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Abstract 

 This thesis was dedicated to the synthesis of mono- and di-photocleavable 

phosphatidylcholine bolalipids that were designed to investigate the mechanism of action of the 

phospholipid transfer protein, Sec14, as well as the phosphatidylinositol 4-kinase, Pik1. While it 

was the goal of this thesis to synthesize both bola-PCs, only the mono-photocleavable bola-PC 

was successfully synthesized. The mono-photocleavable bola-PC lipid was designed to contain 

two glycerol molecules that each had a choline head group connected through a phosphodiester 

bond at the sn3 position. Each glycerol was acylated with palmitic acid at the sn1 position. These 

two glycerol moieties were then connected to one another through their respective sn2 hydroxyls 

via a mono-photocleavable dicarboxylic acid. The initial steps of this work were to synthesize 

mono- and di-photocleavable diacids to serve as a linker for the polar head groups of the bolalipids. 

The mono- and di-photocleavable diacids were designed to contain one and two nitrophenyl ethyl 

photolabile protecting groups, respectively. The synthesis of the di-photocleavable diacid was 

attempted first, however, these efforts were unsuccessful. Two separate synthetic routes were 

followed to synthesize this diacid, but neither were viable. Despite this, the synthesis of the mono-

photocleavable diacid was successful and was incorporated into a bola-PC. The mono-

photocleavable diacid and bola-PC were found to undergo photocleavage when irradiated with 365 

nm light, in 60 seconds and 105 seconds, respectively. Photocleavage of the bola-PC was also 

carried out within a lipid vesicle comprised of 10% bola-PC and 90% DOPC. Spectral and 

experimental data have been provided for all compounds synthesized. Future efforts will involve 

the bola-PC synthesized in this thesis undergoing enzymatic conversion into a bola-PI, via the 

enzyme phospholipase D.  
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1.0 Introduction 

1.1 Lipid Membranes 

Lipid membranes serve as barriers between subcellular compartments, as well as a barrier 

between the cell and its environment.1 Within a 

membrane, lipids can act as structural components, 

sources of energy, signalling molecules, protein 

recruitment platforms, and substrates for post-

translational protein-lipid modifications.1 The 

necessity of lipid membranes can be further realized 

by their ubiquitous nature amongst all life. There are 

approximately 109 lipid molecules in the plasma 

membrane of animal cells, constituting about 50% of 

the total mass of these membranes, with proteins 

comprising the remaining weight.2 Lipids within 

cellular membranes are amphipathic, which allows 

them to form bilayers spontaneously in aqueous 

environments.2 The hydrophobic tails of lipids 

aggregate in an interior layer, leaving their hydrophilic 

headgroups exposed to water.2 Lipid molecules can 

either form single layer micelles, where the 

hydrophobic tails face inward, or they can form 

bilayers, which is a double-layered structure where 

Figure 1. Phospholipid micelles and lipid 

bilayer. A) is a simplified image of a single 

layer micelle. B) is the cross section of a 

phospholipid bilayer, which is 

representative of lipid membranes or 

vesicles.  

A)  

B)  
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the hydrophobic tails are sandwiched between the polar headgroups (Figure 1).2   

 There are three major classes of membrane lipid molecules: phospholipids, sterols, 

and glycolipids.3 Phospholipids are any amphipathic lipid with a phosphate-based headgroup with 

two hydrophobic tails.4 Glycerophospholipids (GPL) are the most abundant type of phospholipid 

in eukaryotic membranes.3 GPLs contain two fatty acids that are connected to the sn1 and sn2 

positions of a glycerol backbone through ester bonds.2 GPLs also have a phosphate group 

connected through the sn3 position of the glycerol (Figure 2).2 The fatty acids of GPLs are usually 

between 14-24 carbon atoms in length and have varying degrees of saturation.2 Phosphatidic acid 

(PA) is a GPL where the phosphate moiety of the lipid is not esterified (Figure 2 A).2 PA is a 

precursor to a variety of different GPLs and is itself a signaling molecule.2 The phosphate moiety 

can be esterified to form a variety of important GPLs found within eukaryotic cells.2 The major 

GPL’s found in eukaryotic membranes include: phosphatidic acid, phosphatidylcholine (PC), 

phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylserine (PS) (Figure 2 

B, C, D, E). GPL’s also have a large degree of variation within the fatty acid chains. Most fatty 

acids that are found in GPLs have a length of 16-18 carbons, however they can vary from 12-24 

carbons in length.5 Commonly, GPLs consist of one saturated and one unsaturated fatty acid.6 

These unsaturated alkyl chains are usually found in the sn2 position, and in most cases these double 

bonds are found in the cis-geometry.6 
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Figure 2. Structure of common glycerophospholipids. Glycerophospholipids contain a glycerol 

backbone that has two fatty acid chains connected at the sn1 and sn2 carbon of glycerol. R1 and R2 are the 

fatty acids and can range between 12-24 carbons in length. These lipids can be distinguished by their polar 

headgroups which are connected to the sn3 carbon of glycerol. A) Phosphatidic acid. B) 

Phosphatidylcholine. C) Phosphatidylinositol. D) Phosphatidylethanolamine. E) Phosphatidylserine.   

 GPLs that contain two acyl chains are referred to as diacyl-phospholipids, while 

GPLs that contain only one acyl chain are known as monoacyl-phospholipids or lysophospholipids 

(LPLs).7 Since LPLs only contain one acyl chain, either the sn1 or sn2 hydroxyl group of the 

glycerol backbone is free.7 1-Lysophospholipids (1-LPL) maintain the acyl chain in the sn2 

position, whereas 2-lysophospholipids (2-LPL) are only acylated at the sn1 position (Figure 3).7 

Unlike GPLs, LPLs have fleetingly small concentrations in biological membranes.7 LPLs are 

membrane-derived signalling molecules produced by phospholipases, and they are able to elicit a 

distinct array of biological activities.7 Receptors for LPLs have been shown to be critical to the 

normal function of the nervous system.7  They are also involved in vascular development, and in 

reproduction.7 Due to the large variation of potential headgroups, as well as the number, length, 

and degree of saturation of acyl chains, there can be >1000 different species of lipids within any 

given eukaryotic cell.8 
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 The physical characteristics of a GPL will affect the 

structural features of the membrane that it is found in.3 The 

composition of GPLs in a membrane can affect the viscosity, 

curvature, and electrostatic charge of the bilayer.3 The specific 

composition of lipids within a given lipid membrane differs based 

on the specific cell type, as well as the specific location of the 

membrane within the cell.2 To highlight this, one could compare the 

difference in the GPL composition of the endoplasmic reticulum 

(ER) or the Golgi membrane (GM). In mammalian cells, the ER is 

composed of 54% PC, 20% PE, 11% PI, and 8% cholesterol, 

whereas the Golgi membrane contains 36% PC, 21% PE, 18% 

cholesterol, 12% PI, 6% PS, and 6% sphingomyelin.3 It should be 

noted that these percentages do not add to 100% as there are often 

trace lipids found within each membrane, which may exist for a 

fleeting moment before being metabolized or transported out of the 

membrane. The composition of GPLs in a given membrane is 

preserved through homeostasis in order to maintain the organelle’s 

physiological purpose.3  

1.1.1 Phosphatidylcholine 

 In 1850 a French pharmacist in Paris named Theodore Gobley isolated a new 

phospholipid from animal tissues.9 The isolated phospholipid was extracted from brain tissue and 

carp fish eggs. He named the new GPL “lecithin”, which is derived from the Greek “lekithos” 

meaning egg yolk.9 In 1862, Adolph Strecker discovered that by boiling lecithin that had been 

Figure 3. 

Lysophospholipid 

structures. A. Structure 

of 1-LPL. B. Structure of 

2-LPL 
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isolated from the bile of pigs and oxen, a new nitrogenous chemical that he dubbed “choline” could 

be produced.9 Eventually, lecithin was characterized chemically as PC.9 Often in literature, lecithin 

is used synonymously with the term PC, however, the United States Pharmacopeia defines lecithin 

as any mixture of phospholipids that consist primarily of PC, PE, PI, and PA.10  

 PC accounts for greater than 50% of the phospholipids in most eukaryotic 

membranes, although this may differ depending on the cell type and the specific membrane.,12 PC 

is a GPL that has a choline molecule as the headgroup of the lipid (Figure 2B). The amine of the 

choline headgroup carries a positive charge, while the phosphate group bears a negative charge. 

As such, PC is a zwitterionic lipid that has a net neutral charge at pH 7.11 Like other GPLs, PC is 

comprised of two fatty acyl chains covalently linked to a glycerol moiety by ester bonds at the sn1 

and sn2 positions.12 Most PC molecules contain at least one cis-unsaturated fatty acyl chain, 

rendering them fluid at room temperature.8 The composition of the fatty acyl chains of PCs found 

within membranes serves a critical role in regulating the physical properties of the membranes 

they reside in.12 Membranes that have a higher proportion of PCs with unsaturated fatty acids will 

lead to increased membrane fluidity.12    

 PC is biosynthesized by two distinct enzymatic pathways in mammals.12 The first 

pathway is by the addition of cytidine diphosphate-phosphocholine to diacylglycerides (DAGs), 

and is present in all nucleated mammalian cells.12 In this pathway, choline is able to enter the cell 

by three classes of choline transporters: the high-affinity transporter, the intermediate-affinity 

transporter, and the low affinity organic cation transporters.13 Once in the cell, choline is 

phosphorylated by choline kinase (CK) to form phosphocholine (Figure 4).13 An enzyme known 

as CTP:phosphocholine cytidylyltransferase (CT) is then able to use cytidine triphosphate (CTP) 

to convert phosphocholine into CDP-choline.13 The final step in this pathway involves the integral 
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membrane protein CDP-choline:1,2-diacylglycerol choline phosphotransferase (CPT) as well as 

CDP-choline:1,2-dacyclglycerol/ethanolamine phosphotransferase (CEPT).13 These two proteins 

are embedded in the ER membrane and transfer the phosphocholine of CDP-choline to a molecule 

of diacyl-glycerol (DAG), generating PC.13 Liver cells are able to use this first pathway, as well 

as a second PC forming pathway.13 This second pathway involves the sequential methylation of 

PE by phosphatidylethanolamine N-methyltransferase(PEMT).13 In these methylation reactions, 

S-adenosylmethionine (AdoMet) is the methyl group donor.13  

 

Figure 4. Biosynthesis of PC. A) Mammalian pathway for the synthesis of PC. Choline is phosphorylated 

to phosphocholine by choline kinase. Phosphocholine is then converted into CDP-choline via 

CTP:Phosphocholine cytidylyltransferase. CDP-choline and DAG then react to form PC via CPT and 

CEPT. B) PC liver biosynthesis. PE is successively methylated by PEMT using AdoMet as the methyl 

donor. 

1.1.2 Phosphatidylinositol 

 PI is a GPL that consists of an inositol molecule as the headgroup of the lipid, which 

is connected to the glycerol through a phosphodiester bond.11,14 The neutral charge of inositol 
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coupled with the negative charge of the phosphate moiety lends an overall -1 charge to PI.11,14 The 

most common fatty acid chains that are incorporated into PI in 80% of mammalian cells are steric 

acid in the sn1 position and arachidonic acid in the sn2 position of glycerol.14 The inositol 

headgroup of PI has free hydroxyl groups at positions 2 through 6, while the 1-hydroxyl forms an 

ester bond with the phosphate moiety of the lipid (Figure 2C).15 As with any GPL, the 

concentration of PI differs from cell to cell. For example, in mammalian cells the concentration of 

PI is only 5 mol% total cellular phospholipids, but in yeast cells the cellular concentration is higher 

at 20-25 mol%.16  

 PI is biochemically produced in the ER by the CDP-DAG pathway.17 In this 

pathway, glycerol is transported into the cell by either Fps1p or Gup1p, which are both glycerol 

channels.17 Once in the cell, glycerol can then be phosphorylated into glycerol-3-phosphate by the 

protein product of the glycerol kinase GUT1 gene.18 Glycerol-3-phosphate can then be converted 

into PA via either of two different biochemical cascades.17 PA and CTP are then converted into 

CDP-DAG in a reaction that is catalyzed by CDP-DAG synthase enzymes.19 Once CDP-DAG is 

formed, it reacts with inositol in a reaction that is catalyzed by PI synthase (PIS) (Figure 5).17,19 

Once biosynthesized, PI can then be transported out of the ER by one of three routes: vesicular 

transport, lipid transfer protein mechanisms, or highly mobile PI synthase containing vesicles.14  

1.1.3 Inositol 

 Inositol was first isolated from muscle extracts by Scherer in 1850 and was named 

after the Greek term for sinew or tendon.20 Thirty years later, Maquenne discovered that inositol 

was a cyclohexanehexol carbohydrate that has a hydroxyl group on each of its carbons.21 Each of 

these hydroxyl groups can exist in either axial or equatorial orientations, thus giving rise to nine 

possible stereoisomers of inositol.20 The nine isomers are named, scyllo-, myo-, epi-, D-chiro-, L-
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chiro-, neo-, allo-, cis-, and muco-inositol.20 D-chiro-, and L-chiro-inositol are the only isoforms 

that do not have a plane of symmetry and are chiral molecules; they are also enantiomers of one 

another.20 The other seven isomers have one or more planes of symmetry, thus making them non-

chiral.20 allo-Inositol is a unique example in that its conformational isomer is also its enantiomer. 

Due to the interconversion between these two conformational isomers being very rapid, this allo-

inositol exists as a 50/50 mixture of both enantiomers at room temperature.20 As a result of the 

even mixture of enantiomers, allo-inositiol is not optically active.20 

 Of the nine possible isomers, six (myo-, muco-, neo-, D-chiro, L-chiro, and scyllo) 

have been found in nature, with the myo-isomer being the most abundant.20 myo-Inositol is the 

isoform that was first discovered by Scherer, and its configuration was later elucidated nearly at 

the same time by Dangschat and Fisher, and Posternak in 1942.21 From this point, when inositol is 

mentioned, myo-inositol will be the isomer in question. The biosynthetic route of inositol was first 

elucidated in the 1960s by Frank Loewus and colleagues.20 The Loewus pathway is found in both 

eukaryotes and prokaryotes.20  In this pathway glucose-6-phosphate is converted into inositol 1-

phosphate by an internal oxidation, enolization, followed by an aldol condensation and reduction 

by nicotinamide adenine dinucleotide (NADH), which is all catalyzed by 1L-myo-inositol 1-

phosphate synthase (MIPS).20 Then, myo-inositol monophosphatase (IMPase) dephosphorylates 

inositol 1-phosphate, resulting in the production of free inositol.20 As stated previously, this free 

inositol can be used for the synthesis of PI by reacting with CDP-DAG via PI synthase (Figure 5).  
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Figure 5. Biosynthesis of PI. The kinase product of GUT1 phosphorylates glycerol to glycerol-3-

phosphate. Glycerol-3-phosphate can then be converted into PA through one of two biosynthetic pathways. 

PA is then transformed into CDP-DAG via CDP-DAG synthase. MIPS uses NADH to convert glucose-6-

phosphate into myo-inositol-1-phosphate, which is then dephosphorylated by IMPase to produce myo-

inositol. CDP-DAG and myo-inositol can then be used by PIS to generate PI.20 
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1.1.4 Phosphatidylinositol Phosphates 

 Phosphatidylinositol phosphates (PIP) are phosphorylated derivatives of PI that are 

generated by a number of distinct kinases and phosphatases.22 The phosphorylation of PI occurs 

on the free hydroxyl groups of the inositol headgroup.22 Since the 1-hydroxyl of inositol is bound 

to the phosphate moiety, there are five free hydroxyls that are theoretically available for 

phosphorylation. However, only three of these positions, 3, 4, and 5 are actually phosphorylated 

naturally by enzymes.22 Due to this, there are seven known PIP’s: phosphatidylinositol-3-

phosphate (PI(3)P), phosphatidylinositol-4-phosphate (PI(4)P), phosphatidylinositol-5-phosphate 

(PI(5)P), phosphatidylinositol-3,4-bisphosphate (PI(3,4)P), phosphatidylinositol-3,5-bisphosphate 

(PI(3,5)P), phosphatidylinositol-4,5-bisphosphate (PI(4,5)P), and phosphatidylinositol-3,4,5-

trisphosphate (PI(3,4,5)P) (Figure 6).22 PIPs are a minor phospholipid within eukaryotic cellular 

membranes. For example, PI(4)P and PI(4,5)P constitute only ~0.2-1% of phospholipids within a 

cell, and the remaining PIPs constitute even smaller fractions.15,22 It has also been seen that PIs 

that are phosphorylated into PIPs have, almost exclusively, stearic acid and arachidonic acid 

acylated to the sn1 and sn2 positions of PI.22 The reason for the necessity of these fatty acids is not 

yet clear.22 As with any other lipid, the concentration of PIPs will vary depending on the cell type. 

For example, yeast cells do not have a detectable amount of PI(3,4,5)P, and some plants have 

PI(4)P levels much lower than the aforementioned 0.2-1% found in most other eukaryotic cells.22 

Only five of the seven possible PIPs are found in yeast cells: PI(3)P, PI(4)P, PI(5)P, PI(3,5)P, and 

PI(4,5)P.22 However, only PI(4)P, PI(4,5), and PI(3,5)P have been found to be essential for yeast 

cells.22  
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Figure 6. Phosphatidylinositol phosphates. The seven PIPs found in nature. 

 PIPs are able to regulate a variety of cellular processes such as glycolipid anchoring 

of proteins, signal transduction, mRNA export from the nucleus, and vesicular trafficking.17 

Beyond these roles, they can serve as precursors of secondary messengers.17 One of the first 

discovered functions of PIPs was their regulation of calcium signaling.23 In this process, PI(4,5)P 

is converted into the secondary messengers inositol triphosphate (IP3) and DAG via the enzyme 
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phospholipase C (PLC).23 The production of IP3 and DAG leads to the activation of intracellular 

calcium influx channels.23 Currently, almost 100 ion channels and transporters have been shown 

to be directly regulated by PI(4,5)P, many of which are found in the nervous system.14 Any 

alterations in the abundance or distribution of this PI(4,5)P can significantly affect the electrical 

activity of neurons.14 This PLC reaction is also responsible for the regulation of dozens of cellular 

processes, and hundreds more indirectly.24 DAG is able to activate a variety of structural proteins, 

and is also the substrate for the synthesis of PA, which itself is a regulatory molecule.24 IP3 gates 

a Ca2+ channel in the ER that is a major regulator of the endoplasmic concentration of Ca2+.24 

Furthermore, IP3 is a substrate for the synthesis of other PIPs.24 Therefore, the regulation of PLC 

activity is crucial to the cell.24 The importance of PIP’s to the overall function of a cell can be 

better understood when it is realized that PLC is only one of the many enzymes that regularly 

interact with PI(4,5)P. 

1.1.5 PI 4-Kinases 

 PI(4)P is generated from PI by phosphatidylinositol 4-kinases (PI 4-kinases).25 

PI(4)P is the precursor to PI(4,5)P and PI(3,4,5)P.25 PI(3,4,5)P is synthesized from PI(4,5) by class 

1 phosphatidylinositol 3-kinases (PI 3-kinases).25 PI(3,4,5)P is responsible for regulating a range 

of processes, like cell metabolism and anti-apoptotic cellular pathways.25 Thus, a supply of PI(4)P 

is critical to cellular regulation. In yeast cells, there are three distinct PI 4-kinases that are able to 

produce PI(4)P: Stt4, Lsb6, and Pik1.26 Orthologues of these proteins are also found in human 

cells.26 Both Pik1 and Stt4 have been shown to be essential for cell viability, however, Lsb6 is non-

essential.26 Cell survival is dependent on the normal function of Pik1 and Stt4 as these two kinases 

are responsible for generating different pools of PI(4)P within cells.26 Pik1 generates PI(4)P at the 

Golgi membrane, while Stt4’s action occurs at the plasma membrane.27 Stt4 is known to be critical 
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for proper vacuole morphology, cell wall integrity, and actin cytoskeleton organization, whereas 

Pik1 activity is essential for normal protein secretion, Golgi and vacuole membrane dynamics, and 

endocytosis.27  

1.2 Phosphatidylinositol Transfer Proteins 

 PI and its PIP derivatives play a variety of critical roles in cells. These roles include, 

but are not limited to, signal transduction, regulating membrane trafficking, and cytoskeleton 

organization.28 As a precursor to PIPs, PI once consumed, will need to be regenerated in its 

respective membrane.16 As stated in Section 1.1.2, PI can be biosynthesized by PIS, which uses 

CDP-DAG as a substrate.16 Both PIS and CDP-DAG synthase are integral membrane proteins 

found in the ER.16 This then begs the question;  how is PI that is synthesized in the ER later 

supplied to other membranes? The amphiphilic nature of phospholipids prevents their diffusion 

through the cell, as their hydrocarbon tails are not freely soluble in the aqueous cytosol. It was 

initially believed that phosphatidylinositol/phosphatidylcholine transfer proteins (PITP) were 

responsible for ferrying newly synthesized PI from the ER to other membranes.16 Ubiquitous in 

eukaryotes, PITPs are nonenzymatic proteins that regulate phospholipid metabolism, membrane 

trafficking, membrane growth, and signal transduction.28,29 In vitro studies of PITPs have shown 

that they are capable of transferring PI or PC between membranes.29 Almost all PITPs found in 

nature have molecular masses of approximately 35 kDa and are functionally homologous to one 

another.29 The primary sequence of metazoan PITPs is highly conserved, but differs from the 

primary sequence of fungal (such as Sec14p) and plant PITPs.29 Despite this difference in primary 

sequence, these proteins exhibit nearly identical preferences during in vitro studies.29 PITPs have 

a 20-fold higher affinity for PI than they do for PC.29 There are two distinct groups of PITPs known 
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as the START and Sec14-like PITPs, however, the Sec14 super family is of particular interest to 

this thesis.28   

1.2.1 Sec14 

 The SEC14 domain containing PITPs are an ancient and versatile family of 

proteins.28 Sec14 from Saccharmoyces cerevisiae was the first protein found in the SEC14 domain 

super-family, which now consists of over 1500 proteins.28 Sec14 is found in a diverse range of 

different eukaryotes, including, but not limited to, yeast, humans, mice, fruit flies, nematodes, and 

some plant species.28 This family is also structurally diverse; some members of this family consist 

of standalone Sec14 domains, whereas other Sec14 proteins are modular and contain other 

domains.28 These proteins may have additional domains that are capable of protein-protein 

interactions, or even possess entirely distinct catalytic domains.28 It is thought that modular Sec14 

family members participate in complex signal transduction functions, likely by integrating lipid 

Figure 7. Bulldozer mechanism of Sec14. Sec14 (black oval) approaches the Golgi in the closed 

configuration while bound to either PI or PC. The helical gate (black square), swings open and embeds 

itself within the membrane. Sec14 is now in the open configuration. While this gate is inserted, the 

bound GPL is deposited into the membrane. The helical gate then drags through the membrane, acting 

like a bulldozer, and lifts a GPL out of the membrane and into Sec14s cavity as the helical gate closes. 

