 50% acetonitrile over 1 minute, with a final 3 minutes (16-minute total run) 

at 50% acetonitrile. 

For carbon-labelled products, a Phenomenex 00G-4252-E0 Luna C18(2) column 

with 5 µm particle size, at 100 Å, with dimensions 250x4.6 mm was used for separation. 

Eluent A was 18.2 MΩ cm Millipore water, and eluent B was HPLC grade acetonitrile. 

Carbon labelled cold-standards 3 and 4 and their radiotracer counterparts utilized a 

gradient profile as follows: flow rate of 1 mL/min, with an increase from 5 to 95% 

acetonitrile over 12 minutes, running at 95% acetonitrile for 2 more minutes, and then re-

equilibrating to 5% acetonitrile over 2 minutes, and then running for a final 2 minutes (18-

minute total run) at 5% acetonitrile. 

Analysis of radioactive and UV peaks was performed using Empower 2 software, 

where radioactivity peaks elute and are closely followed by a corresponding UV peak for 

the same product if successful. Validation of reaction success was performed by matching 

radiochemical conversion peaks to cold-standard UV traces, and implementation of cold-

standard co-injection. 
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Appendix 

 

NMR Spectra 
*Peak description can be found in the Materials and Methods Section. 
Common residual solvent peaks in DMSO-d6: 3.33 ppm H2O, 5.76 ppm DCM, 1.99 ppm-4.03 ppm-
1.17 ppm EtOAc, 0 ppm TMS 
Common residual solvent peaks in CDCl3: 1.56 ppm H2O, 5.30 ppm DCM, 1.26 ppm-2.05 ppm-4.12 
ppm EtOAc 0 ppm TMS 

 
Figure S1. 1H-NMR spectrum of Compound 1. 

 
Figure S2. 13C-NMR spectrum of Compound 1. 
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Figure S3. 1H-NMR spectrum of Compound 4. 

 
Figure S4. 13C-NMR spectrum of Compound 4. 
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Figure S5. 1H-NMR spectrum of Compound 6. 

 
Figure S6. 13C-NMR spectrum of Compound 6. 
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Figure S7. 1H-NMR spectrum of Compound 7. 

 
Figure S8. 13C-NMR spectrum of Compound 7. 
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Figure S9. 1H-NMR spectrum of Compound 8. 

 
Figure S10. 13C-NMR spectrum of Compound 8. 
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Figure S11. 19F-NMR proton decoupled spectrum of Compound 8. 
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Figure S12. 1H-NMR spectrum of Compound 9. 

 

 
Figure S13. 13C-NMR spectrum of Compound 9. 
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Figure S14. 1H-NMR spectrum of Compound 10. 

 
Figure S15. 13C-NMR spectrum of Compound 10. 



130 

 
Figure S16. 1H-NMR spectrum of Compound 11. 

 
Figure S17. 13C-NMR spectrum of Compound 11. 
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Figure S18. 1H-NMR spectrum of Compound 12. 

 
Figure S19. 13C-NMR spectrum of Compound 12. 
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Figure S20. 1H-NMR spectrum of Compound 13. 

 
Figure S21. 13C-NMR spectrum of Compound 13. 
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Figure S22. 19F-NMR proton decoupled spectrum of Compound 13. 
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Figure S23. 1H-NMR spectrum of Compound 15. 

 
Figure S24. 13C-NMR spectrum of Compound 15. 
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Figure S25. 1H-NMR spectrum of Compound 16. 

 
Figure S26. 13C-NMR spectrum of Compound 16. 
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Figure S27. 1H-NMR spectrum of Compound 18. 

 
Figure S28. 13C-NMR spectrum of Compound 18. 



137 

 
Figure S29. 1H-NMR spectrum of Compound 25. 

 
Figure S30. 13C-NMR spectrum of Compound 25. 
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Figure S31. 1H-NMR spectrum of Compound 26. 

 
Figure S32. 13C-NMR spectrum of Compound 26. 
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Figure S33. 1H-NMR spectrum of Compound 27. 

 
Figure S34. 13C-NMR spectrum of Compound 27. 
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Figure S35. 1H-NMR spectrum of Compound 28. 
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Figure S36. 1H-NMR spectrum of Compound 29. 