Once a new GPL is bound, Sec14 dissociates from the membrane. Figure reproduced with permission 

from reference 31.  
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metabolism with other biochemical processes.28 Sec14 has been shown to be able to sense and 

mediate the abundance of PI and PC within the Golgi membranes.30  

In yeast cells, Sec14 is the product of the SEC14 gene and is the major PITP.29  Sec14 is 

comprised of 12 α-helices, 6 β-strands, and 8 310-helicies.29 Sec14 binds PI and PC bind so that 

their respective polar headgroups are oriented towards the solvent, leaving their acyl chains 

confined within the interior of the protein.29 Sec14 has one hydrophobic pocket with an internal 

volume of 3000 Å3, inside of which a single GPL can fit.29 There are two proposed conformations 

of Sec14: the open and closed forms.16,31 When in the closed form, the cavity of Sec14 is blocked 

by a helical gate structure.32 Sec14 changes its conformation when this helical gate structure 

swings open, leaving the cavity of the protein open to solution.32 When in the closed conformation, 

Sec14 can be bound to either PC or PI, and the helical gate structure traps the respective GPL 

within the protein.16,30,31 The closed conformation of Sec14 is believed to be the cytoplasmic 

version of the protein, whereas the open conformation of Sec14 is membrane bound.32 When in 

the open confirmation, Sec14 is undergoing GPL exchange.32 The ability of Sec14 to undergo these 

conformational changes is dictated by a switch element that is known as the G-module.32 The G-

module is conserved in every member of the Sec14 superfamily.32 The proposed mechanism for 

how Sec14 exchanges GPLs with membranes is shown in Figure 7, and is referred to as the 

‘bulldozer’ mechanism.31 This method involves the discharge of a bound GPL from Sec14 into a 

membrane, followed by Sec14 recognizing a membrane bound GPL and extracting said lipid from 

the membrane to the interior of the protein.31 It is believed that the helical gate structure is critical 

in this process.31,32 The helical gate is the most hydrophobic portion of the protein, even more so 

than the internal cavity of Sec14.31 After Sec14 binds to the Golgi membrane, the helical gate 

swings away from the protein and inserts itself into the hydrophobic portion of the membrane.31 
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The GPL within Sec14 is dragged out of the cavity by the helical structure and is then deposited 

in the membrane.31 Once the initial GPL has been deposited, the helical structure can then act as a 

bulldozer and collect another GPL from the membrane by retracting back to Sec14.31 As the helical 

structure retracts, Sec14 is loaded with a new GPL from the membrane.31 It should also be noted 

that Bulldozer model is only a proposed model, as there are currently no open crystal structures of 

Sec14.  

 Despite Sec14 being able to bind to both PI 

and PC, the headgroups of these two GPLs bind in 

completely distinct sites.32.31 The headgroup and 

glycerol backbone of PC become buried deep 

within the interior of Sec14, whereas the 

headgroup and glycerol of PI are closer towards the 

surface of the protein.32 The ability of Sec14 to 

bind to both GPLs has been shown to be critical to 

its normal biological function.16 Interestingly, there 

are minimal conformational adjustments needed 

for Sec14 to switch from binding PI to PC 

(heterotypic exchange) or vice versa; internal H2O 

flux allows for these conformational changes to 

occur.16 When Sec14 is bound to PC, five H2O 

molecules occupy the empty PI space in the 

Sec14’s binding cavity.16 In contrast, when Sec14 

is bound to PI, there are two H2O molecules that 

Figure 8. Net transfer and phospholipid 

exchange. Net transfer describes the 

movement of a GPL from one membrane to 

another in one direction. Phospholipid 

exchange describes transferring a GPL from 

one membrane to another, and then 

transferring a second GPL from the second 

membrane back to the original membrane. 

Figure taken with permission from reference 

33  
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fill the vacant PC binding space.16 It is believed that while heterotypic phospholipid exchange may 

normally have a high energetic barrier, the rearrangement of H2O is sufficient to overcome this 

energy demand.16 

  During in vitro studies, Sec14 has been shown to be able to undergo either a net 

transfer or a phospholipid exchange between multiple membranes.33 During net transfer, Sec14 

will pick up a GPL from a given membrane, deposit the GPL into another membrane, and then 

dissociate from this second membrane in a GPL-free form.33 In phospholipid exchange, Sec14 

delivers a GPL to a membrane, picks up a new GPL, and delivers this newly acquired GPL back 

to the initial membrane.31,33 In either instance, only the outer leaflet of the membrane bilayer is 

affected.32,33 Based on in vitro studies, it was initially believed that Sec14 transfers PI from the ER, 

where it is synthesized, to membranes that are engaged in PIP signalling in order to replenish PI.34 

In return, PC would then be taken from these signalling membranes and shuttled back to the ER.34 

Despite the in vitro evidence that shows net transfer and phospholipid exchange, there is evidence 

to suggest that Sec14 has a greater role than that of a simple PITP.16,28,30,32,33,34  

1.2.2 Evidence of a Greater Role for Sec14 

 Due to the early in vitro studies, the Sec14 family of proteins has been viewed from 

an oversimplified lens for many years.35 However, mounting evidence supports the idea that Sec14 

acts as more than just a simple lipid-transfer protein. While it was initially believed that Sec14’s 

role in yeast cells was to ferry PI from the ER to other membranes, there has yet to be any in vivo 

evidence to support this.34,35 Part of the reason for this lack of evidence is that such a model in vivo 

would be difficult to test experimentally.34,35
 Additionally, there is a large amount of genetic 

evidence that casts doubt upon the simple lipid-transfer protein model. If Sec14 were that simple, 

then its ability to bind to PI and PC should be critical for proper functionality.34 However, 
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mutations that have reduced Sec14’s ability to bind PI do not lead to cell death.34 Since Sec14 is 

essential to cell survival, it would be expected that reducing its affinity for its ligands would cause 

cell death.34 Since this is not seen, it could be surmised that Sec14 has other roles in a cell.34 

Furthermore, if the lipid-transfer model were true, then providing a sufficient supply of PI to 

cellular membranes should remove the essential nature of Sec14.36 This is because Sec14 would 

no longer need to supply PI to membranes that require it.36 To test this, researchers increased PI in 

the yeast membranes from the normal 20 mol% to 40 mol%, a concentration that would more than 

cover PI demands for the cell.16,36 It was found that deletions of the Sec14 gene still led to cell 

death, despite the sufficient supply of PI in all membranes.36  

 Sec14 is an essential protein in yeast and is a regulator of PC metabolism.37 

Silencing the Sec14 gene leads to reduced levels of PI(4)P, and an increased rate of PC synthesis 

and metabolism.37 However, the lethality of deleting the Sec14 gene can be bypassed. If the genes 

that reduce PI(4)P are silenced, then cells can survive without Sec14.30 Sac1, which is a PIP 

phosphatase, and Kes1p, which is an oxysterol binding protein, are two proteins that are critical 

for the reduction of PI(4)P levels in yeast cells.38,39,40 Deletion of these two genes can bypass the 

need for Sec14.38,39 Kes1p is a peripheral membrane protein found in the Golgi system of yeast, 

and it is responsible for moving sterols from the ER to the Golgi.38,41,42 Once delivered, Kes1p 

picks up a PI(4)P that was generated by Pik1, and transfers this lipid from the Golgi to the ER.39,42 

This PI(4)P is then dephosphorylated by Sac1 in the ER, producing PI.39 This dephosphorylation 

is critical as Kes1p will preferentially bind PI(4)P over sterol.40 If all of the PI(4)P in ER are 

hydrolyzed to PI by Sac1, then Kes1p can only bind and ferry a sterol back to the Golgi.39,42 The 

PI that is made by Sac1 activity in the ER is then transferred back to the Golgi by Sec14.43 When 

deletions of the gene that encodes for Kes1p occur, PI(4)P is not transported from the Golgi to the 
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ER and is therefore not dephosphorylated by Sac1.38 When deletions of Sac1 occur, PI(4)P that is 

transferred to the ER by Kes1p is not dephosphorylated.38 Since Kes1p preferentially binds to 

PI(4)P over sterols, Kes1p would then transfer these PI(4)P molecules back to the Golgi 

membrane.38 Essentially, deletions of either of these two genes prevent the concentration of PI(4)P 

in the Golgi from decreasing. Since deleting these genes makes Sec14’s function redundant, it can 

be inferred that Sec14 may play a role in the generation of PI(4)P within the Golgi.  

 Sec14 is also essential for vesicle and protein secretion from the Golgi.30,44 

Structural changes in the Golgi membrane that initiate vesicle budding are controlled in part by 

the dynamic balance between DAG production and its consumption for the biosynthesis of PC.44 

Experiments have shown that when the Golgi membrane is stocked with a sufficient supply of 

DAG, Sec14 is no longer essential.44 When Sec14 carries PC, it is able to inhibit CPT, and in doing 

so interferes with the CDP-choline pathway.30 This inhibition leads to reduced PC content within 

Golgi membranes, and an increased concentration of DAG.30  This would suggest that part of 

Sec14’s role in yeast cells is to increase the supply of DAG in the Golgi.44 DAG is a pro-secretory 

lipid, and PC is an anti-secretory lipid, so by controlling the levels of these lipids within the Golgi, 

Sec14 can affect vesicle budding.44 DAG has a general cone shape which has been shown to affect 

curvature of the Golgi and increase the chance of budding.44 The cylindrical shape of PC has the 

opposite effect; it reduces membrane deformation, and prevents budding.44 Mutations in the CDP-

choline pathway for the synthesis of PC (see Section 1.1.1) have also been shown to remove the 

lethal effect of Sec14 deletion.13,30,38 Specifically, deletions of CK, CT, or CPT can achieve this 

bypass.30 By deleting the genes that aid in the synthesis of PC in the Golgi, the concentration of 

PC can be reduced without Sec14, and vesicle budding in the Golgi can still occur. Like the effect 

of PC binding to Sec14, the binding of PI to Sec14 has been shown to increase the concentration 
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of DAG in the Golgi.44 When PI is bound to Sec14, Pik1 is stimulated to generate PI(4)P.44 PI(4)P 

is a precursor to PI(4,5)P, which is able to activate phospholipase D (PLD).22,44,45 PLD, when 

activated, hydrolyzes PC to generate choline and PA, which can then be metabolized into 

DAG.44,45 Therefore, the binding of either PC or PI to Sec14 will stimulate vesicle budding by 

increasing the concentration of DAG and decreasing the concentration of PC in the Golgi 

membrane.  

Figure 9. Models for the presentation of PI to Pik1 by Sec14. Black circle lipids are PI, white circle 

lipids are PC. A) Sec14 carrying PI binds to the Golgi membrane. As Sec14 begins to release PI into the 

membrane, Pik1 phosphorylates PI to generate PI(4)P. PC enters Sec14, displacing PI(4)P and 

depositing it into the membrane. Sec14 carries PC away from the membrane. B) Sec14 carrying PC 

binds to the Golgi membrane. PC is slow to leave Sec14, which causes an extended exposure of PI from 

the membrane. Pik1 phosphorylates PI to PI(4)P, which is then left in the Golgi. Sec14 then leaves the 

membrane, free of any GPL. Figure reproduced with permission from 46.     
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 An alternative to the lipid-transfer model of Sec14 has been put forward. It is 

hypothesized that Sec14 may be responsible for presenting PI to Pik1 to facilitate the formation of 

PI(4)P.16,34,46 This presentation model can be supported by the fact that Pik1 has difficulties 

accessing and phosphorylating membrane bound PI.16 Sec14 can rectify these short comings by 

lifting PI out of the membrane so that Pik1 has more direct access to this GPL.46 Genetic studies 

have shown that the ability of Sec14 to bind to both PI and PC is required for cell viability.16 A 

heterotypic exchange of PC for PI, or vice versa, may explain this ligand binding requirement 

(Figure 9).16 During heterotypic exchange, it is thought that a PI-bearing Sec14 binds to a 

membrane. Sec14 begins to deposit PI into the membrane while also attempting to recover a new 

PC molecule.16 During the time when PI is leaving Sec14 and entering the membrane, it is believed 

that Pik1 is able to phosphorylate PI to PI(4)P. Alternatively, PC-bearing Sec14 could approach 

the Golgi and attempt to exchange this GPL for PI.16 Since PC is bound so deeply in Sec14, it 

takes longer for it to dissociate from the protein.16 While PC is attempting to exit the binding 

pocket, PI is partially lifted out of the membrane for an extended period by Sec14.16,32 This could 

potentially expose PI enough to Pik1 to allow for more efficient phosphorylation.16 Since PI(4)P 

is not a substrate for Sec14, the newly formed PIP is dropped into the membrane. Sec14 then leaves 

without binding a new GPL in this model. This genetic evidence highlights that Sec14’s in vitro 

lipid-transfer model is far too simplistic. Sec14 can facilitate vesicle budding in the Golgi by 

increasing stores of DAG and increasing the metabolism of PC by transporting either PI or PC. 

Sec14 also plays a role in improving Pik1’s activity as a kinase.  

1.3 Photolabile Protecting Groups 

 Photolabile protecting groups (PPG) are molecular protecting groups that can be 

removed when triggered by light.47 So called ‘caged compounds’ are biologically active 
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compounds that are rendered biologically inert by having a PPG chemically attached to them.47 

When these caged compounds are irradiated with an appropriate wavelength of light, the PPG that 

is inactivating the biomolecule is converted into an unreactive by-product and detaches from the 

biomolecule.47,48,49 This detachment restores normal function to the biomolecule.47 This reaction 

is commonly referred to as an ‘uncaging’. The advantage of caging biomolecules is that one can 

prevent cellular machinery from recognizing or responding to the biomolecule of interest, until the 

sample has been irradiated with light.47 Essentially, one can use light to turn on the activity of a 

biomolecule in a given matrix via uncaging.48 Since light is able to pass through cellular 

membranes, PPGs provide the opportunity to release biomolecules within intracellular 

compartments.48 Uniform illumination of a cell, or localized release can be achieved by focusing 

the uncaging beam on one part of the cell.48 

 For a PPG to be considered viable for most biological studies, there are a number 

of criteria that should be met.49 The caged compound should be biologically inert before 

photolysis.48 The PPG that is being used should be able to absorb wavelengths above 300 nm, as 

this leads to reduced chances of absorption or damage to the caged compound or any other 

biological compounds in the matrix.49,50 The quantum yield should be high, thus improving the 

efficiency of the reaction.49,50 The PPG and the caged compound should be stable when in the dark, 

and must be soluble prior to photolysis.49 The PPG should be stable at physiological pH.51 Neither 

the PPG or the by-products of the photocleavage reaction should be toxic to the cell or system that 

is being studied.49 In order to prevent competitive absorption, the by-product of the photocleavage 

should not be excited by the wavelength of light that is being used for photocleavage.49,50 Lastly, 

the photocleavage reaction itself must occur much faster than the rate of the biological interaction 

that is being studied.49,50 This ensures that one can monitor the desired biological interaction after 
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irradiation. All of the criteria should be seriously considered when selecting a PPG to be used in 

conjunction with a desired biomolecule, however, no system will be able to excel in all of these 

requirements.50 Depending on the biomolecule, the matrix, and the PPG, some of these criteria 

may be more desirable than others.  

 

Figure 10. Photolabile protecting group uncaging. PPG (peach circle) is chemically bound to a 

biomolecule (blue pentagon), essentially turning off its biological activity. Light can trigger the release of 

the PPG, releasing a photocleavage by-product, and turning on activity of the biomolecule. The biomolecule 

is now free to interact with enzymes in its immediate vicinity (gray octagon). Figure reproduced with 

permission from 47. 

  The photo-uncaging rate (k) determines the speed of release of the active species 

from the PPG.52 This rate is dependent on the rate at which the photochemical reaction occurs after 

the PPG has absorbed a photon of light.52 After absorbing a photon of appropriate energy, the 

photocaged molecule undergo a transition to an excited state. The excited PPG can then undergo 

fluorescence/nonradiative decay which returns the PPG to a ground state, or undergo a dark 

reaction that involves one or more intermediates which leads to photocleavage and the release of 

the biomolecule (Figure 11).50,52 These dark reactions are light-independent, and depending on 

the PPG used, may have one or multiple intermediates before photocleavage occurs.50,52 The 

absorption spectrum (λ) and extinction coefficient (ε) are correlated.52 Together they determine 
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the approximate wavelength of light and the intensity of the laser needed to deliver enough photons 

for photocleavage to occur.52 A higher ε at a given wavelength yields a stronger interaction with 

light, and therefore a lower laser power is needed.52 The quantum yield (ϕ) is the fraction of 

molecules that cleave upon absorption of a photon; most PPGs have quantum yields in the range 

of 0.1-0.4.52  

 

Figure 11. Chemistry of photocleavage excitation. Excitation by light causes the PPG to have a light 

transition into an excited state. The excited state can potentially lead to fluorescence/nonradiative decay 

back to ground state. Alternatively, from the excited state, a dark reaction may occur that generates an 

intermediate that can then undergo further dark reactions leading to photocleavage. 

 The first caged compounds were invented in 1978 and were used for the study of 

membrane bound Na+ pumps.51 Ubiquitous in mammalian cells, these pumps are responsible for 

moving Na+ and K+ against their concentration gradients.51 These pumps use the energy from ATP 

hydrolysis to facilitate this active transport.51 The binding site of ATP in these pumps is 

intracellular.51 To study these pumps, ATP was caged using an ortho-nitrobenzyl photolabile 

protecting group (o-nitrobenzyl).51 This caging was done to prevent the hydrolysis of ATP.51 The 

caged ATP was then loaded into red blood cells.51 Before irradiation, little to no activity from the 

Na+ pumps was observed.51 After irradiation with light, ATP was released, and the Na+ pump 

activity was triggered.51 The number of different biomolecules that can be caged has drastically 
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increased since this first application of caged compounds, as has the number of PPGs. 

Unfortunately, it is not in the scope of this work to describe how all these caged compounds have 

been used, but some commonly caged biomolecules include neurotransmitters like glutamate, 

nucleotides and nucleosides, Ca2+ ions.51 Additionally, a variety of caged peptides and enzymes 

have been designed.51 Caged GPLs have also been designed, however, this will be discussed in 

more detail in Section 1.3.1. As the number of potential biomolecules that can be caged has grown, 

so too has the number of PPGs. Nitrobenzyl PPGs and their derivatives were the first PPGs used, 

and are by far the most commonly employed.49 Other commonly used PPGs include the p-

hydroxyphenacyl cages, benzoin cages, coumarin cages, o-alkylated aryl ketone cages, and a 

variety of other miscellaneous cages that have been reviewed and implemented for biological 

studies.49,50,52 Each of these distinct groups of PPGs have their own respective photo-uncaging 

rates, absorption spectra, extinction coefficients, and quantum yields. Furthermore, chemical 

modifications can be made to each of these PPG groups to design a cage that best fits any given 

biological system. Regretfully, a discussion on how each of these groups of PPGs works and the 

potential modifications to improve them is beyond the scope of this work. 

1.3.1 Caged Lipids 

 PPGs are extremely useful tools for increasing the concentration of a specific ligand 

within a biological system without the molecular machinery of a cell recognizing it.47 Commonly, 

the polar headgroup of a GPL is caged to prevent it from being recognized.53 When chemically 

modified to incorporate PPGs, GPLs frequently mislocate within a cell to a membrane other than 

what the parent GPL would normally reside in.53 This feature may actually be taken advantage of 

when using caged lipids.53 By protecting the polar headgroups of GPLs with PPGs, these GPLs 

can be targeted to specific membranes within a cell.53 For example, coumarin-caged lipids are 
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highly lipophilic, so they tend to accumulate non-specifically within endosomal membranes.53 

However, by introducing a charge into the structure of a coumarin protecting group, these lipids 

can be directed into the outer plasma membrane.53 Furthermore, introducing a positively charged 

cage, such as a triphenyl phosphonium coumarin based PPG, has been shown to cause localization 

of caged lipids within the mitochondria.53 Another general benefit of protecting these lipids is that 

one can increase their lifespan by protecting their polar headgroups. Many GPLs, like PIPs for 

example, exist for a fleetingly short period of time. By protecting these headgroups, they can be 

protected from normal metabolism within cells.53  

 Photocleavable GPLs have also been considered for drug delivery when 

incorporated into liposomes, which are frequently used as drug delivery systems.54 They are 

biocompatible species that can ferry drugs, vaccine adjuvants, diagnostic agents, vitamins, and 

many other payloads.54 The inclusion of photoactive molecules within these liposomes allows for 

light controlled release of cargo, thus improving the distribution of bioactive agents at the target 

site.54 o-Nitrobenzyl PPGs can be incorporated into lipids. Photocleavage of these caged lipids 

results in the separation of the polar headgroups from the non-polar acyl chains.54 Bayer et al. 

reported the synthesis of a o-nitrobenzyl PC that had the PPG connected in the acyl chain at the 

sn2 position.55 These photocleavable PCs were incorporated into liposomes prepared with PC, PE, 

polyethylene glycol-PE, and cholesterol, and then were loaded with Nile red dye.55 After 

irradiation with 350 nm light, it was found that the liposomes with higher concentrations of the 

photocleavable PC had higher degrees of the dye leaking from them.54,55 It was also found these 

liposomes were stable in the dark and no dye was observed leaking from them, even at increasing 

concentrations of photocleavable PC.54  
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1.4 Bolalipids 

 Bolalipids, also known as bolaamphiphiles, are essentially dimers of two 

conventional lipids with their carbon tails covalently joined.56 These unique lipids are named after 

the South American Indigenous throwing weapon, called ‘bola’ by the Spanish, which consisted 

of two weights attached at the end of a rope.56 A bolalipid can be cyclic, where the two polar 

headgroups of the lipid are connected through both carbon tails, or acyclic, where the two polar 

headgroups are connected through a single carbon tail (Figure 12).56 Normal GPLs are considered 

to be monopolar lipids, whereas bolalipids are considered to be bipolar lipids.57 Bolalipids are 

found within the membranes of archaea and it is thought that some of these organisms can survive 

in extreme environments due to the presence of bolalipids.57 These membrane spanning bolalipids 

imbue increased stability to their membranes, as they are effectively cross linking the opposing 

leaflets of the bilayer.57 A membrane composed of entirely bolalipids is not technically a bilayer, 

but a monolayer membrane that functionally mimics normal membrane bilayers.57 Similar to GPLs 

spontaneously aggregating to form bilayers in aqueous environments, bolalipids will 

spontaneously assemble into their monolayers in aqueous environments.58 It is believed that the 

bolalipids give these monolayers extreme stability, allowing archaeal membranes to exist under 

extreme conditions, such as pressures that exceed 400 atm, temperatures above 100°C, high 

methane/salt concentrations, and low/high pH ranges.58,59 Within these monolayers, bolalipids can 

be found in one of two conformations: trans bolalipids, which have their two headgroups located 

on different leaflets of the membrane; or looped bolalipids, which have their polar headgroups 

located on the same leaflet of the membrane.58  
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Figure 12. Bolalipid structures and membrane configurations. Normal GPLs are depicted in gray. 

Acyclic bolalipids are in red, and cyclic bolalipids are in blue. Trans bolalipids are membrane spanning, 

whereas looped bolalipids have both headgroups on the same leaflet. Reproduced with permission from 

reference 56. 

 Contrary to the ester linkages seen in eukaryotes and prokaryotes, archaeal 

bolalipids have their carbon tails connected to their glycerol backbone through ether linkages.60 

These ether bonds are much less susceptible to breakdown under highly acidic conditions.61 

Another difference is that conventional GPLs have their carbon tails connected through the sn1 

and sn2 positions of glycerol, whereas, in archaea, the carbon tails are connected through the sn2 

and sn3 positions.60 Furthermore, these carbon tails are not straight carbon chains, but branched 

isoprenoid hydrocarbon chains.60 It is thought that these isoprenoid chains contribute to the dense 

packing, high membrane viscosity and durability, and the low permeability of water and ions.60 

Also present within these hydrocarbon chains are cyclopentane rings; it is thought that the presence 

of these rings may further contribute to increased membrane packing and decreased permeability.60 

The most common polar headgroups found in bolalipids are typically phosphatidylcholine or 

phosphatidylethanolamine, and their chain lengths are usually 22-32 carbon atoms long.61  

 Bolalipids have also been shown to improve the stability of vesicles/liposomes that 

contain normal PC.59,62 The stability of lipid membranes can often be related to their permeability 

as well as their prevention of delamination.63 Studies have shown that bolalipid monolayers have 
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very low permeabilities.59,62,63 Archaeal monolayer vesicle stability and permeability can been 

studied by monitoring the release of entrapped fluorescent dyes out of the vesicles.62 Dyes, such 

as carboxyfluorescein or calcein can be use in these leakage experiments.62 When mixed with 

normal PC to form vesicles, bolalipids demonstrate very low permeability of calcein, even at high 

temperatures.62 It has also been seen that delamination of vesicles can be prevented by using 

bolalipids, as their transmembrane form provides stability to the vesicle.63 Incorporating these 

bolalipids into vesicles with normal GPLs also increases the size of the vesicle when compared to 

vesicles made entirely of GPLs.59  

1.5 Project overview 

 While there is genetic evidence that supports the presentation model of Sec14, there 

is currently no molecular level evidence for this hypothesis. The goal of this work is to develop a 

photocleavable bolalipid that could be used as a tool to test the function of Sec14. Theoretically, 

if a phosphatidylinositol bolalipid (bola-PI) were to be incorporated into a membrane in the 

presence of Sec14 and Pik1, it is unlikely that Sec14 would have the ability to extract this bola-PI 

from the membrane and present it to Pik1 for phosphorylation. This is because the inositol 

headgroup on the opposite leaflet of the membrane should resist entry into the hydrophobic region 

of the membrane. As such, one would expect to see little to no phosphorylation by Pik1 since 

Sec14 could no longer provide it with PI. This would serve to ‘frustrate’ Sec14’s nanoreactor 

function.  
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Figure 13. Frustration of Sec14 by a bola-PI. The presentation model of Sec14 could be interrupted by 

the utilization of a bola-PI. When Sec14 tries to lift this bola-PI out of the membrane, the bola’s headgroup 

on the opposite leaflet will resist entry into the hydrophobic region of the membrane. This will frustrate 

Sec14, and very little phosphorylation should be observed by Pik1. Reproduced, with permission, from 

reference 64. 

 To further test the nanoreactor model, a photocleavable bola-PI can be utilized. A 

photocleavable bola-PI was designed so that when it undergoes photocleavage, two PI-analogues 

are generated. When this photocleavable bola-PI is in a lipid membrane in the presence of Sec14 

and Pik1, before photocleavage occurs, one would again expect that Sec14 would be frustrated 

and be unable to present the bola-PI to Pik1. However, if the membrane were to be irradiated with 

an appropriate wavelength of light, photocleavage of the bola-PI would occur and two PI-

analogues would be generated within said membrane. These PI analogues would no longer be 

membrane spanning, and Sec14 should then be able to lift them out of the membrane and present 

them to Pik1 for phosphorylation. Such a photocleavable bola-PI would essentially allow one to 

turn on the phosphorylation of Pik1 and provide molecular evidence for the presentation model of 

Sec14. 

1.5.1 Transcreener Assay 

 While a photocleavable bola-PI can be used as a tool to confirm the nanoreactor 

model of Sec14, it is only one part of a larger experiment. To test the presentation model of Sec14, 

an in vitro experiment can be designed to incorporate the photocleavable bola-PI into a lipid vesicle 

in the presence of Sec14 and Pik1. When Pik1 phosphorylates the PI-analogues, it will, in the 
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process, convert ATP into ADP. The production of ADP from this phosphorylation can be directly 

monitored using the Transcreener ADP2 FI assay.65 The Transcreener® ADP2 FI assay can be used 

to measure the activity of an enzyme that produces ADP.65 This assay uses an antibody that is 

bound to an ADP Alexa Fluor® 633 tracer.65 When the Alexa Fluor® 633 tracer is bound to the 

ADP antibody, the tracer is quenched and does not fluoresce. However, the antibody has a higher 

affinity for ADP than it does for the Alexa Fluor® 633 tracer.65 When Pik1 generates ADP by 

phosphorylating PI, the newly formed ADP should bind to the antibody and displace the Alexa 

Fluor® 633 tracer. As Pik1 continues to phosphorylate PI and produce ADP in the process, more 

and more of the Alexa Fluor® 633 tracer will be released, and higher degrees of fluorescence 

should be observed.65  

 

Figure 14. BellBrook Labs Transcreener® ADP2 FI Assay. Any kinase that uses ATP generates ADP in 

the process. When this ADP is produced, it can displace the ADP Alexa Flour® 633 tracer, and bind to the 

ADP antibody. The free ADP Alexa Flour® 633 tracer then produces a measurable fluorescent signal. 

Taken from reference 65. 

 In conjunction with the photocleavable bola-PI, this assay would be an effective 

tool to study Sec14. It is believed that when the bola-PI is in its un-cleaved state, little to no 

phosphorylation would be seen, as Sec14 should not be able to present the bola-PI to Pik1 for 

phosphorylation. Therefore, in the early minutes of this assay, there should be very little 

fluorescence observed. Partway through this experiment, the lipid sample will be irradiated with 



 

32 

 

an appropriate wavelength of light, thus generating non-bola normal-length PI-analogues. Sec14 

should then be able to present these PI-analogues to Pik1. As Pik1 phosphorylates these PI-

analogues, ADP will be produced and lead to an increased amount of phosphorylation that can be 

directly observed. The goal of this work is not to conduct the Transcreener Assay, but to synthesize 

a bola-PI for this assay. 

1.5.2 Photocleavable Bola-PI Design 

 Bola-PI photocleavage can be achieved by introducing a PPG into the centre of the 

bolalipid. As discussed in Section 1.3, PPGs can be used to control the release of bioactive 

compounds. In this work, when the photocleavable bola-PI is irradiated, PI analogues are being 

uncaged. The structure of the target photocleavable bola-PIs are seen in Figure 15. Each 

photocleavable bola-PI contains two glycerol backbones that are connected via a photocleavable 

diacid. This photocleavable diacid links the two glycerol backbones through their respective sn2 

carbons. Each of the glycerol backbones are then acylated with palmitic acid at the sn1 carbon. 

Each glycerol is also connected to inositol through a phosphodiester bond at the sn3 carbon. The 

goal of this work was to synthesize two distinct photocleavable bola-PIs: a mono-photocleavable 

bola-PI and a di-photocleavable bola-PI. Both the mono- and di-photocleavable bola-PI rely on 

nitrophenyl ethyl (NPE) photolabile groups for photocleavage. The NPE photolabile groups were 

designed to be in the centre of the diacid that connects the mono-, and di-photocleavable bola-PIs 

(Figure 15). These two diacids will hereafter be referred to as the mono-photocleavable diacid and 

di-photocleavable diacid, respectively.  
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Figure 15. Photocleavable bola-PIs. A) Di-photocleavable bola-PI, capable of undergoing photocleavage 

twice. The di-photocleavable acid that connects the two headgroups is highlighted in red. B) Mono-

photocleavable bola-PI, capable of undergoing photocleavage once. The mono-photocleavable acid that 

connects the two headgroups is highlighted in red. 

 When designing the PPGs for these lipids, it was important to ensure that the time 

of photocleavage would be fast. During the Transcreener assay, the reaction will need to be 

irradiated. Before this irradiation can occur, the assay sample will need to be momentarily removed 

from the detector that will be measuring the Alexa Fluor® 633 tracer fluorescence. As such, it is 

beneficial for the time of photocleavage to be as fast as possible so that detection of fluorescence 

can be interrupted as briefly as possible. NPE photolabile compounds are derivatives of o-

nitrobenzyl photolabile groups.52 Unfortunately, o-nitrobenzyl PPGs are some of the slowest 

photocleaving moieties.52 In an attempt to improve photocleavage times, the NPE derivative was 

chosen over the parent o-nitrobenzyl group. In NPE compounds, the methyl group on the benzylic 

carbon has been shown to cause photocleavage to occur ten times faster than their parent o-

nitrobenzyl compounds.52 NPEs have also been shown to have higher quantum yields than o-

nitrobenzyl groups; this is due to the generation of a stable ketone by-product of the NPE.52 In 



 

34 

 

addition to time of photocleavage, the wavelength of activation was also taken into consideration. 

o-Nitrobenzyl and NPE photolabile groups normally have wavelength maxima at 260 nm.52 The 

absorption spectra of these groups does extend to 360 nm, albeit at the cost of lower absorption 

co-efficients.52 The incorporation of methoxy groups into the photolabile group can shift the 

wavelength from 260 nm to 355 nm.52 Such a shift in photocleavage maxima will allow these bola-

PIs to absorb light at 355 nm more effectively.52 One downside of incorporating these methoxy 

groups into the aromatic ring is that this has been shown to decrease the quantum yield of the 

reaction.52 However, it was decided that increasing the wavelength was more important, as using 

355 nm light is more suitable for biological systems. This wavelength will reduce the chance of 

damaging the normal function of biological molecules that the bola may encounter, i.e., Pik1 and 

Sec14.66  

 The mechanism of photocleavage is depicted in Figure 16. The ground state o-

nitrobenzyl group is excited with an appropriate wavelength of light, thus producing a radical on 

the nitrogen and oxygen atoms of the nitro group.67 The oxygen of the nitro group then abstracts a 

hydrogen from the benzylic carbon, leaving a radical on the benzylic carbon, forming an aci-nitro-

tautomer.67 The non-radical aci-nitro-tautomer then irreversibly reacts to form a 5 membered ring, 

and restores aromaticity in the process.67 The five membered ring then breaks down, releasing the 

leaving group.67  

 As their names indicate, the mono-photocleavable bola-PI is designed to allow 

photocleavage to occur once, whereas the di-photocleavable bola-PI is designed to allow 

photocleavage to occur twice (Figure 17). The mono-photocleavable bola incorporates one NPE 

moiety and a single methoxy group, whereas the di-photocleavable diacid incorporates two of each 
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group. The mono-photocleavable bola, once cleaved, would generate two distinct PI-analogues. 

The PI-analogues are similar, except for the fatty acid at their respective sn2 positions. One of 

these PI-analogues would contain a fatty acid that ends with the photocleavable core still attached. 

The other PI-analogue would have a fatty acid that ends in a primary alcohol. A di-photocleavable 

bola-PI, once cleaved, would generate two identical PI-analogues, and a photocleavable core 

would be left in the membrane. The two PI-analogues would have a fatty acid that ends in a primary 

alcohol at the sn2 position. 

 

Figure 16. Mechanism of photocleavage. This image depicts the mechanism of photocleavage for the 

NPE PPG that will be used in the bola-PIs. Figure adapted, with permission, from reference 67  
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Figure 17. Photocleavage of bola-PI. Red atoms represent the NPE PPG. Black atoms represent caged PI 

analogues. Purple atoms represent the by-product of the PPG photocleavage. Blue atoms represent the now 

biologically active PI-analogues. A) The di-photocleavable bola-PI generates two identical PI-analogues, 

and one photocleavage by-product. B) The mono-photocleavable bola-PI generates two unique PI-

analogues. The photocleavage by-product remains attached to one of the PI-analogues.  
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1.5.3 Phospholipase D 

 The major challenge posed by the synthesis of any PI lipid is the nature of the 

inositol headgroup. To be incorporated into the bolalipid, the inositol would need to be protected 

to ensure that it is coupled to the phosphate through the 1 hydroxy position. The protection of the 

appropriate alcohols alone would require multiple synthetic steps and cost significant amounts of 

time and money. A potential solution to this problem could be enzymatic synthesis using an 

enzyme known as phospholipase D (PLD). A mutant of PLD has been generated by Iwasaki’s 

group and has been gifted to Dr. Atkinson. This mutant can catalyze a transphosphatidylation 

reaction in which PC can be converted into PI.68 Theoretically, a photocleavable bola-PC could be 

converted into a photocleavable bola-PI by this mutant of PLD. The synthesis of a bola-PC would 

be much simpler than that of a bola-PI as the choline headgroup would not need protection like 

the inositol headgroup would. PLD could therefore significantly reduce the synthetic workload of 

this project. Therefore, this work will aim to directly synthesize a bola-PC, which will then be 

converted into a bola-PI by PLD.  

 PLD normally hydrolyzes PC into PA and choline.45,69 PLD is also capable of 

performing transphosphatidylation reactions using nucleophiles like water, or primary alcohols 

such as ethanol and 1-butanol to generate PA, phosphatidylethanol, or phosphatidylbutanol 

respectively.45 PLD from Streptomyces spp. have been shown to carry out transphosphatidylation 

on a broader range of substrates, and provide higher rates of transphosphatidylation.70 Mutants of 

PLD have been shown to be able to convert PC to PI by using myo-inositol as the nucleophile.70 

Traditionally, the sheer size of myo-inositol makes it difficult to fit properly in the acceptor binding 

sites of PLDs.70 myo-Inositol is also a poor substrate for most PLDs since these enzymes generally 

prefer primary alcohols to secondary alcohols for transphosphatidylation reactions.70 Despite the 
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short comings of normal PLD, the Iwasaki group was able to isolate a mutant of PLD that was able 

to synthesize PI.68,70 ,71 This isolation was performed through site-directed saturation mutagenesis 

of the residues of PLD involved in substrate recognition.68 These mutants were then screened for 

their ability to synthesize PI.68 The mutants that were able to generate PI from PC and inositol then 

had to be further screened in order to select for mutants that selectively made PI using the 1-

hydroxyl of inositol.71 Since there are six available hydroxyl groups within myo-inositiol, 

selectivity of the 1-hydroxy is critical, as this is the connectivity of PI found in nature.68 It is 

believed that by using this mutant PLD gifted from the Iwasaki group, a photocleavable bola-PC 

can be converted into a photocleavable bola-PI. This enzymatic conversion will not be conducted 

by the author of this work, but by other esteemed members of the Atkinson research group. 

1.6 Synthetic Method 

1.6.1 Synthesis of the Di-Photocleavable Diacid 

 The initial focus of this work was to attempt to synthesize the photocleavable long 

chain di-carboxylic acids that will be in the centre of their respective bola-PCs. First, the synthesis 

of the di-photocleavable diacid was attempted. The di-photocleavable diacid has long been a target 

of interest for the Atkinson research group. A previous undergraduate thesis student in this group, 

Sam Jagas, attempted the synthesis of a photocleavable core that would be at the centre of this 

diacid. Unfortunately, roadblocks prevented the synthesis of this photocleavable core. The author 

of this work’s undergraduate thesis was also dedicated to synthesizing this photocleavable core, 

however, the results were similarly unfruitful. The synthetic scheme attempted previously by the 

author of this work is outlined in Scheme 1. The methylation of the phenols and carboxylic acids 

were simple tasks, however, the nitration of iii) proved challenging. Despite the 77% yield reported 

by Eswaran et al., reproduction of their methods using HNO3/H2SO4 led to the synthesis of iv) in 
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only 11% yield.72 The small amount of iv) that was generated was then used to attempt to 

synthesize v), as reported by Lemus and Skibo.73 This second nitration, using NO2BF4, was 

reported to provide yields of 66% on the exact same substrate as iv).73 Regrettably, this reaction 

did not lead to the synthesis of v) when the reported conditions were repeated. 

 

Scheme 1. Previous di-photocleavable diacid scheme. Failed synthetic scheme from previous work. 

 Despite the previous synthetic shortcomings, there is still a desire for a di-

photocleavable diacid. To this end, Scheme 2 outlines the initial synthetic route attempted in this 

thesis for the synthesis of a di-photocleavable diacid. First, 1.1 was dibrominated using Br2 to 

generate 1.2.74 The next step involved the conversion of 1.2 into 1.3 using CuCN via the 

Rosenmund-von Braun reaction.75 Subsequently, fuming nitric acid was used resulting in a single 

nitration, generating 1.4.73 Issues with the synthesis of 1.3 prevented the continuation of Scheme 

2. The issues encountered with this synthetic route will be discussed in more detail in Section 

2.1.3. However, the planned reactions in Scheme 2 are as follows. The partial hydrolysis of the 

nitriles of 1.4 into the amides of 1.5 would have been achieved through NaOH and H2O2.
73 These 
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amides would have been further hydrolyzed to carboxylic acids via NaNO2, and the carboxylic 

acids would then have been methylated by refluxing the carboxylic acid in MeOH with a catalytic 

amount of sulphuric acid, producing 1.6.73 The second nitro group would have been introduced 

via NO2BF4, generating 1.7.73 DIBAL could then be used to reduce the methoxy esters of 1.7 to 

the aldehydes seen in 1.8.76 Methylating these aldehydes with MeTiCl3, would produce the 

secondary alcohols seen in 1.9.77 If deprotonated by NaH, these secondary alcohols would then be 

alkylated with a bromo-alkanoic methyl ester, producing a dimethyl ester intermediate. Finally, 

this dimethyl ester intermediate would then be hydrolyzed with aq. NaOH to produce the desired 

di-photocleavable diacid 1A. 

 

Scheme 2. Synthesis of a di-photocleavable diacid. Synthetic scheme for a photocleavable diacid that 

cleaves twice. 

 

 



 

41 

 

1.6.2 Synthesis of a Mono-Photocleavable Diacid 

 While the di-photocleavable diacid has long been a target for previous students in 

the Atkinson group, the mono-photocleavable diacid had yet to be pursued. A mono-

photocleavable compound would produce two different PI-analogues (Figure 17B). Despite a lack 

of symmetry, a mono-photocleavable diacid would produce two PI-analogues that should work 

well as tools for proving the nano-reactor model of Sec14.  

 

Scheme 3. Synthesis of a mono-photocleavable diacid. Synthetic scheme for a photocleavable diacid that 

cleaves once. 
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 Compound 2.1 was hydrolyzed into 2.2 using aq. NaOH and tetrabutylammonium 

bisulfate.78 The primary alcohol of 2.2 was then halogenated to form 2.3 by reacting with HBr in 

the presence of acetic acid and H2SO4.
79 The methyl ester of 2.4 was then generated through p-

TsOH in MeOH. 2.4 was used to alkylate acetovanillone to form 2.5.80 After this, 2.5 was nitrated 

using HNO3 and acetic anhydride to produce 2.6.81 At this time, the ketone of 2.6 was reduced 

using NaBH4.
80 Finally, in a two-step reaction, NaH deprotonated the newly formed secondary 

alcohol of 2.7, was then alkylated by 2.4, forming an intermediate photocleavable diester.82 This 

diester was then hydrolyzed with aq. NaOH to form the mono-photocleavable diacid 2A. 

1.6.3 Lyso-PC Synthesis 

 Once a photocleavable diacid was synthesized, attention was directed to the 

synthesis of the lyso-PC, 3. Synthesizing mixed chain 1,2-diacyl-3-phospho-glycerols can be 

challenging, as regioselectively introducing three different substituents at the three glycerol 

positions historically required protection and deprotection of the hydroxyl groups, followed by 

acylation.7 Furthermore, the issue of chain migration during these synthetic steps has also been a 

persistent issue.7 In many instances, 2-acyl-1-lyso-sn-glycerophospholipids may undergo chain 

Scheme 4. Synthesis of lyso-PC. Synthetic route for the synthesis of the lyso-PC. 
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migration to the more stable sn1 position.  One must also ensure that the sn2 carbon of the glycerol 

starting material has the correct chirality.7 The direct synthesis of phospholipids is a multi-step 

process that involves starting from enantiomerically pure glycerol derivatives, and then 

introducing the appropriate polar headgroup. Such a synthesis can be an arduous journey, severely 

affecting final yields.83 Therefore, an alternative approach developed by Fasoli et al. was be 

utilized.83 Compound 3 was synthesized by reacting a commercially available glycerol-3-

phosphocholine, that has the correct stereochemistry at the sn2 position, with DBTO to form a tin 

acetal complex.7 After this, palmitoyl chloride was added into the reaction to allow for the selective 

acylation at the sn1 carbon of the glycerol.7 The resulting 1-acyl-2-lyso-phosphocholine (3) was 

then be used for the synthesis of the bola-PC. 