 
Figure S37. 13C-NMR spectrum of Compound 29. 
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Figure S38. 1H-NMR spectrum of Compound 31. 

 
Figure S39. 13C-NMR spectrum of Compound 31. 
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Figure S40. 1H-NMR spectrum of Compound 32. 

 
Figure S41. 13C-NMR spectrum of Compound 32. 
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Figure S42. 2D-Edited HSQC NMR spectrum of Compound 32. 
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Figure S43. 1H-NMR spectrum of Compound 33. 

 
Figure S44. 13C-NMR spectrum of Compound 33. 
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Figure S45. 1H-NMR spectrum of Compound 34. 

 
Figure S46. 13C-NMR spectrum of Compound 34. 
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Figure S47. 1H-NMR spectrum of Compound 35. 

 
Figure S48. 13C-NMR spectrum of Compound 35. 
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Figure S49. 1H-NMR spectrum of Compound 36. 

 
Figure S50. 13C-NMR spectrum of Compound 36. 
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Figure S51. 1H-NMR spectrum of Compound 37. 

 
Figure S52. 13C-NMR spectrum of Compound 37. 
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Figure S53. 1H-NMR spectrum of Compound 38. 

 
Figure S54. 13C-NMR spectrum of Compound 38. 



151 

 
Figure S55. 2D-Edited HSQC NMR spectrum of Compound 38. 
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LC-MS Reaction Monitoring Traces 
 

 
Figure S56. LC-MS UV-Chromatogram for the reaction of Compound 2. 
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Figure S57. LC-MS Mass Spectrum for the reaction of Compound 2.  
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Figure S58. LC-MS UV-Chromatogram for the reaction of Compound 3. 

 

 
Figure S59. LC-MS Mass Spectrum for the reaction of Compound 3.  
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Figure S60. LC-MS Mass Spectrum for the reaction of Compound 3.  

 
 

 
Figure S61. LC-MS UV-Chromatogram for the reaction of Compound 5. 
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Figure S62. LC-MS Mass Spectrum for the reaction of Compound 5.  
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Figure S63. LC-MS UV-Chromatogram for the reaction of Compound 17. 
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Figure S64. LC-MS Mass Spectrum for the reaction of Compound 17.  

 

 
Figure S65. LC-MS UV-Chromatogram for the reaction of Compound 19. 
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Figure S66. LC-MS Mass Spectrum for the reaction of Compound 19.  
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Figure S67. LC-MS UV-Chromatogram for the reaction of Compound 20. 

 
Figure S68. LC-MS Mass Spectrum for the reaction of Compound 20.  
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Figure S69. LC-MS UV-Chromatogram for the reaction of Compound 21. 

 

 
Figure S70. LC-MS Mass Spectrum for the reaction of Compound 21. 

 



162 

 
Figure S71. LC-MS UV-Chromatogram for the reaction of Compound 22. 

 

 
Figure S72. LC-MS Mass Spectrum for the reaction of Compound 22. 
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Figure S73. LC-MS UV-Chromatogram for the reaction of Compound 23. 

 

 
Figure S74. LC-MS Mass Spectrum for the reaction of Compound 23. 
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Figure S75. LC-MS UV-Chromatogram for the reaction of Compound i. 

 
Figure S76. LC-MS Mass Spectrum for the reaction of Compound i. 
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Figure S77. LC-MS Mass Spectrum for the reaction of Compound i. 
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Figure S78. LC-MS UV-Chromatogram for the reaction of Compound 24. 



167 

 
Figure S79. LC-MS Mass Spectrum for the reaction of Compound 24. 
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LC-MS Metabolomics Raw Compiled Data 
 

 
Figure S80. Compiled metabolomics MS/MS data for C6-fluoro pyridoxine. 

Chemical name, formulas, masses, MS/MS matching, cell lines, and ionization mode 
are reported for each metabolic product of the standard.   

 
Figure S81. Pyridoxine standard MS/MS spectra. Analysis was performed using 

negative electrospray ionization (-ESI). Non-enzymatic product, H460 human non-small 
cell lung cancer cells (large cell carcinoma), and A549 squamous adenocarcinomic 

human lung alveolar basal epithelial cells were tested for presence of product. 
Fragmentation of ions utilized collision induced dissociation (CID) at increasing collision 
energy (CE), which refers to the rate of acceleration as the ions enter the quadrupole, 

promoting higher rates of fragmentation. Common fragments are shown. 

CommentsTreatedControlMSMSRT (Min)M-HMassFormulaName

Small peak present in samples but low Signal to noise ratio. Small peak 
present in all standards (Degradation by-product?)
Need STD to confirm

PresentPresentYes (No STD)1.2182.0459183.0532C8H9NO44-pyridoxic acid

Small peak present in 6 fluoro-pyridoxine standard. 
May  be based on MSMS assumption
Need STD to confirm

Present-May be yes (No STD)0.96200.0365201.0437F1C8H8NO4Fluoro 4-pyridoxic acid

Small unlabled fraction present in 6 FluoroPyridoxine standards. PresentPresentYes1.47168.0666169.0739C8H11NO3Pyridoxine

Use 0.1 uM standard and 1/100 dilution for samples.Present-Yes0.97186.0572187.0645F1C8H10NO3Fluoro pyridoxine

Not detected in samples--Yes1.54166.051167.0582C8H9NO3Pyridoxal

Small peak present in 6 fluoro-pyridoxine standard. 
Need STD to confirm

Present-May be yes1184.0415185.0488F1C8H8NO3Fluoro Pyridoxal

Not detected in samples--Yes3.89167.0826168.0899C8H12N2O2Pyridoxamine

Not detected in samples.--No STD?185.0732186.0805F1C8H11N2O2Fluoro Pyridoxamine

Not detected in samples.--No STD?248.0329249.0402C8H12NO6PPyridoxine 5'-phosphate

Small peak present in all treated samples but very low signal. 
Need standards to confirm.

Present-May be yes (No STD)5.27266.0235267.0308F1C8H11NO6P
Fluoro Pyridoxine 5'-
phosphate

Detected at 7.45 min in individual standard but bad peak shape. Carry over 
in the next running standards, blanks, and first samples. Not detected in 
samples.

--Yes7.44246.0173247.0246C8H10NO6PPyridoxal 5'-phosphate

Not detected in samples.--No STD?264.0079265.0152F1C8H9NO6P
Fluoro Pyridoxal 5'-
phosphate

Peak present in samples
Need standards for confirmation.

PresentPresentMSMS very noisy (no STD)5247.0489248.0562C8H13N2O5P
Pyridoxamine 5'-
phosphate

Not detected in samples.--No STD?265.0395266.0468F1C8H12N2O5P
Fluoro Pyridoxamine 5'-
phosphate
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Figure S82. Compiled metabolomics MS/MS data for 2’-O-methyl pyridoxine. 

Chemical name, formulas, masses, MS/MS matching, cell lines, and ionization mode 
are reported for each metabolic product of the standard.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Name Formula Mass M+H M-H RT MSMS  A- cells H cells ESI (+) ESI (-)

Pyridoxal C8H9NO3 167.0582 168.0655 166.0510 1.54 MSMS confirmed (STD)
Peak present in all samples

Low in controls

Peak present in all samples

Low in controls

Detected in STD mix

Peak intensity better in positive
Detected in STD mix

Pyridoxamine C8H12N2O2 168.0899 169.0972 167.0826 3.89 - Not detected Not detected Detected in STD mix Detected in STD mix

Pyridoxine C8H11NO3 169.0739 170.0812 168.0666 1.47 MSMS confirmed (STD)
Peak present in all samples

Saturated thus injected x100 dilution

Peak present in all samples

Saturated thus injected x100 dilution
Detected in STD mix Detected in STD mix

4-pyridoxic acid C8H9NO4 183.0532 184.0604 182.0459 1.2 (?) MSMS confirmed (no STD)
Peak present in treated cells only

Need standard for 100% confirmation

Peak present in treated cells only

Need standard for 100% confirmation
Not detected in +ESI Detected in STD mix

O-MethylPyridoxal C9H11NO4 197.0688 198.0761 196.0615 1.39 (?) MSMS confirmed (no STD)
Peak present in all samples, low in controls

Need standard for 100% confirmation

Peak present in all samples, low in controls

Need standard for 100% confirmation

Detected in Samples

Peak intensity better in positive
Detected in Samples

O-MethylPyridoxamine C9H14N2O3 198.1004 199.1077 197.0932 4.7 (?)
May be, MSMS confirmed 