1.6.4 Bola-PC synthesis 

 The final fully synthetic step of this thesis was the incorporation of the 

photocleavable diacid 2A into a bola-PC. The mono-photocleavable diacid (2A) and the di-

photocleavable diacid (1A) should each react with 3 in the same fashion. However only 2A was 

successfully synthesized in this work. A minimum of two equivalents of the 1-acyl-2-lyso-

phosphocholine (3) was needed when reacting with 2A. Cuccia et al. reported a method for the 

synthesis of bolalipids where the diacids are connected through the sn2 carbon.84 2A was reacted 

with 3 in the presence of DCC, HOBT, and DMAP, to form a mono-photocleavable bola-PC 

(Scheme 5 B).84      
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Scheme 5. Synthesis of a photocleavable bola-PC. In both reactions, a photocleavable diacid is reacting 

with lyso-PC to form their respective bola-PCs. A) Synthesis of a di-photocleavable bola-PC. B) Synthesis 

of a mono-photocleavable bola-PC.  

1.6.5 Photocleavage Tests 

 The respective diacids and bola-PCs synthesized in this work will be capable of 

photocleavage. It is important that the time of photocleavage for the bolalipids is short, ideally 

under 5 minutes, so that the Transcreener assay is not interrupted for long. Therefore, a test was 

conducted to determine how long it would take for complete photocleavage to occur. These 
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photocleavage tests were done on the diacid 2A, as well as the respective bola-PC 4B. A previously 

published paper by Tso et al. showed efficient photocleavage at wavelengths of 365 nm using a 

NPE derivative that contained a methoxy group.85 The structure of their photolabile group was 

identical to that of the photolabile group designed for the mono-photocleavable diacid.85 Due to 

the precedent for using this wavelength of light, and the immediate availability of an LED light 

with the exact wavelength of light, 365 nm of light was used to irradiate the photocleavable 

compounds described herein.   

 To ascertain the time for photocleavage, the diacid and bolalipid were individually 

dissolved in an appropriate solvent and placed in a quartz cuvette. These samples were then 

irradiated for short periods of time. After each irradiation time point, the samples were checked by 

TLC to see if any photocleavage products had formed and if starting material remained. The time 

Figure 18. Photocleavage of bola-PC in lipid vesicles. The mono-photocleavable bola-PC immersed 

in a lipid vesicle comprised of DOPC undergoing photocleavage. 
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that it took for full photocleavage to occur was considered the point where starting material could 

no longer be visualized by TLC.  

 Another photocleavage test was done where the bolalipids were incorporated into 

vesicles and irradiated using 365 nm light. This test served to answer two questions: are the 

bolalipids still capable of photocleavage when incorporated into a vesicle; and will the time of 

photocleavage be affected if these bolalipids are in a vesicle. Six sets of vesicles were generated 

that contained 10 mol% bola-PC and 90 mol% DOPC. These vesicles were irradiated with 365 nm 

of light for increasing 30 second intervals. Due to the dilute nature of these vesicles, photocleavage 

could not be monitored by TLC. Therefore, these vesicles needed to be analyzed by LC-MS/MS 

to determine the time interval at which all the bola-PC had photocleaved. The preparation of these 

lipid vesicles was not carried out by the author of this work, but by Morgan Robinson and Dr. 

Candace Panagabko. The photocleavage tests themselves, however, were done by this author and 

in coordination with the aforementioned researchers. 
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2.0 Results and Discussion 

2.1 Attempted synthesis of the di-photocleavable diacid (1A) 

2.1.1 First synthetic route attempted to synthesize the di-photocleavable diacid (1A) 

 This synthesis follows the route that is outlined in Scheme 2 found in Section 1.6.1. 

2.1.1.1 Synthesis of 1.2 

2.1.1.1.1 Synthesis of 1.2 using KBr salts 

 

Scheme 6. Synthesis of 1.2 using KBr 

 The bromination of 1,4-dimethoxybenzene (1.1) was first carried out using 

conditions adapted from Lima et al.86 These authors developed an ultrasound-assisted bromination 

of aromatic rings using bromine salts in the presence of H2O2 as a way of bypassing traditional 

bromination by means of Br2, which can be hazardous.86 The single bromination of anisole, which 

is structurally similar to 1.1, was reported to conclude in 10 minutes and to have high yields 

(>90%). The reported safety, good conversion, and quick reaction time made this method 

attractive.86 When these conditions were attempted on 1.1 15 hours passed before the complete 

conversion of 1.1, into a purple liquid, 1-bromo-2,5-dimethoxybromine (1.2). The reaction 

progression was monitored by TLC. 
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Figure 19. Structure of 1-bromo-2,5-dimethoxybenezene (1.2.1) 

 To generate 1.2, additional equivalents of KBr and H2O2 were added to the reaction 

mixture. However, no change could be seen by TLC, therefore 1.2.1 was extracted and its identity 

was confirmed with NMR and MS. Previously reported spectra of 1.2.1 supported the identity of 

this compound.87 This mono-brominated compound was then resuspended in fresh brominating 

conditions. Followed by TLC, the bromination of 1.2.1 took an additional 9 hours. After extraction 

and subsequent recrystallization in EtOH, only 14.2% yield of 1.2 was recovered. NMR, MS, and 

mp data spectra confirmed the production of 1.2. Despite the less hazardous conditions associated 

with this KBr method, it provided low yields and long reaction times. The low yields could be due 

to the requirement of extracting 1.2.1 and subsequently re-reacting it to form 1.2. Another concern 

was using the sonicator for several hours, as this may lower the lifespan of this piece of equipment. 

As such, it was determined that using traditional Br2 to generate 1.2 was warranted.  
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2.1.1.1.2 Synthesis of 1.2 using Br2 

 

Scheme 7. Synthesis of 1.2 using Br2 

 The synthesis of 1.2 using Br2 provided much faster reaction times and much higher 

yields. The procedures reported by Lopez-Alvarado et al. were completed 4 times. In most 

attempts, this reaction took 4 hours and the best yield achieved was 74%.74 TLC taken during this 

reaction show that 1.2.1 is formed and then typically completely converted into 1.2. In one attempt, 

1.2.1 was not completely converted into 1.2. However, 1.2 could still be purified by 

recrystallization in EtOH. The reaction time and yield from this method was an improvement upon 

those used in Section 2.1.1.1. NMR and MS spectra, as well as the MP confirmed the production 

of 1.2. Incorporation of these bromines allows for the subsequent formation of aryl-nitriles.  

2.1.1.2 Synthesis of 1.3 

2.1.1.2.1 Synthesis of 1.3 using NaCN  

 

Scheme 8. Synthesis of 1.3 using NaCN 

 The synthesis of 1.3 was initially attempted using methods reported by Zanon et 

al.88 The mechanism of this reaction can be seen in Figure 20. In this reaction, it is believed that 

the CuI adds to the aryl bromide bond through an oxidative addition, forming Intermediate 1.89 
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Cu (I) is converted into Cu (III) during this process.89  KI salt can displace the Cu-Br, generating 

Intermediate 2 as well as KBr in the process.89 Intermediate 2 can then either react with NaCN 

to form Intermediate 3, or it can undergo reductive elimination, forming CuI and the aryl iodide 

in the process.89 If Intermediate 3 is formed, it can then undergo reductive elimination causing 

the formation of the desired aryl nitrile product, and the restoration of the catalytic CuI.89 

 

Figure 20. Conversion of aryl bromides to aryl nitriles. 

 The incorporation of 1,2-diamine ligands has been shown to accelerate copper 

catalyzed reactions of aryl halides.88 The method that was attempted in this work was reported by 

Zanon et al., with reported yields of 90% in 24 hours.88 The conditions reported were repeated, 

however, the reaction was allowed to react for 48 hours as 1.2 has two aryl bromides that required 

conversion to nitriles. TLC showed unreacted 1.2, as well as the intermediate 1.3.1 and 1.3.  

 

Figure 21. Structure of 1-bromo-4-cyano-2,5-dimethoxybenezene (1.3.1) 

 The reaction was extracted and then purified by column chromatography. The 

mixture that appeared to be 1.2 on TLC was recovered and analyzed by MS. MS showed that this 
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was a mixture of 1.2, and 1-bromo-4-iodo-2,5-dimethoxy benzene (Figure 22). This likely formed 

during the reaction when Intermediate 2 underwent reductive elimination before it could react 

with NaCN to form Intermediate 3. 

 

Figure 22. Structure of 1-bromo-4-iodo-2,5-dimethoxybenezene  

 Compounds 1.3.1 and 1.3 were recovered from the column, however, MS analysis 

showed that these samples were impure. Unfortunately, after two attempts of using these 

conditions on 1.2, the maximum crude yield of 1.3 recovered was 7%. The structure 1.3 was seen 

in MS, however, the sample appeared to be very impure. Due to impurities, the actual yield is 

likely lower than 7%. NMR was not possible for any of the recovered compounds in this reaction 

due to impurities and low yield. Due to difficulties in forming 1.3, an alternative method for 

cyanation was attempted. 

2.1.1.2.2 Synthesis of 1.3 using CuCN  

 

Scheme 9. Synthesis of 1.3 using CuCN  

 One of the first methods developed for the conversion of aryl halides into nitriles 

is known as the Rosenmund-von Braun Reaction.88 Autocatalytic copper (I) cyanide at high 

temperatures (150-280°C) has been shown to be an effective method for generating aryl nitriles.88 
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This reaction generally has fallen out of favor due to the high temperatures needed, as well as the 

need for stoichiometric amounts of CuCN, which can be hazardous.88 Despite these concerns, these 

reactions have in many instances been reported with excellent yield, usually >85%.75 

 CuCN inserts itself in the Ar-Br bond, forming a Cu (III) species, similar to 

Intermediate 3 seen in Figure 20. Reductive elimination occurs and the desired aryl nitrile, as 

well as CuBr are formed. One significant challenge with the Rosenmund-von Braun reaction is 

that the isolation of the aryl nitriles from the reaction mixture can be very challenging.75 The excess 

CuCN, or CuBr that is formed in the reaction can form adducts with the newly formed aryl 

nitriles.75 There are two methods for isolating the aryl nitriles: distillation of the nitriles, or 

decomposition of the nitrile-CuBr/nitrile-CuCN complexes.75 Distillation would require 1.3 to be 

a liquid with a low boiling point. Unfortunately, 1.3 is a solid at room temperature with a high MP 

(239-240°C). Therefore, the only option was to destroy these adducts after the reaction was 

complete. Several works have detailed methods for the liberation of these aryl nitriles. Pilgram 

and Skiles reported that suspending these complexes in HCl and benzene for two hours, followed 

by treatment with 30% H2O2 sufficiently freed the nitriles.90 HCl and 30% H2O2 have been shown 

to oxidize the Cu(I) of CuCN and CuBr to Cu (II), which would destroy these complexes.90 

However, this method was not viable as the reaction of 1.2 would require an excess of CuCN. The 

excess CuCN would react with HCl to form deadly gaseous HCN, and so this method was 

considered unsafe. Another effective method for the decomposition of these complexes involves 

washing them with aq. NaCN.90 This extraction method was vetoed for a variety of reasons: aq. 

NaCN being used for a wash would be dangerous; several grams of NaCN would be required 

which would be very costly; and this method has been known to cause significant emulsions which 

can cause difficulties during extraction.75,90  
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 A purportedly more effective and safer method for the destruction of these 

complexes was reported by Friedman and Schechter using a 4g:1mL:6mL ratio of 

FeCl3:HCl:H2O.75 Aqueous FeCl3 has been found to be able to oxidize the nitrile-copper complex 

to form Cu (II) ions which frees the nitrile.75 These authors used their FeCl3:HCl:H2O work up on 

a 200 g scale reaction, reporting >90% yields on a variety of substrates.75 In an attempt to 

synthesize 1.3, Friedman and Schechter’s methods were used. This reaction was completed five 

times, and generally took 8-12 hours for complete consumption of 1.2. TLC showed the formation 

of 1.3.1 which was eventually converted into 1.3. TLC also showed the formation of another 

compound, having an Rf of 0.0. This compound was suspected to be the nitrile-copper adduct; 

however, this compound could never be isolated by chromatography.  

 The extraction process using FeCl3:HCl:H2O was reagent and time consuming. 

Once only 1.3 and the suspected nitrile-copper adduct were the only materials visible by TLC, the 

FeCl3:HCl:H2O mixture was prepared and heated to 70°C. The reaction that was at 180°C was 

allowed to cool to 70°C and was transferred into the hot iron chloride solution. CuCN and CuBr 

salts are insoluble in DMF and tended to stick to the round bottom flask. Several washes of warm 

toluene (70°C) and scraping with a spatula ensured all contents of the reaction flask were 

transferred into the FeCl3:HCl:H2O mixture. This mixture was kept at 70°C and allowed to mix 

for 30 minutes. This mixture then was filtered to remove any solid copper or iron salts. The filtrate 

was then extracted with 70°C benzene. A 20% aq. HCl and 10% aq. NaOH wash was done on the 

organic phase, followed by a brine wash, as reported by Friedman and Schecter.75 This long 

extraction unfortunately gave poor yields, usually < 20%. In one attempt, the solid copper and iron 

was suspended in Et2O, and TLC showed the presence of 1.3. This indicated that perhaps the 
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adducts were not destroyed or extracted in this process. It was concluded that the FeCl3:HCl:H2O 

was not sufficiently liberating the desired nitrile. 

 An alternative method for breaking down these adducts was attempted using aq. 

NH4OH, as proposed by Pilgram and Skiles.90 This method of adduct decomposition has been 

known to work, albeit with lower yields, ~40%.90 However, 40% yields would be a large 

improvement to the methods that had been used up until this point, so this extraction method was 

attempted. Unfortunately, this extraction only provided a 12.7% yield of 1.3, which was lower than 

the yield provided by the FeCl3:HCl:H2O work up.  

2.1.1.3 Synthesis of 1.4 

2.1.1.3.1 Failed synthesis of 1.4 using 70% HNO3 

 

Scheme 10. Failed synthesis of 1.4 using 70% HNO3  

 An attempt to generate 1.4 was made using methods reported by Lemus and 

Skibo.73 The authors reported being able to generate 1.4 by dissolving 1.3 in acetic anhydride and 

adding HNO3.
 73 An error was made when designing this reaction, as Lemus and Skibo did not use 

70% HNO3 but fuming HNO3.
73 When this reaction was attempted using 70% HNO3 no reaction 

occurred. Even upon heating and adding additional nitrating agent, this form of HNO3 was not 

strong enough to add even a single nitro group. After reconsulting literature, the correct nitrating 

agent was used.  
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2.1.1.3.2 Synthesis of 1.3 using Fuming HNO3 

 

Scheme 11. Synthesis of 1.4 using 70% HNO3 

 The addition of fuming HNO3 to 1.3 dissolved in acetic anhydride yielded 1.4, as 

reported by Lemus and Skibo, provided a yield of 74.6%.73 After addition of the concentrated acid, 

the reaction immediately became a bright yellow colour. The NMR, MS, and melting point of 1.4 

agree with previously published spectra.73   

2.1.2 Second synthetic route followed to attempt to synthesize 1A 

 Despite the successful synthesis of 1.4, there was not enough made to attempt the 

formation of 1.5. A significant bottleneck in the synthesis of 1A using Scheme 2 (see Section 

1.6.1) is the synthesis of 1.3. This reaction was difficult to extract, took several hours, and gave 

poor yields. Having a reaction so early in a synthetic route with such low yields will greatly reduce 

the overall yield of the final target compound. As such, an alternative synthetic route for the 

synthesis of 1A was designed. As seen in Scheme 11, after the bromination of B, a nitration would 

be done. It was hoped that by using a strong nitrating agent, such as fuming HNO3, two nitro 

groups could be added to the compound in a single step, generating C. At this point, a conversion 

of C to D was planned using methods reported by Ramnauth et al.91 This reaction has the benefit 

of taking only one hour, taking place at room temperature, and was shown to work on substrates 

that bear nitro-groups.91 The rest of the synthetic steps are identical to the ones described in 

Scheme 2. 
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Scheme 12. Alternative route for the synthesis of 1A 
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2.1.2.1 Synthesis of C 

 

Scheme 13. Synthesis of C using 70% HNO3 

  The procedure used to synthesize 1.3 was adapted for the synthesis of B. The 

nitriles of 1.3 are electron withdrawing, and likely prevented a double nitration even with fuming 

HNO3. It was hoped that nitrating B, which is less deactivated, two nitro groups could be added in 

a single step. Instead of using fuming HNO3, 70% HNO3 was used. It was feared that using fuming 

HNO3 would destroy this substrate, as it is a very strong nitrating and oxidizing agent. Despite 

using weaker 70% HNO3, this acid was still too strong of an oxidizer for this substrate. One of the 

products of this reaction showed up on the baseline of every TLC, no matter what solvent system 

was used. It is possible that this mixture destroyed some of the starting B. MS showed that one of 

the products that formed from this reaction was 2,5-dibromo-1,4-benzoquinone (C.1), however, 

only in 4%.  MS did also show that the di-nitro compound C was formed, however only in yields 

of 1.5%. The overall yield of C and C.1 is potentially higher, as a mixture of these compounds 

coeluted from the silica column used.  

 

Figure 23. Structure of 2,5-dibromo-1,4-benzoquinone (C.1) 
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2.1.3 A reluctant shift to a mono-photocleavable diacid (2A) 

 Regrettably, the desired synthesis of 1A and subsequent synthesis of 4A, was not 

achieved in this work. Previous students in the Atkinson group, as well as the author of this work, 

have dedicated their undergraduate research projects to synthesizing 1A. Several different 

synthetic routes have been proposed and pursued, but none have led to success. The symmetry that 

1A would provide to a di-photocleavable bola-PI makes it still a desirable target. However, for the 

purpose of progress, this work now turns to the successful synthesis of the mono-photocleavable 

diacid 2A. 

2.2 Synthesis of a Mono-Photocleavable Diacid 

2.2.1 Synthesis of 2.2  

Scheme 14. Synthesis of 2.2 

 The ring opening of the lactone 16-hexadecanolide was completed using aq. NaOH, 

forming the carboxylate anion of 16-hydroxyhexadecanoic acid (2.2) The carboxylate fell out of 

solution as the reaction progressed. After 20 hours the carboxylate precipitate was filtered and 

washed with Et2O. To form 2.2, the carboxylate was then dissolved in water and treated with HCl 

to protonate the carboxylate group. Protonation caused 2.2 to precipitate out of water, allowing for 

filtration of the product. This reaction was completed twice, the highest yield was 94.3%. The 

structure of this compound was confirmed with NMR and MS and agrees with previously reported 

spectra.78 The MP of this compound matches commercially available values.92 
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2.2.2 Synthesis of 2.3 

 

Scheme 15. Synthesis of 2.3 

 The halogenation of 2.2 to 16-bromohexadecanoic acid was done using HBr. The 

reaction progressed as reported by Walter et al.79 TLC during the 20-hour reaction showed the 

formation of 2.3, as well as a side product with a slightly lower Rf. After extraction, the crude 

products were separated by silica chromatography. This reaction was completed twice, and the 

best yield of 2.3 generated was 59.0%. The structure of this compound was confirmed with NMR 

and MS which agreed with previously reported spectra.79 The MP of this compound also matches 

commercially available values.93 A persistent issue with this reaction was coelution of 2.3 with a 

side product, thus reducing the potential yield of 2.3. Despite multiple attempts, pure fractions of 

the side product were never recovered, so identification of this compound was not possible. It is 

suspected that this side product may be the elimination product (Figure 24).  

 

Figure 24. Structure of elimination product 

2.2.3 Synthesis of 2.4 

 

Scheme 16. Synthesis of 2.4 

 These conditions were used for the methylation of the carboxylic acid of 2.3. The 

author of this work had previously used p-TsOH for methylation carboxylic acids in their 
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undergraduate thesis. Instead of using a catalytic amount, previous experience has shown that 

using an excess of p-TsOH (3 mol equivalents) has been necessary for a relatively short reaction 

time. A small amount of 2.3 usually remained after this time, so column chromatography was 

necessary for the purification of 2.4. The highest reported yield of this reaction was 86.1%. The 

NMR of this compound is directly like that of 2.3, however, there is now an additional singlet that 

corresponds to 3H, confirming the successful synthesis of 2.4. Furthermore, MS matched the 

suspected molecular weight, and the mp matched commercially available values.94 

2.2.4 Synthesis of 2.5 

 

Scheme 17. Synthesis of 2.5 

 The method used for the synthesis of 2.5 was adapted from Zong et al.80 In their 

paper, the authors used acetovanillone as their limiting reagent.80 However, 2.4 at this stage was 

the more precious compound, so it was made the limiting reagent. As such, an excess of 

acetovanillone was used. The K2CO3 used in this reaction is responsible for deprotonating the 

phenol of acetovanillone, forming the phenolate. As such, 2 equivalents of K2CO3 in relation to 

the amount of acetovanillone was used. The KI in this reaction was used to convert 2.4 into the 

iodoalkane, which is an even better leaving group than the bromoalkane and increases the chance 

of reacting with the phenolate. This reaction was completed four times and generally took 1-3 

hours. The reaction was complete when TLC showed all of 2.4 had been consumed. The reaction 

was always filtered through Celite to remove remaining KI, KBr, or K2CO3. However, since an 

excess of acetovanillone was used, column chromatography was initially used to separate 2.5 from 
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this starting material. The highest yield purifying in this manor was 63.8%. This modest yield was 

because there was always coelution of 2.5 with acetovanillone. To improve the yields, after 

filtration through Celite, the organic phase was washed with aq. K2CO3. This was done to form 

the phenolate that should be soluble in the aqueous phase, and insoluble in the organic phase. This 

was successful, and this purification removed the necessity of a column, achieving a yield of 

81.8%. 2.5 and all compounds synthesized leading to 2A are novel, therefore there are no existing 

NMR spectra to compare to. Regardless, NMR spectra confirms the production of 2.5, and MS 

shows the expected molecular weight. 