(no STD)
Detected in +ESI mode in treated cells Detected in +ESI mode in treated cells Peak detected in sample Not detected

O-MethylPyridoxine C9H13NO4 199.0845 200.0917 198.0772 1.37 MSMS confirmed (STD)

Peak present in all samples

Saturated thus injected x100 dilution

Still saturated signal

Peak present in all samples

Saturated thus injected x100 dilution

Still saturated signal

Detected in STD mix Detected in STD mix

Pyridoxal 5'-phosphate C8H10NO6P 247.0246 248.0319 246.0173 7.44 - Not detected Not detected Not detected Not detected

Pyridoxamine 5'-phosphate C8H13N2O5P 248.0562 249.0635 247.0489 4.8 (?)
MSMS does not match 

with online database (no STD)
Not detected

Peak present in all samples

Low intensity

MSMS does not match

Need standard for 100% confirmation

Detected in samples

need MSMS to confirm 

Detected in samples

but not confirmed

Pyridoxine 5'-phosphate C8H12NO6P 249.0402 250.0475 248.0329 ? Not detected Not detected Not detected Not detected

O-Methyl Pyridoxal 5P C9H12NO7P 277.0351 278.0424 276.0279 6.47 (?)
no MSMS spectra generated

(no STD)
Not detected

Peak present in all samples

Low intensity

MSMS does not match

Need standard for 100% confirmation

Not detected
Detected in samples

but not confirmed

O-MethylPyridoxamine 5P C9H15N2O6P 278.0668 279.0740 277.0595 1.16 (?) - Not detected Not detected Not detected Not detected

O-MethylPyridoxine 5P C9H14NO7P 279.0508 280.0581 278.0435 6.23 (?) MSMS confirmed (no STD)
Peak present in treated cells only

Need standard for 100% confirmation

Peak present in treated cells only

Need standard for 100% confirmation
Not detected Detected in Samples
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RadioHPLC Analytical Cold Standard UV Chromatograms 
 

 
Figure S83. UV Chromatogram for cold-standard for C6-amino pyridoxine 

Precursor (7) on Analytical RadioHPLC. 
 

 
Figure S84. UV Chromatogram for cold-standard for C6-fluoro (8) on Analytical 

RadioHPLC. 
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Figure S85. UV Chromatogram for cold-standard for unmodified pyridoxine on 

Analytical RadioHPLC. 
 

 
Figure S86. UV Chromatogram for cold-standard for unmodified methyl iodide on 

Analytical RadioHPLC. 
 

 
Figure S87. UV Chromatogram for cold-standard for 2’-O-Benzyl OH precursor 

(11) on Analytical RadioHPLC. 
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Figure S88. UV Chromatogram for cold-standard for 2’-O-methyl pyridoxine PMB 

protected intermediate (31) on Analytical RadioHPLC. 

 

 
Figure S89. UV Chromatogram for cold-standard for 2’-O-methyl pyridoxine final 

product (32) on Analytical RadioHPLC. 

 

 
 
 
 
 
 

 
 



173 

 
Figure S90. UV Chromatogram for cold-standard for 4’-O-benzyl OH precursor 

(36) on Analytical RadioHPLC. 

 

 
Figure S91. UV Chromatogram for cold-standard for 4’-O-methyl pyridoxine PMB 

protected Intermediate (37) on Analytical RadioHPLC. 
 

 
Figure S92. UV Chromatogram for cold-standard for 4’-O-methyl pyridoxine 

Product - Ginkgotoxin (38) on Analytical RadioHPLC. 
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Semi-Prep HPLC Analytical Cold Standard UV Chromatograms 
 

 
Figure S93. UV Chromatogram for cold-standard for methyl iodide, methanol, and 

methyl triflate mixture on Semi-Prep RadioHPLC, with similar retention times. 
 

 
Figure S94. UV Chromatogram for cold-standard 2’-O-methyl pyridoxine (32) on 

Semi-Prep RadioHPLC. 
 

 
Figure S95. UV Chromatogram for cold-standard 4’-O-methyl pyridoxine (38) on 

Semi-Prep RadioHPLC. 

 