2.2.5 Failed Synthesis of 2.6 

 

Scheme 18. Failed synthesis of 2.6 

 Two attempts were made to nitrate 2.5 using the conditions seen in Scheme 17. 

After several hours of reacting, TLC showed that starting material was still present and a faint 

amount of a new compound had formed. After extraction and purification by column 

chromatography, it was determined that a nitration had not occurred, but that the methyl ester of 

2.5 had been hydrolyzed (2.6.1). This is supported by NMR spectra that is similar to the spectra of 

2.5 but is now missing the 3H singlet that corresponded to 2.5’s methyl ester. Furthermore, the 

expected weight of the demethylation product was seen by TLC. It was determined that this 

mixture may not be a strong enough nitrating agent.  
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Figure 25. Demethylation of 2.5 

 

2.2.6 Failed Nitration of Acetovanillone 

 

Scheme 19. Failed nitration of acetovanillone 

 After the failed nitration of 2.5, it was initially considered that the alkyl chain may 

be deactivating the ring, making nitration difficult. It was considered that the nitration of 

acetovanillone may be more efficient. Acetovanillone was dissolved in acetic acid, and the addition 

of two Pasteur pipette drops of 70% HNO3 caused the reaction to immediately turn a yellow, and 

then a dark orange colour. Yellow precipitate began to fall out of the solution as well. Once purified 

by filtration and washed with water, MS showed a mass that indicated that nitration was successful. 

However, 1H NMR indicated that the nitration did not occur in the desired position that is meta to 

the phenol. In fact, it appeared that the nitro group was added ortho to the phenol. Nitration in this 

position is reasonable, albeit disappointing, as phenols are strong ortho/para directing groups. One 

aromatic hydrogen has a shift of 8.323 ppm. A shift this downfield would likely only occur if it 

were between two very de-shielding functional groups, like the nitro- and ketone-groups. The yield 

of this reaction was good, 80.0%. Unfortunately, this compound was useless for this work, as the 

nitro-group must be ortho to the benzyl hydrogen for photocleavage to occur. 
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Figure 26. Acetovanillone nitrated at the wrong position 

2.2.7 Synthesis of 2.6 

 

Scheme 20. Synthesis of 2.6 

 Once it was realized that the nitration of acetovanillone in the correct position was 

likely not possible, the nitration of 2.5 was revisited. A literature search revealed the nitration of a 

similar acetovanillone derivative in the desired aromatic position.81 Using the methods reported 

by Nakayama et al., nitration of 2.5 was possible by suspending this compound in acetic anhydride 

and adding it dropwise to a 5:1 solution of 70% HNO3:acetic anhydride at 0°C.81 At the beginning 

of the reaction, there was an immediate yellow colour, followed by the precipitation of a yellow 

solid. TLC of the reaction showed the formation of 2.6, as well as a side product. The structure of 

2.6 was confirmed via NMR and MS. A side product was also consistently generated during this 

reaction. The ketone of 2.5 seemed to be capable of being oxidized to a carboxylic acid (2.6.2). 

Surprising as it may be, 1H NMR showed the disappearance of the 3H singlet that corresponds to 

the methyl ketone that was visible in the NMR spectrum of 2.5. It was considered that the 3H 

singlet of the methyl ester may be what is disappearing, through hydrolysis, but when compared 

to the spectra of 2.4 it was realized this methyl ester was still present. The mass of 2.6.2 was also 

confirmed by MS. The oxidation of aromatic ketones to carboxylic acids by HNO3 has been 
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reported in the past by Tezuka et al.95 This reaction was done three times, in each instance 2.6.2 

was formed as a minor product (19%). The highest yield of 2.6 recovered was 64.9%.  

 

Figure 27. Structure of 2.6.2 

2.2.8 Synthesis of 2.7 

 

Scheme 21. Synthesis of 2.7 

 The reduction of the benzylic ketone was carried out using NaBH4 using methods 

reported by Zong et al.80 This reaction was monitored by TLC and showed the production of only 

one new product, 2.7. Complete conversion of 2.6 was observed, so column chromatography was 

not necessary. This reaction was completed thrice, and the maximum yield obtained was 87.8%.  

2.2.9 Synthesis of 2A 

 

Scheme 22. Synthesis of 2A 

 The alkylation of 2.7 with 2.4 was carried out following the protocol reported by 

Pirrung et al.82 NaH was used to deprotonate the secondary alcohol of 2.7 to form an alkoxide, 

which then was able to displace the terminal bromine of 2.4. This alkylation formed an 



 

65 

 

intermediate di-ester (Figure 28). An excess of 2.4 was required for this reaction. This reaction 

had to be done under N2 to preserve the integrity of NaH. TLC showed complete consumption of 

2.7. The di-ester had a similar Rf to 2.4. Purification of this reaction was done by column 

chromatography, however, 2.4 and the diester intermediate could not be isolated from one another. 

Therefore, 2.4 and the diester were both carried into step two of this reaction which was the 

hydrolysis of the methyl esters via NaOH to the carboxylate. TLC of this reaction showed that the 

methyl esters of both 2.4 and the diester were hydrolyzed, forming 16-bromohexadecanoic acid 

(2.3) and 2A alkoxides. The reaction was subsequently diluted with H2O, and acidified with HCl 

to protonate the alkoxides, forming the respective carboxylic acids. The difference in Rf between 

2.3 and 2A was significantly larger than the difference between 2.4 and the diester, making 

purification by column chromatography possible. The structure of 2A was confirmed using NMR 

and MS. This reaction was completed twice, and the highest yield recovered was 26.5%.  

2.3 Synthesis of lyso-PC (3) 

Scheme 22. Synthesis of 3 

 The synthesis of 3 was carried out following the methods reported by Fasoli et al.83 

The glycero-3-phosphocholine, purchased from Toronto Research Chemicals, has the proper 

stereochemistry at the sn2 position. Refluxing this starting material with dibutyltin oxide was done 

for one hour to allow for the formation of a tin-acetal complex. The reaction was subsequently 

cooled to room temperature. TEA was added, acting as a scavenger base, prior to the addition of 

palmitoyl chloride. The addition of the acid chloride allows for acylation at the sn2 position. This 
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acylation produces one molecule of HCl, hence the requirement of TEA. The reaction was then 

rotary evaporated to dryness, and then resuspended in water and hexanes. Compound 3 was soluble 

in the aqueous phase, and organic washes were done to remove any residual DBTO and any 

palmitic acid that is formed as a result of any excess palmitoyl chloride reacting with water. The 

aqueous phase had to be rotary evaporated to dryness with great care, as the water would bump 

and bubble with vigor. Purification of the crude product was attempted by precipitating the product 

out of solution using a 4:1 solution of acetone:EtOH at -20°C overnight, as reported by Fasoli et 

al.83 Molybdenum Blue was used to visualize all of the TLCs used up until this point. After 

precipitation, TLC showed pure 3. However, initial NMR data showed the presence of starting 

material. Visualization using iodine powder clearly showed the presence of glycerol-2-

phosphocholine, which was not resolved when Molybdenum Blue was used. Therefore, a column 

was run on this crude material, as suggested by the reports of Niezgoda et al.96 The structure of 3 

was confirmed by NMR and MS, and agrees with previously published literature.83,96 The low 

yield of 32.7% was likely due to overhandling.  
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2.4 Synthesis of mono-photocleavable bola-PC (4B) 

 Scheme 23. Synthesis of 4B 

 To generate 4B, a Steglich esterification was conducted following the reported 

methods of Cuccia et al., who used this method to synthesize their own bola-PC.84 Employing inert 

conditions was critical for this reaction, as was ensuring all reagents used in this experiment were 

free of water. When DMAP forms an intermediate pyridinium carbonyl with a carboxylic acid and 

water is present, water can act as a nucleophile and displace DMAP, reforming the carboxylic acid 

(Figure 28).97 This would prevent the preferred esterification of 3. Therefore, all reagents used 

were placed under high vacuum immediately before use. All glassware was flame dried. HOBT, 

DCC, and DMAP were then placed in their own respective flasks, purged with N2, and dissolved 

in dry CHCl3 via an N2 syringe. 2A and 3 were allowed to reflux alone for 10 minutes. 

Subsequently, DMAP and HOBT were added and allowed to mix for 30 minutes. Adding DMAP 

before DCC was done to allow DMAP to deprotonate the carboxylic acids, so that they are primed 

and ready for reaction with DCC.97 Adding HOBT in at this step was also done so that DMAP 

would be able to deprotonate the oxime, making it a better nucleophile for when the diacid is bound 

to DCC. 2 molar equivalents of DCC were added at this time and allowed to react for 2 hours. 98 
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The final 2 molar equivalents of DCC were added, and the reaction was allowed to reflux for 4 

days under N2. The reaction progression was monitored by TLC during this time. After the first 

day 2A was completely consumed, and a small amount of 4B had formed. As the days went by, 

TLC showed the slow production of more 4B. There was no significant change in TLC between 

days three and four, so the reaction was rotary evaporated and loaded onto a silica column. 

Chromatography was needed to isolate 3 and 4B from any residual HOBT, DCC, DMAP, and 

dicyclohexylurea (DCU) produced in this reaction (See Figure 28).9798  

 The silica column was not capable of isolating 4B from 3 as their respective Rf’s 

are close to one another. Therefore, a column made of Lipidex-1000 was required to purify 4B. 

Some fractions of 4B were collected, however, coelution of these two compounds still occurred. 

Thankfully, the Lipidex-1000 column is reusable, and the coelution fractions were immediately 

evaporated and re-loaded onto this column. The Lipidex-1000 column needed to be run a total of 

three times for complete isolation of 4B. NMR and MS of this compound confirmed the structure 

of 4B. Further TLC confirmation that 2A was incorporated into this bola is that this compound is 

active by UV, this is important as 3 is not UV active, while 2A is. The overall yield of this reaction 

was found to be 20.7%.  
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Figure 28. Steglich Esterification enhancement by DMAP and HOBT. A) Steglich esterification 

mediated by DMAP. DMAP deprotonates the carboxylic acid, forming a carboxylate. The carboxylate 

can then attack the central carbon of DCC, leaving a negative charge on one of the nitrogen’s of DCC. 

DCC picks up the hydrogen that DMAP earlier abstracted from the carboxylic acid. DMAP then can act 

as a nucleophile on the carbonyl, forming a pyridinium carbonyl and displace DCU. The alcohol is then 

able to act as a nucleophile and kick DMAP out, reforming DMAP and making the desired ester. B) 

Steglich esterification mediated by HOBT. The steps leading up to the first DCC intermediate are the 

same as in A). HOBT can act as a nucleophile instead of DMAP in this route, similarly displacing DCU 

in the process. Once an amide bond is formed with HOBT, the alcohol can act as a nucleophile and 

displace HOBT, restoring HOBT and making the desired ester.  

 



 

70 

 

2.5 Photocleavage Experiments 

2.5.1 Photocleavage of 2A and 4B 

Figure 29. Photocleavage of 2A and 4B in solution.  

 Compounds 2A and 4B should both be capable of photocleavage. To test their 

ability to photocleave, each of these samples were dissolved in organic solvent and placed into a 

quartz cuvette. These samples were then irradiated with 365 nm of light for increasing time 
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intervals. The time intervals that were used were seen in Table 1 and 2 in Section 4.3.1. The scope 

of this test was not to understand or determine the kinetics of this photocleavage, but merely to 

understand how long it would take for 100% photocleavage to occur. Therefore, after each time 

point, a TLC was taken to determine if 2A or 4B was still present in the mixture or not. Once 

starting material could no longer be resolved, the photocleavage was considered complete. It is 

likely that there may be a low concentration of 2A or 4B present in the mixture that is too low to 

be resolved by TLC. However, such a concentration was considered negligible, and would likely 

constitute a small proportion of the initial sample. It was found that after irradiation for 60 and 105 

seconds, 2A and 4B had undergone 100% photocleavage, respectively. Such a result was a large 

success for this work, as photocleavage was achieved and in a timely fashion, which is critical for 

this compound’s eventual use in a Transcreener Assay.  

 TLC showed that 2A produced two new photocleavage products by TLC, 2A-1 and 

2A-2. As expected, 2A-1 could be resolved by UV and 5% H2SO4 in MeOH, whereas 2A-2 could 

only be resolved with the acid stain. 4B produced two new photocleavage products as well, 4B-1 

and 4B-2. 4B-1, could be visualized by UV as well as Molybdenum Blue stain, whereas 4B-2 

could only be seen with Molybdenum Blue. These photocleavage tests were done on a small scale, 

using 200 µL of 2 mM solutions. As such, purification of these photocleavage products was not 

possible with any forms of chromatography that were immediately available to this research group. 

Therefore, the mixture of photocleavage products were submitted for MS. Analysis showed the 

presence of the expected mass of all photocleavage products, as well as the absence of 2A and 4B. 
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2.5.2 Photocleavage of 4B in vesicles  

  Section 2.5.1 demonstrated that 4B is capable of photocleavage in a timely fashion 

when it is pure and free in solution. However, when the Transcreener Assay is being conducted 

4B will be in lipid vesicles with proteins present, a much more complex matrix. Therefore, it was 

prudent to confirm that 4B is in fact still able to photocleave within a vesicle. A secondary goal of 

this experiment was to determine how long it will take for 100% photocleavage to occur withing 

this matrix. Lipid vesicles were prepared by Morgan Robinson and Dr. Candace Panagabko. Six 

samples of vesicles were prepared, comprised of 10% 4B and 90% DOPC. Six 30-second time 

intervals were used. Each sample was irradiated with 365 nm of light. After irradiation, each 

sample was stored until the vesicles could be analyzed with LC-MS/MS by Dr. Dave Bowman. 

Separation of the photocleavage products from the DOPC could only by done by this method. 

Regretfully, though this photocleavage experiment was conducted, the samples have yet to be 

analysed.  
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3.0 Conclusions and Future Work 

 The goal of this thesis was to synthesize of a mono- and di-photocleavable bola-

PC. However, only the synthesis of the mono-photocleavable bola-PC (4B) was achieved. Early 

challenges in the synthetic route of the di-photocleavable acid were related to the cyanation of two 

aromatic bromines. If a member of the Atkinson group were to pursue the di-photocleavable diacid 

again, an alternative synthetic route will need to be followed. A new synthetic route for a future 

student is proposed in Scheme 23. While the bromination of 1,4-dimethoxybenzene was 

successful, the conversion of these aryl halides into aryl nitriles proved tedious and provided low 

yields. The nitration of 1,4-dibromo-2,5-dimethoxybenzene was investigated, but perhaps should 

be further explored. Only one nitration was attempted on 1,4-dibromo-2,5-dimethoxybenzene. The 

yield of the desired 1,4-dibromo-2,5-dicyano-4,6-dimethoxybenzene was low, only 1.5%. 

However, some product was formed, and this does inspire hope that this reaction could be 

improved. If successful, one could propose that instead of converting the aryl halides into nitriles, 

a Grignard reaction could be conducted, resulting in the direct formation of carboxylic acids. This 

would significantly reduce the number of synthetic steps, as compared to the original Scheme 2 

that was followed in this work. These carboxylic acids could then be methylated using p-TsOH in 

MeOH, which has already shown to be successful in this thesis. The next step would be to use 

DIBAL to reduce the methyl esters to aldehydes, and then subsequently methylate the carbonyl 

carbon into secondary alcohols. After this step, alkylation with 2.4 and subsequent hydrolysis can 

be done and has already been shown to work.  
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Scheme 24. Future synthesis of di-photocleavable diacid. 

 Another aspect of this work that has yet to be completed is the photocleavage of 

4B in lipid vesicles. It is expected that the results of these studies will be known soon, so that the 

future members of the Atkinson group that are carrying out the Transcreener® ADP2 FI assay will 

have a better idea of how long the assay will need to be irradiated with 365 nm of light. The 

photocleavage tests of 2A and 4B clearly show that photocleavage is possible. This photocleavage 

also occurs in less than 5 minutes, which was a goal of this work.  

 During the preparation of the lipid vesicles, Morgan Robinson and Dr. Candace 

Panagabko made a surprising observation. In broad strokes, vesicles are made when stock solutions 

of lipids are combined in solvent. This solvent is then evaporated and dried under vacuum. These 

lipids are then resuspended in buffer, and finally, the resuspended lipids are extruded through 
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filters to form vesicles. Normally, when vesicles are resuspended in buffer, the solution of the 

vesicles is cloudy. This resuspension is comprised of multilamellar vesicles (MLV). By extruding 

this suspension through the polycarbonate filters, this suspension is converted entirely into small 

unilamellar vesicles (SUVs) equal to the pore size of the membrane. As has always been observed 

in this group, the lipid suspension is cloudy prior to extrusion, and the extruded vesicle mixture is 

clear. This was not the case when 4B was resuspended with DOPC lipids. After resuspension, this 

mixture was clear. Multiple repetitions of making these vesicles had the same result. It is out of 

the scope of this thesis to investigate this phenomenon further. However, it would be prudent for 

this research group to conduct a further investigation. It could be possible that the bola-PC 

bolalipid was imparting some degree of order to this resuspension, causing the spontaneous 

formation of large unilamellar vesicles (LUV) or SUVs after formation. 

 Another future experiment could be to see how the incorporation of the bola-PC 

synthesized herein affects the stability of the vesicles. As stated in Section 1.4, the incorporation 

of bolalipids into vesicles can lead to increased stability. Bolalipid containing vesicles and control 

vesicles could be compared for stability over a series of weeks. Using DLS, the size of the vesicles 

can be measured weekly. It would be expected that the control vesicles would deteriorate sooner 

than those containing bolalipids, owing to the stability that bolalipids can impart on membranes.  

 The synthesis of 4B was one large step toward the synthesis of a photocleavable 

bola-PI. The next step for this work would be the utilization of PLD to carry out a 

transphosphatidylation of 4B to form a bola-PI. This will be done by members of the Atkinson 

group in coming months. The conditions for such a reaction are detailed in Scheme 24. Once 

synthesized, the Transcreener® ADP2 FI assay can be conducted by this group to test the 

presentation model of Sec14.  
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Scheme 25. Synthesis of mono-photocleavable bola-PI 

 

 

 

 

 

 

 

 

 



 

77 

 

4.0 Experimental 

 All chemical reagents and solvents used were purchased from Sigma Aldrich unless 

otherwise stated. The following solvents and reagents were purchased from Fisher Scientific: 

NaOH, sodium sulphate, NaHCO3, Toluene, DMF, Acetone, Methanol. K2CO3 and Acetic 

anhydride were purchased from Caledon. H2SO4 and 70% HNO3 were purchased from 

Anachemica. HOBT was purchased from TCI America. Hexadecanolide (2.1) was purchased from 

Alfa Aesar. Glycerol-3-phosphocholine was purchased from Toronto Research Chemicals. 

4.1 General Methods 

4.1.1 Chromatography 

 TLC was performed with silica gel plates from Merk KGaA (60 F254). The 

following stains were used to develop the plates: 5% H2SO4 in MeOH (v/v), Molybdenum Blue 

spray reagent, and molecular iodine crystals. UV analysis of the plates was done when applicable. 

Unless specified, all column chromatography was performed on silica gel from SiliCycle® 

SilicaFlash® P60 (particle size: 40-63 µm, pore size of 65 Å). Lipidex-1000 was purchased from 

Sigma-Aldrich. Preparative TLC silica gel plates (2000 µm) from Uniplate were visualized with 

UV light.  

4.1.2 Spectroscopy 

 1H and 13C nuclear magnetic resonance (NMR) data was recorded using a Bruker 

Advance III HD 400 Digital NMR spectrometer at 400 MHz for proton and 100 MHz for carbon. 

Compounds were analyzed in either deuterated chloroform or deuterated methanol. When the 

internal reference solvent used was deuterated chloroform (CDCl3) (
1H NMR= δ 7.25 ppm, 13C 

NMR = δ 77.0 ppm) all chemical shifts were reported relative to CHCl3. When the internal 
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reference solvent used was deuterated methanol (CD3OD) (1H NMR= δ 3.35, 4.78 ppm, 13C NMR 

= δ 49.3) all chemical shifts were reported relative to MeOH. Data analysis was performed with 

the Bruker TOPSPIN 3.6 PL2 program. Abbreviations of multiplicity signals is as follows: s 

(singlet), d (doublet), t (triplet), m (multiplet). In some of the enclosed 13C spectra, not all carbons 

will be accounted for due to common overlap of long chain CH2 signals.  

4.1.3 Spectrometry 

 Low resolution mass spectrometry (MS) spectra using electrospray ionization (ESI) 

was collected on a Bruker HCT Plus ion-trap mass spectrometer by direct infusion. High resolution 

MS spectra using ESI was collected on an Agilent 6560 using by direct infusion using QTOF 

mode. Low- and high-resolution MS spectra using electron ionization (EI) were collected on a 

Thermo DFS mass spectrometer and loaded into the ion source with a heated probe. Molecular 

ions are reported as mass/charge (m/z). 
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4.2 Synthesis of Compounds 

4.2.1 Synthesis of di-photocleavable bola-PC 

4.2.1.1 Synthesis of 1,4-dibromo-2,5-dimethoxybenezne (1.2) 

4.2.1.1.1 Synthesis of 1,4-dibromo-2,5-dimethoxybenzene (1.2) using KBr 

 

 0.500 g (3.6 mmol) of 1,4-dimethoxybenzene (1.1) and 0.948 g (2.2 molar 

equivalents) of KBr was added to a 50 mL round bottom flask and dissolved in 10 mL of glacial 

acetic acid. 0.6 mL of H2O2 was added to the mixture. The reaction flask was placed in a sonicator 

and sonicated for 10 hours. The reaction became yellow after 10 minutes. The sonicator warmed 

the water to 50°C. TLC showed the presence of 1.1 and a new compound with an Rf of 0.68. The 

reaction was moved to a stir plate and left to react for an additional 15 hours. 1.1 was no longer 

visible by TLC, only the new compound. The mixture was poured into 50 mL of dH2O and 

extracted with 3 x 25 mL of EtOAc. The organic phases were combined, dried with anhydrous 

sodium sulphate, gravity filtered, and rotary evaporated. 0.465 g of a purple-brown liquid was 

recovered. NMR and mass spectra of this compound indicate this was 1-bromo-2,5-

dimethoxybenezene, 1.2.1. A, literature search confirmed that 1.2.1 is a purple liquid at room 

temperature.87 
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Structure of 1.2.1 

TLC: Rf = 0.58 (1:1, DCM:MeOH). Visualized with UV light 

1H-NMR: (400 MHz, CDCl3), δ 7.157 (s, 1H, Ar-H ortho to Br), δ 6.862 (s, 2H, Ar-H  meta and 

para to Br), δ 3.879 (s, 3H, OMe ortho to Br), δ 3.794 (s, 3H, OMe meta to Br)  

MS [EI+]: m/z 217.98 (M+). Calculated for C8H9O2Br    

 

 1.2.1 was redissolved in 5 mL of acetic acid with 0.474 (1.1 molar equivalents) of 

KBr and 0.3 mL of H2O2. The reaction was sonicated to for 9 hours at 50°C. 1.2.1 was no longer 

visible by TLC. A compound with an Rf of 0.75 was visible. The reaction was then poured into 50 

mL of dH2O and then extracted with 3 x 25 mL aliquots of EtOAc. The organic phase was dried 

with anhydrous sodium sulphate, gravity filtered, and rotary evaporated yielding a white-pink 

solid. This crude material was then recrystallized in EtOH producing 152.4 mg of 1.2 as a white 

crystalline solid, corresponding to a 14.2% yield.  

TLC: Rf = 0.75 (1:1, DCM:MeOH). Visualized with UV light 

MP: 145-146 °C. Matches literature values.99 

1H-NMR: (400 MHz, CDCl3), δ 7.132 (s, 2H, Ar-H + Ar-H), δ 3.879 (s, 6H, OMe + OMe)  

13C-NMR: (100 MHz, CDCl3), 150.56, 117.16, 110.52, 57.04 

MS [EI+]: m/z 295.83 (M+). Calculated for C8H8O2Br2    
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4.2.1.1.2 Synthesis of 1,4-dibromo-2,5-dimethoxybenzene (1.2)  

 

 5.000 g (36.19 mmol) of 1.1 was dissolved in 10 mL of acetic acid. 3.7 mL of Br2 

(2 molar equivalents) was dissolved in 4 mL of acetic acid and was then added dropwise. The 

reaction mixture began as a light orange colour which turned dark red as the addition took place. 

As the reaction progressed white precipitate fell out of solution, and the mixture began to turn a 

bright opaque orange colour. After 2.5 hours 1.2 and 1.2.1 were visible by TLC. The reaction was 

allowed to react for an additional 2 hours until only the 1.2 was visible on TLC. The reaction 

mixture was then diluted with 50 mL of dH2O and extracted with 4 x 30 mL aliquots of EtOAc. 

The organic layer was washed with NaHCO3, dried with anhydrous sodium sulphate, gravity 

filtered, and rotary evaporated to dryness. The white-purple solid was then recrystallized in EtOH, 

affording 7.970 grams of 1.2 as a white crystalline solid, corresponding to a 74.6% yield.  

4.2.1.2 Synthesis of 1,4-dicyano-2,5-dimethoxybenezne (1.3)  

4.2.1.2.1a Synthesis of 1,4-dicyano-2,5-dimethoxybenzene (1.3) using NaCN  

 

 0.200 g (0.68 mmol) of 1,4-dibromo-2,5-dimethoxybenzene (1.2), 0.080 g of NaCN 

(2.4 mol equivalents), 0.045 g of KI (40 mol%), and 0.026 g of CuI (20 mol%), were loaded into 
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a flame dried 25 mL 3-neck round bottom flask. The flask was then purged of air using N2. 5 mL 

of dry toluene was transferred into the round bottom flask via a N2 purged syringe. 72 µL of N, 

N’-dimethylethylenediamine (1 molar equivalents) was then added via a N2 purged syringe. The 

reaction was heated to 110°C while under a continuous flow of N2. After an hour, the mixture 

became a light blue colour, which progressed into a dark blue. After 48 hours, 1.2 and two new 

compounds were seen by TLC. These new compounds had Rf’s of 0.50 and 0.35, respectively. The 

reaction was quenched with 30 mL of 30% aq. NH4OH and extracted with 3 x 15 mL aliquots of 

EtOAc. The organic layers were combined, dried over anhydrous sodium sulphate, gravity filtered, 

and rotary evaporated to dryness affording 0.196 g of a white-yellow solid. This solid was then 

loaded onto a column using a solvent system of 100% DCM. Low resolution EI showed that the 

compound that corresponded to 1.2 was a mixture of 1.2 and 1-bromo-4-iodo-2,5-

dimethoxybenzene. 0.096 g of this solid was recovered. 

 

Mixture of 1.2 and 1-bromo-4-iodo-2,5-dimethoxybenzene 

TLC: Rf = 0.80 (100% DCM). Visualized with UV light 

MS [EI+]: m/z 295.9 + 343.9.  
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 0.021 g of the compound with Rf 0.50 was recovered. Low resolution EI showed a 

mass that corresponded to 1-bromo-4-cyano-2,5-dimethoxybenzene (1.3.1). This mixture was 

contaminated with 1.2 so NMR was not attempted. 

 

Structure of 1.3.1 

TLC: Rf = 0.50 (100% DCM). Visualized with UV light 

MS [EI+]: m/z 243 (M+). Calculated for C9H8O2BrN    

 A solvent system of 10:1 DCM:MeOH was required to recover 0.007g the 

compound with Rf 0.35. Low resolution EI showed a mass that corresponded to 1.3. However, due 

to contamination NMR was not attempted. 

 

TLC: Rf = 0.35 (100% DCM). Visualized with UV light 

MS [EI+]: m/z 188 

4.2.1.2.1b Synthesis of 1,4-dicyano-2,5-dimethoxybenzene (1.3)  

 0.200 g (0.67 mmol) of 1.2, 0.045 mg of KI (40 mol%), 0.026 mg CuI (20 mol%), 

and 0.080 g of NaCN (2.4 molar equivalents) were loaded into a flame dried 3-neck round bottom 

flask. The flask was purged with N2. 4.5 mL of dry toluene was loaded into the round bottom flask 

with a N2 purged syringe. 72 µL of N, N-dimethyl-ethylene-diamine was then added with a N2 



 

84 

 

purged syringe. The mixture was heated to 130°C. After 10 minutes the mixture became a blue 

colour. The reaction was allowed to proceed for 72 hours, after which time 1.2, 1.3.1, and 1.3 were 

visible by TLC. An additional 2 molar equivalents of NaCN and N, N’-dimethylethylenediamine 

was added. After 24 hours no change was visible by TLC. The reaction was cooled to room 

temperature, quenched with 30 mL of 30% aqueous NH4OH and extracted with 3 x 15 mL aliquots 

of EtOAc. The organic layers were combined, dried over anhydrous sodium sulphate, gravity 

filtered, and rotary evaporated to dryness. 0.240 g of a white-yellow solid was recovered. This 

solid was loaded onto a silica column initially using a solvent system of 100% DCM → 10:1 

DCM:MeOH. 0.136 g of 1.2, 0.047 g of impure 1.3.1, and 0.014 g of impure 1.3 was recovered.  

4.2.1.2.2a Synthesis of 1,4-dicyano-2,5-dimethoxybenzene (1.3) using CuCN 

 

 0.199 g (0.67 mmol) of 1.2 and 0.129 g (2.4 molar equivalents) of CuCN was 

dissolved in 3 mL of dry DMF. The mixture was heated to 180°C in a sand bath. After mixing, the 

solution immediately turned a dark yellow, progressing to black. After 12 hours, 1.2 was no longer 

visible by TLC. Three new compounds were visible by TLC, having Rf’s of 0.60, 0.51, and 0.00, 

respectively. In a separate round bottom flask; 4 g of FeCl3, 1 mL of HCl, and 6 mL of dH2O was 

mixed and heated to 70°C. The reaction was cooled to 70°C and added to the solution of FeCl3 

and DMF. This mixture was then allowed to mix for 30 minutes and then extracted using 3 x 30 

mL aliquots of toluene that had been heated to 60°C. The organic layers were combined and 

washed with 90 mL of 20% HCl, and then washed again with 90 mL of 10% NaOH. The organic 
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layer was then gravity filtered to remove any iron or copper precipitate. The organic layer was 

dried with anhydrous sodium sulphate, gravity filtered, and rotary evaporated to dryness, yielding 

0.055 g of a yellow-white solid. This solid was then loaded onto a column with a solvent system 

of 100% DCM. The compound with an Rf of 0.0 could not be recovered from the silica column. 

0.004 g of 1.2 was recovered from the column. 0.029 grams of the compound with an Rf of 0.60 

was recovered. Mass spectra of this compound showed a mass that corresponded to 1-bromo-4-

cyano-2,5-dimethoxybenzene (1.3.1).  

 

1.3.1 

TLC: Rf = 0.60 (100% DCM). Visualized with UV light 

1H-NMR: (400 MHz, CDCl3), δ 7.231 (s, 1H, Ar-H), δ 7.055 (s, 1H, Ar-H), δ 3.920 (s, 3H, OMe), 

δ 3.893 (s, 3H, OMe)  

13C-NMR: (100 MHz, CDCl3), 155.64, 150.16, 118.75, 117.26, 115.88, 112.62, 100.71, 59.98, 

56.73 

MS [EI+]: m/z 242.97 (M+). Calculated for C9H8O2BrN    

 

 0.009 g of the compound with an Rf 0.51 was recovered. NMR and mass spectra 

indicated that this compound was the desired 1.3, corresponding to a yield of 7%. 
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MP: 239-240°C   

TLC: Rf = 0.51 (100% DCM). Visualized with UV light 

1H-NMR: (400 MHz, CDCl3), δ 7.174 (s, 2H, Ar-H), δ 3.952 (s, 6H, OMe)  

MS [EI+]: m/z 188.02 (M+). Calculated for C10H8O2N2    

4.2.1.2.2b Synthesis of 1,4-dicyano-2,5-dimethoxybenzene (1.3) using CuCN 

 0.204 g (0.69 mmol) of 1.2 and 0.183 g of CuCN (2.4 equivalents) was dissolved 

in 4 mL of dry DMF and heated to 180°C in a sand bath for 8 hours. TLC showed a mixture of 

1.3.1, 1.3, and a compound with an Rf of 0.0. The reaction had turned into a dark black colour. The 

mixture was then transferred into a round bottom flask containing 4 grams of FeCl3, 1 mL of HCL, 

and 6 mL of H2O that was heated to 70°C. Residual material in the reaction flask was transferred 

by scraping with a spatula and rinsing the flask with DMF heated to 70°C. The reaction was 

quenched by the FeCl3 mixture for 30 minutes. The mixture was then extracted with 3 x 30 mL 

aliquots of toluene heated to 60°C. The organic layers were then combined and washed with 30 

mL of 20% HCl, and then 30 mL of 10% NaOH. The organic layer was then gravity filtered to 

remove any solid particulates. The organic phase was then dried with anhydrous sodium sulphate, 

gravity filtered, and rotary evaporated to dryness, providing 0.050 g of a yellow-white solid. TLC 

showed a mixture of 1.3 and 1.3.1. This solid was loaded onto a preparatory TLC plate using a 

solvent system of 100% DCM. 0.030 (23.6% yield) of 1.3 was recovered. 0.006 g of 1.3.1 was 

recovered.  

4.2.1.2.2c Synthesis of 1,4-dicyano-2,5-dimethoxybenzene (1.3) using CuCN 

 1.000 g (3.38 mmol) of 1.2 and 0.726 g of CuCN (2.4 equivalents) was dissolved 

in 6 mL of dry DMF and was heated to 190°C for 8 hours. The reaction became black during this 

time. TLC showed 1.3.1, 1.3, and a compound with an Rf of 0.0. A mixture containing 10.000 g of 
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FeCl3, 2.5 mL of HCL, and 15 mL of H2O was heated to 70°C. Residual material in the reaction 

flask was transferred by scraping with a spatula and rinsing with DMF heated to 70°C. The reaction 

was quenched by the FeCl3 mixture for 30 minutes. The mixture was then extracted with 3 x 30 

mL aliquots of toluene heated to 60°C. The organic layers were then combined and washed with 

30 mL of 20% HCl, and then 30 mL of 10% NaOH. The organic layer was then gravity filtered to 

remove solid iron particulate, dried with anhydrous sodium sulphate, gravity filtered, and rotary 

evaporated to dryness. 0.062 g of a mixture of 1.3.1, 1.3, and a compound with an Rf of 0.0. This 

FeCl3-reaction mixture was then extracted using the 20% HCl and 10% NaOH washes three more 

times as described above. An additional 0.209 g of the 1.3.1, 1.3, and a compound with an Rf of 

0.0 mixture was recovered. TLC showed that there was still 1.3 present in the FeCl3-reaction 

mixture. This mixture was then diluted with 100 mL of brine and extracted with 3 x 60 mL aliquots 

of Et2O. This Et2O organic phase was then also washed with 30 mL of 20% HCl, and then 30 mL 

of 10% NaOH. The organic layer was then filtered of any solid particulate, dried with anhydrous 

sodium sulphate, gravity filtered, and rotary evaporated to dryness providing an additional 0.060 

g of the 1.3.1, 1.3, and a compound with an Rf of 0.0 mixture. A total of 0.331 g of this mixture 

was now collected. This mixture was recrystallized 3 times to afford 0.152 g of 1.3 as a yellow 

solid, corresponding to a 23.8% yield. TLC showed that there was still 1.3 present in the FeCl3-

reaction mixture. 

4.2.1.2.2d Synthesis of 1,4-dicyano-2,5-dimethoxybenzene (1.3) using CuCN 

 0.397 g (1.34 mmol) of 1.2 and 2.4 equiv of CuCN was dissolved in 5 mL of dry 

DMF in a 50 mL round bottom flask. The mixture was heated to 160°C for 6 hours on a sand bath, 

during which time the reaction became a dark black colour. 1.2, 1.3.1, 1.3, and a compound with 

an Rf of 0.0 was visible by TLC. Another 0.5 equivalents of CuCN was added to the mixture and 
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was allowed to react for another 12 hours. A mixture of 1.3.1, 1.3, and a compound with an Rf of 

0.0 was visible by TLC at that time. The mixture was allowed to react for another 6 hours, at which 

time only 1.3 and a compound with an Rf of 0.0 was visible by TLC. The reaction was cooled to 

room temperature and poured into 50 mL of 30% aq. NH4OH and allowed to mix for 30 minutes. 

The reaction turned from dark black to a dark blue during this time. The mixture was poured into 

a separatory funnel and extracted with 4 x 25 mL of benzene. A significant amount of emulsion 

was present during this extraction. The emulsion, the organic layer, and a small amount of the 

aqueous layer were collected and combined in a separatory funnel. 50 mL of brine was added to 

the separatory funnel providing a clearer separation of organic and aqueous layers. The emulsion 

and organic layers were collected. The emulsion was gravity filtered out. The organic layer was 

dried with anhydrous sodium sulphate, gravity filtered, and rotary evaporated to dryness. 0.057 g 

of an oily impure solid was recovered. This oil was recrystalized in times in EtOH to afford 0.032g 

of 1.3 as a yellow solid, corresponding to a 12.7% yield.  
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4.2.1.3 Synthesis of 1,4-dicyano-2,5-dimethoxy-3-nitrobenzene (1.4) 

4.2.1.3.1 Failed synthesis of 1,4-dicyano-2,5-dimethoxy-3-nitrobenzene (1.4) using 70% 

HNO3 

 

 0.040 g (0.21 mmol) of 1.3 was attempted to be dissolved in 1.2 mL of acetic 

anhydride, however only a suspension formed. The mixture was diluted with an additional 6 mL, 

however 1.3 remained in suspension. The suspension was cooled to 0°C. 600 µL of 70% HNO3 

was added to the suspension dropwise. After 30 minutes of reaction at 0°C no change in TLC was 

observed. The reaction was then allowed to warm to room temperature and allowed to react for 30 

minutes, however no change in TLC was seen. The reaction was cooled again to 0°C, and an 

additional 750 µL of 70% HNO3 was added to the mixture dropwise. No change was seen by TLC 

after 15 minutes of reacting at 0°C. An additional 1.5 mL of 70% HNO3 was added to the solution. 

After 15 minutes no change in TLC was observed. The reaction was then warmed to 80°C and 

allowed to react for 3 hours, however no change in TLC was observed at this time.  
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4.2.1.3.2 Synthesis of 1,4-dicyano-2,5-dimethoxy-3-nitrobenzene (1.4) using fuming HNO3 

 

 0.037 g (0.20 mmol) of 1.3 was suspended in 1.2 mL of acetic anhydride and cooled 

to 0°C. 600 µL of fuming HNO3 was added dropwise to the reaction, causing a yellow colour to 

appear. The mixture was warmed to room temperature and allowed to react for 1 hour. During this 

time, the reaction turned into an orange red colour. 1.3 was no longer visible by TLC, only 1.4. 

The reaction was poured into 40 mL of ice cold dH2O causing a fine yellow precipitate to form. 

The yellow solid was filtered, then suspended in 40 mL of dH2O and extracted with 3 x 20 mL 

aliquots of EtOAc. The organic layer was dried with anhydrous sodium sulphate, gravity filtered, 

and rotary evaporated to dryness to afford 0.036g of 1.4 as a yellow brown solid, corresponding to 

a 74.6% yield. 

MP: 144-145°C. Literature melting point, 144-145.73 

TLC: Rf = 0.42 (100% DCM). Visualized with UV light 

1H-NMR: (400 MHz, CDCl3), 7.349 (s, 1H, Ar-H), 4.145 δ (s, 3H, OMe), 4.061 δ (s, 3H, OMe)  

13C-NMR: (100 MHz, CDCl3), 156.88, 147.82, 118.01, 113.47, 113.36, 109.41, 101.21, 64.35, 

57.71 

MS [EI+]: m/z 233.0 
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4.2.1.4 Synthesis of 1,4-dibromo-2,5-methoxy-3,6-nitrobenzene (C) 

 

 0.201 g (0.68 mmol) of B was suspended in 5 mL of acetic anhydride and was then 

cooled to 0°C. 2 mL of 70% HNO3 was then cooled to 0°C and added dropwise to the suspended 

starting material. A bright yellow colour was observed after addition. 10 minutes after addition, B 

was no longer seen by TLC. Three new compounds were now visible by TLC having Rf’s of 0.42, 

0.32, and 0.00, respectively. After an hour, no change was observed in TLC. The reaction was then 

allowed to proceed at room temperature for an hour, but no change was visible by TLC. The 

reaction was heated to 60°C, but no change was visible by TLC. An additional 1 mL of 70% HNO3 

was added to push the reaction forward, but after 3 hours no change in TLC was observed. The 

reaction was diluted with 50 mL of dH2O and extracted with 3 x 50 mL EtOAc. The organic phases 

were combined, dried with anhydrous sodium sulphate, gravity filtered, and rotary evaporated to 

dryness. 0.100 g of an oily red solid was recovered. Despite the previous TLC of the reaction 

showing that all the starting material had reacted, TLC of this oily red material showed that there 

was still B present in the mixture, along with compounds that had an Rf of 0.70, 0.55, and 0.00. 

This solid was sparingly soluble in DCM, EtOAc, MeOH, and hexanes. The solid was purified 

using a solvent system of 5:1 Hex:EtOAc. The solid was suspended in 5 mL of EtOAc and loaded 

onto a column. 0.004 g of the compound that had an Rf of 0.32 was recovered and was found to be 

C, corresponding to a 1.5% yield.  
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TLC: Rf = 0.42 (100% DCM). Visualized with UV light 

MS [EI+]: m/z 385.78   130 

 0.002 g of the compound with an Rf of 0.42 was recovered. This compound was 

found to be the quinone C.1 

 

Structure of C.1 

TLC: Rf = 0.42 (100% DCM). Visualized with UV light 

MS [EI+]: m/z 265.73  

 0.021 g of a mixture of C and C.1 was recovered from coeluting fractions. The 

solvent system of the column was increased from 5:1 → 4:1 →3:1→2:1→1:1 Hex:EtOAc, 

however none of these systems could recover the compound that had the Rf of 0.0 from the column.  
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4.2.2 Synthesis of mono-photocleavable diacid 

4.2.2.1 Synthesis of 16-hydroxyhexadecanoic acid (2.2) 

 

 9.041 grams (3.55 mmol) of 16-hexadecanolide (2.1) and 0.1664 g of 

tetrabutylammonium bisulfate was dissolved in 31 mL of 50% aq. NaOH and 45 mL toluene. This 

mixture was heated to 95°C for 20 hours. As the reaction progressed a white precipitate fell out of 

solution. The white precipitate was filtered and washed with 30 mL Et2O, and then dissolved in 

50 mL of dH2O. Concentrated HCl as then added dropwise until the solution reached pH 1. As the 

acidification progressed, white precipitate fell out of solution. The white precipitate was then 

filtered and washed with 100 mL dH2O. This solid was then heated to 60°C and placed on a high 

vacuum to remove any residual solvent. 9.128 g of 2.2 as a white solid was recovered, 

corresponding to an 94.3% yield.  

TLC: Rf = 0.4 (1:1, Hex:EtOAc). Visualized with 5% H2SO4 in MeOH. 

MP: 92-93°C. Literature melting point, 93-94°C.99 

1H-NMR: (400 MHz, MeOD), δ 3.556 (t, J = 6.8 Hz, 2H, HO-CH2), δ 2.249 (t, J = 7.2 Hz, 2H 

HOOC-CH2), δ 1.615 (quintet, 2H, HOCH2-CH2), δ 1.528 (q, 2H, HOOCCH2-CH2), δ 1.315 (s, 

22H, alkyl CH2’s) 

13C-NMR: (100 MHz, CD3OD), 61.61, 35.11, 32.28, 29.36, 29.33, 29.25, 29.21, 29.11, 29.07, 

25.55, 25.32 

MS [EI+]: m/z 272.2346 (M+). MS Calculated for C16H32O3 272.2347 
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4.2.2.2 Synthesis of 16-bromohexadecanoic acid (2.3) 

 

 4.527 grams (16.62 mmol) of 2.2 was dissolved in 25 mL of HBr, 25 mL of acetic 

acid, and 9 mL of sulphuric acid. This mixture was then heated to 90°C for 20 hours. As the 

reaction progressed a reddish colour appeared. The mixture was then cooled to 0°C and a yellow-

brown precipitated formed. The precipitate was filtered and washed with 60 mL dH2O, then dried 

under vacuum to afford 6.013 grams of a yellow-brown solid. TLC of this solid showed no 

remaining starting material, but there were two new compounds having Rf’s of 0.58 and 0.40, 

respectively. Recrystallization in cyclohexanol failed to purify pure product. A column using 4:1 

Hex:Et2O afforded a 3.286 g of 2.3 as a white solid, corresponding to a 59.0% yield. The column 

also and yielded 1.1 grams of a mixture of 2.3 and the suspected elimination product in a coelution. 

TLC: Rf = 0.58 (1:1, Hex: Et2O). Visualized with 5% H2SO4 in MeOH. 

MP: 68-69°C. Commercial melting point, 68-71°C.93  

1H-NMR: (400 MHz, CDCl3), δ 3.429 (t, J = 6.8 Hz, 2H, Br-CH2), δ 2.370 (t, J = 7.6 Hz, 2H,  

HOOC-CH2), δ 1.876 (quintet, J = 6.8 Hz, 2H, BrCH2-CH2), δ 1.654 (quintet, J = 7.6 Hz, 2H, 

HOOCCH2-CH2), δ 1.423 (m, J = 7.2 Hz, 2H, BrCH2CH2-CH2), δ 1.279 (s, 20H, alkyl CH2’s)  

13C-NMR: (100 MHz, CDCl3), 179.62, 34.07, 33.98, 32.86, 29.62, 29.58, 29.54, 29.44, 29.24, 

29.07, 28.78, 28.19, 24.69 

MS [EI+]: m/z 334.1502 (M+). MS Calculated for C16H31O2Br 334.1498 
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4.2.2.3a Synthesis of Methyl 16-bromohexadecanoate (2.4) 

 

 0.500 grams (1.50 mmol) of 16-bromohexadecanoic acid (2.3) and 0.365 grams of 

p-TsOH monohydrate (1.5 mol equivalents) was dissolved in 5 mL of 1:1 dry DCM:MeOH. The 

solution was then heated to 50°C while stirring for 6 hours. 2.3 and 2.4 was visible by TLC. An 

additional 0.75 mol equivalents of p-TsOH monohydrate was added at this time, and the reaction 

was allowed to react 20 hours. A mixture of 2.3 and 2.4 was still visible by TLC. The reaction was 

rotary evaporated to dryness, then resuspended in 4 mL of 1:1 dry MeOH:DCM with the addition 

of another 1 mol equivalent p-TsOH monohydrate. After 3 hours, only 1.4 was visible by TLC. 

The reaction was diluted with 60 mL of brine and extracted with 3 x 30 mL aliquots of CHCl3. 

The organic phases were combined, dried, and rotary evaporated to a 2 mL clear liquid. The clear 

liquid was then allowed to cool to room temperature and solidify. The solid was purified on a 

column using a 7:1 Hex:Et2O solvent system. 0.437 grams of 1.4 was recovered as a white solid, 

corresponding to an 84.0% yield.   

TLC: Rf = 0.77 (2:1, Hex: Et2O). Visualized with 5% H2SO4 in MeOH. 

MP: 31-32°C. Commercial melting point, 30-34°C.94 

1H-NMR: (400 MHz, CDCl3), δ 3.686 (s, 3H, methyl ester), δ 3.427 (t, J = 7.2 Hz, 2H, Br-CH2), 

δ 2.322 (t, J = 7.2 Hz, 2H, MeOOC-CH2), δ 1.874 (quintet, J = 6.8 Hz, 2H, BrCH2-CH2), δ 1.637 

(quintet, J = 7.2 Hz, 2H, MeOOCCH2-CH2), δ 1.423 (m, 2H, BrCH2CH2-CH2), δ 1.275 (s, 20H, 

alkyl CH2’s) 

13C-NMR: (100 MHz, CDCl3), 174.36, 51.44, 34.13, 34.07, 32.85, 29.63, 29.59, 29.54, 29.45, 

29.26, 29.16, 28.78, 28.19, 24.97 

MS [EI+]: m/z 348.1658 (M+). MS Calculated for C17H33O2Br   348.1658 
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4.2.2.3b Synthesis of Methyl 16-bromohexadecanoate (2.4) 

 7.321 grams (21.3 mmol) of 2.3 and 3 mole equivalents of p-TsOH monohydrate 

was dissolved in 70 mL of dry 1:1 MeOH:DCM. The mixture was heated to 60°C for 24 hours. 

The reaction was diluted with 100 mL of brine and extracted with 3x60 mL aliquots of CHCl3. 

The organic phases were combined, dried with anhydrous sodium sulphate, gravity filtered, and 

rotary evaporated to 1-3 mL. This liquid was then cooled to room temperature to solidify. The 

solid was then loaded onto a column using a 7:1 Hex:EtO2. 6.560 grams of 1.4 was recovered as a 

white solid, corresponding to an 86.1% yield.  

4.2.2.4a Synthesis of 2.5 

 

 0.200 g (0.57 mmol) of 2.4, 0.143 g of acetovanillone (1.5 mol to 2.4), 0.013 g of 

KI (0.133 equivalents to 2.4), and 0.237 g of K2CO3 (2.0 equivalents to acetovanillone) were 

suspended in 10 mL of DMF in a 50 mL round bottom flask. As the reaction progressed, the 

reaction mixture turned from a beige to an opaque white colour. After reacting for one hour at 

90°C, 2.4 was no longer visible by TLC. The reaction mixture was diluted with 60 mL EtOAc and 

filtered through Celite. The filtrate was then concentrated to 3 mL of a yellow liquid that solidified 

after reaching room temperature. TLC showed this solid to be a mixture of 2.5 and acetovanillone. 

The solid was then loaded onto a column using 3:1 Hex:EtOAc. 0.145 g of 2.5 was recovered from 
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the column as a white solid, corresponding to a 58.5% yield. Coelution of 2.5 and acetovanillone 

prevented higher yields. 

TLC: Rf = 0.46 (2:1, Hex:Et2O). Visualized with 5% H2SO4 in MeOH and with UV light.  

MP: 83-84°C   

1H-NMR: (400 MHz, CDCl3), δ 7.580 (d, J = 8.0 Hz, 1H, Ar-H para to the methoxy), δ 7.560 (d, 

J = 6.0 Hz, 1H, Ar-H ortho to the methoxy), δ 6.905 (d, J = 8.0 Hz, 1H Ar-H meta to the methoxy), 

δ 4.097 (t, J = 6.8 Hz, 2H, Ar-O-CH2), δ 3.939 (s, 3H, methoxy), δ 3.684 (s, 3H, methyl ester), δ 

2.583 (s, 3H, Ar-CO-CH3), δ 2.320 (t, J = 7.6 Hz, 2H, MeOOC-CH2), δ 1.891 (quintet, J = 6.8 Hz, 

2H, ArOCH2-CH2), δ 1.618 (m, 4H, MeOOCCH2-CH2 + H2O), δ 1.495 (quintet, 2H, 

ArOCCH2CH2-CH2), δ 1.391 (s, 20H alkyl CH2’s)  

13C-NMR: (100 MHz, CDCl3), 196.87, 174.38, 153.00, 149.23, 130.22, 123.27, 111.03, 110.44, 

69.08, 56.06, 51.45, 34.13, 29.64, 29.54, 29.53, 29.45, 29.37, 29.26, 29.16, 28.97, 26.21, 25.91, 

24.97 

MS [EI+]: m/z 434.3027 (M+). MS Calculated for C26H42O5   434.3032 

4.2.2.4b Synthesis of 2.5 

 5.000 g (14.36 mmol) of 2.4, 3.570 g of acetovanillone (1.5 equivalents to 2.4), 

0.317 g of KI (0.133 equivalents to 2.4), and 5.939 g of K2CO3 (2.0 equivalents to acetovanillone) 

were suspended in 40 mL of DMF in a 300 mL round bottomed flask. As the reaction progressed, 

the reaction mixture turned from a beige to an opaque white colour. After reacting for three hours 

at 90°C, 2.4 was no longer visible by TLC. The reaction mixture was then diluted with 100 mL 

EtOAc and filtered through Celite. The mixture was then concentrated to 10 mL of a yellow liquid 

that solidified after reaching room temperature. The solid was dissolved in 50 mL of a 1:1 

DCM:Acetone with 1.805 g of NaHCO3 (2 equivalents to acetovanillone) and was allowed to mix 

for thirty minutes. The mix was then poured into 50 mL aq. NaHCO3 and extracted with 3x30 mL 

aliquots of DCM. The organic phases were combined, dried with anhydrous sodium sulphate, 

gravity filtered, and then rotary evaporated to afford an additional 5.088 g of 2.5. A total of 7.436 

g of 2.5 was recovered, corresponding to an 81.8% yield. 
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4.2.2.5 Nitration reactions performed to synthesize the mono-photocleavable diacid 

4.2.2.5.1a Failed Synthesis of 2.6 

 

 0.100 g (0.23 mmol) of 2.5 was dissolved in 6 mL of acetic acid in a 5 mL vial. 110 

µL of 70% HNO3 was added (11.5 mol equivalents) and allowed to react at room temperature for 

4 hours. No change was observed by TLC. Another 110 µL of 70% HNO3 was added (11.5 mol 

equivalents) was added to the mixture and the reaction was allowed to react for 12 hours. TLC 

showed 2.5, and a small amount of a new compound with an Rf of 0.23. 900 µL of 70% HNO3 

was added and allowed to react for an additional 5 hours. The reaction became yellow. 2.5 was 

still present by TLC and the compound with an Rf of 0.23 became more prominent by TLC. The 

reaction was the diluted with 50 mL of dH2O, causing a white precipitate to form. The mixture 

was extracted with 3 x 40 mL of EtOAc. The organic phases were combined, dried with anhydrous 

sodium sulphate, gravity filtered, and rotary evaporated to dryness. 0.090 g of a white solid was 

recovered. The solid was loaded onto a column using 2% MeOH in DCM. The fractions that 

contained 2.5 were combined in a round bottom flask and rotary evaporated to dryness. However, 

this round bottomed flask was dropped in the hot water bath, so an extraction of the bath was done. 

0.030 g of 2.5 was recovered. 0.008 g of the compound with the Rf of 0.23 was recovered. This 

compound was discovered to be the hydrolysis product 2.6.1.  



 

99 

 

 

Structure of 2.6.1 

TLC: Rf = 0.46 (2:1, Hex:Et2O). Visualized with 5% H2SO4 in MeOH and with UV light.  

1H-NMR: (400 MHz, CDCl3), δ 7.567 (d, J = 8.0 Hz, 1H Ar-H para to the methoxy), δ 7.547 (d, J 

= 8.0 Hz, 1H, Ar-H ortho to the methoxy), δ 6.907 (d, J = 8.4 Hz, 1H, Ar-H meta to the methoxy), 

δ 4.099 (t, J = 6.8 Hz, 2H, Ar-O-CH2), δ 3.941 (s, 3H, methoxy), δ 2.587 (s, 3H, Ar-CO-CH3), δ 

2.378 (t, J = 6.4 Hz, 2H, MeOOC-CH2), δ 1.892 (quintet, J = 6.8 Hz, 2H, ArOCH2-CH2), δ 1.654 

(quintet, 2H, MeOOCCH2-CH2), δ 1.463 (quintet, 2H, ArOCCH2CH2-CH2), δ 1.278 (s, 20H, alkyl 

CH2s)  

4.2.2.5.1b Failed Synthesis of 2.6  

 0.054 g (0.124 mmol) of 2.5 was suspended with 500 µL of acetic acid. 250 µL of 

HNO3 was added dropwise to the suspension. After 30 minutes the solution became a yellow 

colour. The mixture by TLC showed no reaction. 2 mL of 70% HNO3 was added at this time and 

allowed to react for three hours. TLC again showed no change. The reaction was diluted with 50 

mL of dH2O and extracted with 3x20 mL aliquots of EtOAc. The organic phases were combined, 

dried with anhydrous sodium sulphate, rotary evaporated to dryness, gravity filtered, and rotary 

evaporated to dryness, affording 0.047 g of the starting material 2.5.  
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4.2.2.5.2 Failed nitration of acetovanillone  

 

 0.500 g (3 mmol) of acetovanillone was dissolved in 11 mL of acetic acid and 

cooled to 15°C. Two drops of 70% HNO3 were added to the reaction. A yellow colour began to 

form followed by a dark orange, followed immediately by the precipitated of a yellow solid. This 

solid was then filtered and washed with dH2O. The solid was the placed under a high vacuum to 

afford 0.170 g of a nitrated acetovanillone. 1H NMR indicated that the nitration occurred meta to 

the phenol, instead of the desired ortho position as shown below. 

 

TLC: Rf = 0.46 (2:1, Hex:Et2O). Visualized with UV light.  

1H-NMR: (400 MHz, CDCl3), δ 8.323 (1H, s, Ar-H ortho to the nitro), δ 7.784 (1H, s, Ar-H para 

to the nitro), δ 4.028 (3H, s, methoxy), δ 2.6477 (3H, s, Ar-CO-CH3)  

13C-NMR: (100 MHz, CDCl3), 194.93, 150.42, 150.12, 132.96, 128.36, 117.96, 115.27, 56.90, 

26.01 

MS [ESI-]: 209.9 m/z [M-H]- 
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4.2.2.5.3a Synthesis of 2.6 

 

 0.700 g of 2.5 was suspended in 3.5 mL of acetic anhydride at room temperature. 

This suspension was added dropwise into 17.8 mL of a 5:1 solution of 70% HNO3:acetic anhydride 

which was cooled to 0°C in a 100 mL round bottom flask. Immediately after addition, the reaction 

mixture turned into a bright yellow. 2.5 was no longer visible by TLC after 30 minutes. The 

reaction was added to 100 mL of dH2O, and a yellow precipitate formed. The precipitate was 

filtered and then washed with 100 mL of ice cold dH2O. The filtrate that was used to wash the 

precipitate was then transferred to a separatory funnel and extracted with 3 x 50 mL aliquots of 

EtOAc. The organic phases were combined, dried with anhydrous sodium sulphate, gravity 

filtered, and rotary evaporated to dryness. The solid that was extracted from the filtrate was 

combined with the precipitate and these solids were loaded onto a column using a solvent system 

of 4:1 Hex:EtOAc. 0.415 g of 2.6 was recovered as a yellow solid, corresponding to a 53.7% yield. 

TLC: Rf = 0.4 (3:1, Hex:Et2O). Visualized with 5% H2SO4 in MeOH and with UV light.  

MP: 96-98°C 

1H-NMR: (400 MHz, CDCl3), δ 7.611(s, 1H, Ar-H ortho to the methoxy), δ 6.770 (s, 1H, Ar-H 

meta to the methoxy), δ 4.110 (t, J = 6.8 Hz, 2H, Ar-O-CH2), δ 3.982 (s, 3H, methoxy), δ 3.682 (s, 

3H, methyl ester), δ 2.514 (s, 3H, Ar-CO-CH3), δ 2.318 (t, J = 7.6 Hz, 2H, MeOOC-CH2), δ 1.895 

(quintet, J = 6.8 Hz, 2H, ArOCH2-CH2), δ 1.615, (m, 2H, MeOOCCH2-CH2), δ 1.490 (quintet, 2H, 

ArOCCH2CH2-CH2), δ 1.391 (s, 20 H, alkyl CH2’s) 

13C-NMR: (100 MHz, CDCl3), 200.16, 174.37, 154.24, 149.22, 138.48, 132.52, 108.73, 107.77, 

69.75, 56.65, 51.45, 34.12, 30.39, 29.64, 29.59, 29.57, 29.51, 29.45, 29.30, 29.26, 29.15, 28.79, 

25.84, 24.96 

MS [EI+]: m/z 479.2878 (M+). MS Calculated for C26H41O7N   479.2884 
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 0.134 g of the oxidation side product 2.6.2 was recovered as a yellow solid, 

corresponding to a yield of 19%.  

 

 Structure of compound 2.6.2. 

TLC: Rf = 0.6 (3:1, Hex:Et2O). Visualized with 5% H2SO4 in MeOH and with UV light.  

1H-NMR: (400 MHz, CDCl3), δ 7.907 (d, J = 2.8 Hz, 1H, Ar-H para to the methoxy), δ 7.766 (d, 

J = 2.8 Hz, 1H, Ar-H ortho to the methoxy), δ 6.924 (d, J = 8.8 Hz, 1H Ar-H meta to the methoxy), 

δ 4.133 (t, J = 6.8 Hz, 2H, Ar-O-CH2), δ 3.984 (s, 3H, methoxy), δ 3.686 (s, 3H, methyl ester), δ 

2.321 (t, J = 7.6 Hz, 2H, MeOOC-CH2), δ 1.919 (quintet, J = 6.8 Hz, 2H, ArOCH2-CH2), δ 1.618 

(m, 4H, MeOOCCH2-CH2 + H2O), δ 1.495 (m, 2H, ArOCCH2CH2-CH2), δ 1.391 (s, 20H, alkyl 

CH2’s)  

13C-NMR: (100 MHz, CDCl3), 174.38, 154.25, 149.07, 141.2, 117.80, 110.74, 106.67, 69.54, 

56.32, 51.45, 34.12, 30.39, 29.64, 29.59, 29.57, 29.51, 29.45, 29.30, 29.26, 29.15, 28.79, 25.84, 

24.96 

MS [ESI+]: 438.3 m/z [M+H]+, 455.4 m/z [M+NH4]
+, 460.3 m/z [M+Na]+, 476.3 m/z [M+K]+                            

 

4.2.2.5.3b Synthesis of 2.6 

 5.000 g (11.51 mmol) of 2.5 was suspended in 25 mL of acetic anhydride at room 

temperature. This suspension was added dropwise into 250 mL of a 2:1 70% HNO3:acetic 

anhydride solution was cooled to 0°C in a 1000 mL round bottom flask. Immediately after addition, 

the reaction mixture turned into a bright yellow. 2.5 was no longer visible by TLC after 10 minutes. 

After addition, a yellow precipitate fell out of solution. The reaction was then added to 500 mL of 

dH2O at 0°C and a yellow precipitate formed. The precipitate was filtered and then washed with 
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200 mL of ice cold dH2O. The precipitate was loaded onto a column using a solvent system of 4:1 

Hex:EtOAc. 3.491 g of 2.6 was recovered as a yellow solid, corresponding to a 64.9% yield.  

4.2.2.6a Synthesis of 2.7 

 

 0.060 g (0.13 mmol) of 2.6 and 0.006g of NaBH4 (1.2 mol equivalents) was 

dissolved in 2.5 mL of a 1:1 solution of dry THF:MeOH and allowed to react at room temperature. 

After 30 minutes no change was visible by TLC. An additional equivalent of NaBH4 was added 

and the reaction was allowed to react for an additional 30 minutes. TLC showed a new compound 

with an Rf of 0.3 mixed with 2.6. An additional equivalent of NaBH4 was added and allowed to 

react for another 30 minutes. TLC at this time still showed a mixture of the newly formed product 

and 2.6. Two equivalents of NaBH4 were added and the reaction was allowed to react for an 

additional hour. 2.6 was no longer visible by TLC. The reaction flask was evaporated to dryness, 

suspended in 20 mL of Et2O and washed with 15 mL of 1M HCl. The organic phase was washed 

with 15 mL of aq. NaHCO3, and 20 mL of brine. The brine was extracted with 30 mL Et2O. The 

organic phases were combined, dried with anhydrous sodium sulphate, gravity filtered, and rotary 

evaporated to dryness. 0.041 g of 2.7 was recovered as a yellow solid, corresponding to a 68.1% 

yield.  
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TLC: Rf = 0.3 (3:1, Hex:Et2O). Visualized with 5% H2SO4 in MeOH and with UV light.  

MP: 99-100°C 

1H-NMR: (400 MHz, CDCl3), δ 7.579 (s, 1H, Ar-H ortho to the methoxy), δ 7.310 (s, 1H, Ar-H 

meta to the methoxy), δ 5.590 (quartet, J = 6.4 Hz, 1H, Ar-CH), δ 4.089 (t, J = 6.4 Hz, 2H, Ar-O-

CH2), δ 4.057 (s, 3H, methoxy), δ 3.685 (s, 3H, methyl ester), δ 2.320 (t, J = 7.2 Hz, 2H, MeOOC-

CH2), δ 1.864 (quintet, J = 7.2 Hz, 2H, ArOCH2-CH2), δ 1.634, (m, J = 7.2 Hz, 2H, MeOOCCH2-

CH2), δ 1.587 (d, J = 6.4 Hz, 3H, ArCHOH-CH3), δ 1.464 (m, 2H, ArOCCH2CH2-CH2), δ 1.373 

(s, 20H, alkyl CH2’s) 

13C-NMR: (100 MHz, CDCl3), 174.41, 154.09, 147.29, 136.48, 108.81, 108.61, 69.51, 69.81, 

56.39, 51.46, 34.13, 29.64, 29.59, 29.57, 29.52, 29.45, 29.33, 29.26, 29.16, 28.88, 25.88, 24.97. 

24.22 

MS [EI+]: m/z 481.3034 (M+). MS Calculated for C26H43O7N   481.3030 

 

4.2.2.6b Synthesis of 2.7 

  0.360 g (0.75 mmol) of 2.6 and 0.284 g of NaBH4 (10 mol equivalents) was 

dissolved in 30 mL of a 2:1 dry THF:MeOH and was allowed to react at room temperature for 

thirty minutes. 2.6 was no longer visible by TLC at this point. The reaction was rotary evaporated 

to dryness, and then resuspended in 30 mL of Et2O and 70 mL of 1 M HCl. This mixture was 

transferred to a separatory funnel. The organic phase was collected and then washed with 70 mL 

of aq. NaHCO3, and then with 70 mL of brine. The brine was then extracted with 2x100 mL 

aliquots of Et2O. The organic phases were combined, dried over anhydrous sodium sulphate, 

gravity filtered, and rotary evaporated to dryness. 0.317 g of 2.7 was recovered as a yellow solid, 

corresponding to an 87.8% yield. 
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4.2.2.7a Synthesis of 2A 

 

 0.150 g (0.311 mmol) of 2.7 and 0.015 g of NaH in 60% dispersion mineral oil was 

placed in a flame dried 50 mL 2 neck flask under N2. The solids were then dissolved in 5 mL of 

dry DMF and were allowed to react for 10 minutes. As these mixed, bubbling was observed, and 

the solution became more viscous. A separate 25 mL round bottom flask was loaded with 0.163 g 

of 2.4 and then placed under N2. 2.4 was then dissolved in 5 mL of DMF and was transferred to 

the reaction flask via a syringe. After addition, the reaction mixture that was initially yellow turned 

into a bright orange red colour. After three hours of reacting, a new compound was visible by TLC 

at Rf 0.83, this was the suspected diester. The Rf of the diester was very close to the at Rf of 2.4. In 

a separate flask, 1.1 mole equivalents of 2.7 was mixed with 75 mg NaH in 60% dispersion mineral 

oil for ten minutes. This mixture was then added to the reaction flask, and the reaction was allowed 

to react overnight. The reaction became a dark red and became even more viscous. TLC showed 

the suspected diester, 2.4, 2.7.  At this time, the reaction was quenched with 20 mL dH2O and 

extracted with 3 x 15 mL aliquots of Et2O. The organic phase was combined, dried with anhydrous 

sodium sulphate, gravity filtered, and rotary evaporated to dryness to afford 0.277 g of a mixture 

of products. The mixture was loaded onto a column using 3:1 Hex:EtOAc. 0.103 g of a mixture of 

diester and 2.4 was recovered.  

 50 mg of the mixture of diester and 2.4 was dissolved in 5 mL of 5:2 EtOH:THF. 

200 µL of 1N NaOH was added to the reaction and allowed to stir for 20 hours. The reaction at 
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this point showed no starting materials. Two new compounds were visible by TLC, having Rf’s of 

0.55 and 0.05, respectively. The reaction was then diluted with 50 mL dH2O and the pH of was 

lowered to ~2. Yellow precipitate fell out of solution. The reaction mixture was extracted with 4 x 

25 mL aliquots of Et2O. The organic phases were combined, dried with anhydrous sodium 

sulphate, gravity filtered, and rotary evaporated to dryness. The solid was loaded onto a column 

using a solvent system of 3:1 Hex:EtOAc → 1:1 Hex:EtOAc. 0.011 mg of 2A as a yellow solid 

was recovered.  

TLC: Rf = 0.05 (2:1, Hex:Et2O). Visualized with 5% H2SO4 in MeOH and with UV light.  

MP: 63-65°C 

1H-NMR: (400 MHz, CDCl3), δ 7.582 (s, 1H, Ar-H meta to the methoxy), δ 7.240 (s, 1H, Ar-H 

ortho to the methoxy), δ 5.143 (quartet, J = 6.4 Hz, 1H, Ar-CH), δ 4.075 (t, J = 6.8 Hz, 2H, Ar-O-

CH2), δ 3.978 (s, 3H, methoxy), δ 3.337 (m, 2H, ArCHO-CH2), δ 2.367 (t, J = 7.6 Hz, 4H, HOOC-

CH2 + HOOC-CH2), δ 1.903 (quintet, J = 6.8 Hz, 2H, ArOCH2-CH2), δ 1.652, (m, 4H, HOOCCH2-

CH2 + HOOCCH2-CH2), δ 1.505 (m, 5H, ArCH-CH3 + ArOCH2CH2-CH2), δ 1.280 (s, 44H, alkyl 

CH2’s) 

13C-NMR: (100 MHz, CDCl3), 179.70, 154.24, 147.18, 140.39, 135.94, 108.55, 108.47, 73.51, 

69.51, 69.46, 56.34, 33.99, 29.95, 29.58, 29.54, 29.49, 29.46, 29.37, 29.32, 29.20, 29.02, 28.90, 

26.42, 25.90, 24.68, 23.60 

MS [EI+]: m/z 721.5123 (M+). MS Calculated for C41H71O9N   721.5121 

4.2.2.7.2b Synthesis of 2A 

 2.061 g (4.28 mmol) of 2.7 and 1.713 g of NaH in 60% dispersion mineral oil 

dispersion (10 equivalents) was placed in a flame dried 300 mL round bottom flask under N2. The 

solids were then dissolved in 200 mL of dry DMF and were allowed to react for 30 minutes. In a 

separate 25 mL round bottom flask, 2.243 g of 2.4 was placed under N2 and dissolved in 20 mL of 

DMF. The 2.4 was transferred to the reaction flask via syringe. After 3 hours the reaction was 

quenched with 300 mL dH2O. The mixture was extracted with 3 x 100 mL aliquots of Et2O. The 

organic phases were combined, dried over anhydrous sodium sulphate, gravity filtered, and rotary 
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evaporated. A column was run using 3:2:1 Hex:DCM:EtOAc. 2.484 grams of a mixture of the 

diester and 2.4 was collected.  

 The diester and 2.4 mixture was dissolved in 80 mL of 1:1 THF:EtOH. 9.9 mL of 

1 N NaOH was added, and the mixture was allowed to react for 20 hours at room temperature. 

After this, TLC showed no starting materials. The reaction mixture was diluted with 100 mL of 

dH2O and acidified to pH 2, causing white precipitate to form. The reaction was extracted with 3 

x 100 mL aliquots of Et2O. The organic phases were then combined, dried over anhydrous sodium 

sulphate, gravity filtered, and rotary evaporated to dryness. The solid was loaded onto a column 

using 3:2:1 Hex:DCM:EtOAc as the solvent system. 0.821 g of 2A was recovered as a yellow 

solid, corresponding to an 26.5% yield.  

4.2.3 Synthesis of lyso-PC (3) 

 

 0.500 g (1.94 mmol) of glycerol-3-phosphocholine and 0.528 g of dibutyltin oxide 

(1.1 mol equivalents) were suspended in 40 mL of dry 2-propanol and refluxed for one hour. As 
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the reflux progressed the mixture became a milky white colour. The reaction was cooled to room 

temperature and 486 µL of TEA (1.8 mol equivalents) was added and allowed to mix for ten 

minutes. 1.06 mL of palmitoyl chloride (1.8 mol equivalents) was added to the reaction and was 

allowed to react for three hours. The mixture was rotary evaporated to dryness, diluted with 30 mL 

of water, and was washed with 3 x 30mL aliquots of hexanes. The organic phase was rejected, and 

the aqueous phase was transferred to a 1000 mL round bottom flask which was then rotary 

evaporated to dryness affording a waxy white solid. 13 mL EtOH, just enough to dissolve the white 

solid, was added to the flask. Then 52 mL of acetone was added in an attempt to cause the product 

to precipitate out. Thus formed a 4:1 solution of acetone:EtOH. This mixture was left in a -20°C 

overnight. The filtrate was decanted, and the white precipitate was heated to 60°C under high 

vacuum overnight. TLC of the solid using the Molybdenum blue stain showed only 3. Iodine stain 

revealed that starting glycerol-3-phosphate was still present as a mixture with 3. A column using 

a solvent 7:2.5:0.5 CHCl3:MeOH:NH4OH was used to recover 0.313 g of a white solid, 

corresponding to an 32.7% yield. 

TLC: Rf = 0.23 (5:4:1 MeOH:CHCl3:NH4OH). Visualized with Molybdenum blue and Iodine 

powder.  

MP: 250-252°C  

1H-NMR: (400 MHz, CDCl3), δ 4.332 (m, 2H, sn1-CH2), δ 4.175 (m, 2H, PO4-CH2-choline), δ 

3.945 (m, 3H, sn2-CH + sn3-CH2), δ 3.679 (t, J = 2.4 Hz, 2H, (Me)3N-CH2), δ 3.247 (s, 9H, (CH3)3-

N), δ 2.375 (t, J = 7.6 Hz, 2H, sn1-OOC-CH2), δ 1.636 (t, J = 7.2 Hz, 2H, sn1OOCCH2-CH2), δ 

1.310 (s, 24H, alkyl CH2), δ 0.920 (t, J = 6.8 Hz, 3H, sn1 alkyl chain-CH3) 

13C-NMR: (100 MHz, CDCl3), 177.89, 72.26, 70.54, 68.69, 63.14, 57.19, 57.16, 37.44, 35.61, 

33.32, 33.16, 33.01, 32.97, 32.77, 28.53, 26.27, 16.97 

MS [ESI+]: m/z 496.3401 [M+H]+ m/z 518.3226 [M+Na]+ MS Calculated for C24H50O7NP    
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4.2.4 Synthesis of 4B 

 

 0.050 g (0.69 mmol) of 2A, 0.103 g of 3 (4 mol equivalents), 0.024 g of DMAP (3 

mol equivalents), 0.025 g of HOBT (3 mole equivalents), and 0.029 g of DCC (4 mol equivalents) 

were placed into individual 50 mL round bottom flasks and dried under high vacuum overnight. 

The flasks that contained DMAP, HOBT, and DCC were then purged of air with N2. The DMAP 

and DCC were each dissolved in 1 mL of dry CHCl3, while the HOBT was dissolved in 1 mL of 

dry DMF. The respective solvents were added via a N2 purged syringe. 2A and 3 were added to a 

heat dried 50 mL 3 neck round bottom flask. The flask was then purged of air with N2. 2A and 3 

were then dissolved in 3 mL of dry CHCl3. The mixture of 2A and 3 was then heated to 60°C for 

10 minutes. The 1 mL solutions of DMAP and HOBT were added to the flask at this time via N2 

purged syringe. This reaction was allowed to mix for 30 minutes. After this, 0.5 mL of the 

dissolved DCC was added to the reaction and allowed to react for 2 hours. After this, the remaining 

0.5 mL of DCC was added to the reaction. The reaction was then allowed to react for 4 days. 2A 

was no longer visible by TLC. TLC showed 3 was still present, but there was also a new compound 

that had an Rf of 0.0, corresponding to 4B. The reaction was cooled to room temperature and rotary 

evaporated to dryness. The resulting solid was then dissolved in 2:1 CHCl3:MeOH, and run in a 
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column using 7:2.5:0.5 CHCl3:MeOH:NH4OH. Fractions that contained coelution of 3 and 4B 

were collected. These fractions were rotary evaporated to dryness, dissolved in 2:1 CHCl3:MeOH, 

and then loaded onto a Lipidex column using a 2:1 CHCl3:MeOH solvent system. Pure fractions 

of 4B were collected, however there was still coelution with 3. The coelution was rotary evaporated 

to dryness and then rerun on the Lipidex column under the same conditions. This process was 

repeated once more. The fractions that contained pure 4B were combined, rotary evaporated, and 

then placed under high vacuum. 0.024 g of 4B was recovered as a waxy yellow solid, 

corresponding to a 20.7% yield.  

TLC: Rf = 0.23 (5:4:1 MeOH:CHCl3:NH4OH). Visualized with Molybdenum blue and UV. 

1H-NMR: (400 MHz, 2:1 CDCl3:CD3OD), δ 7.56 (s, 1H, Ar-H meta to the methoxy), δ 7.470 (s, 

1H, Ar-H ortho to the methoxy), δ 5.21 (m, 2H, sn2-H + sn2-H), δ 5.11 (quartet, J = 6.0 Hz, 1H, 

Ar-CH), δ 4.24 (m, 4H, sn1-CH2 + sn1-CH2), δ 4.06 (m, 10H, sn3-CH2 + sn3-CH2 + PO4-CH2-

choline + PO4-CH2-choline + Ar-O-CH2), δ 3.96 (s, 3H, methoxy), δ 3.62 (m, 6H, (Me)3N-CH2 + 

(Me)3N-CH2 + ArCHO-CH2), δ 3.22 (s, 18H, (CH3)3-N + (CH3)3-N), δ 2.322 (quartet, J = 6.0 Hz, 

8H, 4-α-CH2’s), δ 1.85 (t, J = 9.0 Hz, 2H, ArOCH2-CH2), δ 1.58 (m, 10H, 4-β-CH2’s + 

ArOCCH2CH2-CH2), δ 1.49 (d, J = 6.0 Hz, 3H, ArCH-CH3), δ 1.24 (s, 92H, alkyl chain-CH3), δ 

0.86 (t, J = 6.0 Hz, 6H, sn1 alkyl chain-CH3 + sn1 alkyl chain-CH3) 

13C-NMR: (100 MHz, CDCl3), 173.90, 173.53, 154.31, 147.21, 140.28, 135.74, 108.63, 108.42, 

73.50, 70.36, 70.26, 69.44, 63.58, 63.51, 62.58, 59.03, 58.97, 56.60, 54.05, 54.00, 53.96, 34.14, 

33.98, 31.82, 29.79, 29.58, 29.45, 29.40, 29.25, 29.04, 28.80, 26.27, 25.82, 24.83, 24.77, 23.26, 

22.55, 13.81 

MS [ESI+]: m/z 1677.1643 [M+H]+ m/z 1699.1463 [M+Na]+MS Calculated for C24H50O7NP2    

4.3 Photocleavage Experiments 

4.3.1 Photocleavage of 2A and 4B in solution 

 In a dark room, 200 µL of 1 mM solution of 2A and 4B dissolved in DCM and 

MeOH respectively was irradiated with a 365 nm LED in a quartz cuvette. Each compound was 

irradiated for increasing intervals of time, as depicted in Table 1 and 2. After irradiation time 

point, a TLC of the sample was taken. Partial cleavage meant that starting material was still visible, 
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but photocleavage products were visible. Full cleavage meant that only photocleavage products 

were visible by TLC. Full photocleavage took 60 seconds and 105 seconds for 2A and 4B, 

respectively. 

Table 1. Time of photocleavage of 2A. 200 µL of 2A dissolved in DCM was exposed to 365nm light at 

increasing intervals of light to determine time needed for full photocleavage. 

Exposure (#) Exposure length (s) Total Exposure Length 

(s) 

Cleavage 

1 5 5 Partial 

2 5 10 Partial 

3 5 15 Partial 

4 10 25 Partial 

5 10 35 Partial 

6 10 45 Partial 

7 15 60 Full 

8 15 75 Full 
 

Table 2. Time of photocleavage of 4B. 200 µL of 4B dissolved in MeOH was exposed to 365nm light at 

increasing intervals of light to determine time needed for full photocleavage. 

Exposure (#) Exposure length (s) Total Exposure Length 

(s) 

Cleavage 

1 5 5 Partial 

2 5 10 Partial 

3 5 15 Partial 

4 10 25 Partial 

5 10 35 Partial 

6 10 45 Partial 

7 15 60 Partial 

8 15 75 Partial 

9 15 90 Partial 

10 15 105 Full 

11 15 120 Full 

 

 It was not possible to run chromatography to purify the samples due to the low 

concentration of the samples. There was not enough of these photocleavage products to obtain 

NMR, therefore only MS data was collected. Despite TLC showed 100% of the 2A was consumed, 
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2A was still present in ESI negative mode. However, 2A appeared to be a minor compound in the 

mixture. 

 

2A Photocleavage products 

TLC: Rf = 3.8 and 0.53 (1:1 Hex:EtOAc) and Visualized 5% H2SO4 in MeOH and UV 

MS [ESI-]: 271.1 m/z [M-H]-, 448.2 m/z [M-H]-, 720.4 m/z [M-2H]-2  

 

 

4B Photocleavage products 

TLC: Rf = 0.13 and 0.49 (5:4:1 MeOH:CHCl3:NH4OH). Visualized with Molybdenum blue and 

UV 

MS [ESI+]: 750.6 m/z [M+H]+,  772.5 m/z [M+Na]+, 788.5 m/z [M+K]+ and 927.6 m/z [M+H]+,  

949.5 m/z [M+Na]+ 

4.3.2 Photocleavage of 4B in DOPC vesicles 

4.3.2.1 Vesicle Preparation 
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 All vesicles used in this work were generated by Morgan Robinson and Dr. 

Candace Panagabko, members of the Atkinson research group. Methods for generating lipid 

vesicles are as follows: 

DOPC vesicles: 6.25 µL of 25 mg/mL of DOPC in CHCl3 was transferred to a glass vial and 

blown down with N2. The vial was placed under high vacuum for one hour and then rehydrated 

with 1.6 mL of HEPES buffer (62.5 mM HEPES and 1.25 EGTA). The reconstituted lipids were 

vortexed and allowed to hydrate at 4°C overnight. The lipids were vortexed again and extruded 

through a 100 nm polycarbonate filter using a Mini-Extruder Apparatus (Avanti Polar Lipids). The 

lipids were pushed through a starting syringe to a syringe on the opposite side of the apparatus and 

back again, constituting one pass. A minimum of 10 passes was conducted. After extrusion, the 

vesicles were sized at a concentration of 0.1 mM in TKE buffer (50 Mm Tris-HCl, 100 mM KCl, 

and 1mM EDTA) using a dynamic light scattering (DLS) machine (DynaPro, Protein Solutions). 

10, 30, 50, and 70% laser power was used for a total of 20 acquisitions at 10 and 20 seconds per 

acquisition. It was found that these vesicles had a radius of 43 nm. 

Bola-PC vesicles: 5 µL of a 25 mg/mL solution of DOPC in CHCl3, and 50.8 µL of a 1.193 mM 

solution of 4B in 2:1 MeOH:CHCl3 was transferred to a glass vial and blown down with N2. The 

vial was placed under high vacuum for on hour and then rehydrated with 1.6 mL of Lipid Dilution 

buffer (62.5 mM HEPES and 1.25 EGTA). The reconstituted lipids were vortexed and allowed to 

hydrate at 4°C overnight. The lipids were vortexed again and extruded through a 100 nm 

polycarbonate filter using a Mini-Extruder Apparatus (Avanti Polar Lipids). The lipids were 

pushed through a starting syringe to a syringe on the opposite side of the apparatus and back again, 

constituting one pass. A minimum of 10 passes was conducted. After extrusion, the vesicles were 

sized at a concentration of 0.1 mM in TKE buffer (50 Mm Tris-HCl, 100 mM KCl, and 1mM 
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EDTA) using a DLS (DynaPro, Protein Solutions). 10, 30, 50, and 70% laser power was used for 

a total of 20 acquisitions at 10 and 20 seconds per acquisition. It was found that these vesicles had 

a radius of 43 nm.  

4.3.2.2 Vesicle Photocleavage  

 In a dark room, 200 µL of bola-vesicles dissolved in TKE buffer were irradiated 

with a 365 nm LED in a quartz cuvette. Six samples of vesicles were independently irradiated at 

increasing 30 second time intervals (Table 3.), up to 180 seconds. One set of DOPC vesicles was 

also irradiated for 180 seconds. After photocleavage, the vesicles were stored in Lipid Dilution 

buffer at 4°C. Samples are currently in que to be analyzed by LC-MS/MS.  
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6.0 Appendix  

 

Figure 30. Low Resolution EI Spectra of 1-bromo-2,5-dimethoxybenzene (1.2.1) described in 

Section 4.2.1.1.1  

 

Figure 31. 1H NMR of 1-bromo-2,5-dimethoxybenzene (1.2.1) described in Section 4.2.1.1.1  
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Figure 32. Low Resolution EI Spectra of 1.2 described in Section 4.2.1.1.1  

 

Figure 33. 1H NMR of 1.2 described in Section 4.2.1.1.1  
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Figure 34. 13C NMR of 1.2 described in Section 4.2.1.1.1  

 

Figure 35. Low Resolution EI Spectra containing 1-bromo-4-iodo-2,5-dimethoxybenzene and 1.2 as 

described in Section 4.2.1.2.1a 
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Figure 36. Low Resolution EI Spectra of contaminated 1-bromo-4-cyano-2,5-dimethoxybenzene 

described in Section 4.2.1.2.1a 

 

Figure 37. Low Resolution EI Spectra of contaminated 1.3 described in Section 4.2.1.2.1a 
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Figure 38. Low Resolution EI Spectra of 1-bromo-4-cyano-2,5-dimethoxybenzene (1.2.1) described 

in Section 4.2.1.2.2a 

 

Figure 39. 1H NMR of 1.2.1 described in Section 4.2.1.2.2a    
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Figure 40. 12C NMR of 1.2.1 described in Section 4.2.1.2.2a 

 

Figure 41. Low Resolution EI Spectra of 1.3 as described in Section 4.2.1.2.2a 
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Figure 42. 1H NMR of 1.3 as described in Section 4.2.1.2.2a 
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Figure 43. Low resolution EI Spectra of 1,4-dicyano-2,5-dimethoxy-3-nitrobenzene (1.4) as 

described in Section 4.2.1.3.2

 

Figure 44. 1H NMR of 1.4 as described in Section 4.2.1.3.2 
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Figure 45. 13C NMR of 1.4 as described in Section 4.2.1.3.2 

 

Figure 46. Low resolution EI Spectra of 1,4-dibromo-2,5-dimethoxy-3,6-dinitrobenzene (C) as 

described in Section 4.2.1.4 
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Figure 47. Low resolution EI Spectra of 1,4-dibromo-quinone (C.1) as described in Section 4.2.1.4 
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Figure 48. High Resolution EI Spectra of 2.2 as described in Section 4.2.2.1  

 

Figure 49. 1H NMR of 2.2 as described in Section 4.2.2.1  
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Figure 50. 13C NMR of 2.2 as described in Ssection 4.2.2.1 
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Figure 51. High Resolution EI Spectra of 2.3 as described in Section 4.2.2.2  

 

Figure 52. 1H NMR of 2.3 as described in Section 4.2.2.2  
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Figure 53. 13C NMR of 2.3 as described in Section 4.2.2.2 
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Figure 54. High Resolution EI Spectra of 2.4 as described in Section 4.2.2.3a  

 

Figure 55. 1H NMR of 2.4 as described in Section 4.2.2.3a  
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Figure 56. 13C NMR of 2.4 as described in Section 4.2.2.3a 
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Figure 57. High Resolution EI Spectra of 2.5 as described in Section 4.2.2.4a 

 

Figure 58. 1H NMR of 2.5 as described in Section 4.2.2.4a 
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Figure 59. 13C NMR of 2.5 as described in Section 4.2.2.4a 

 

Figure 60. 1H NMR of 2.6.1 as described in Section 4.2.2.5.1a 
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Figure 61. High Resolution EI Spectra of 2.6 as described in Section 4.2.2.5.3a 

 

Figure 62. Low Resolution ESI Spectra of nitrated acetovanillone as described in Section 4.2.2.5.2 

 

 

 

 



 

140 

 

 

Figure 63. 1H NMR of nitrated acetovanillone as described in Section 4.2.2.5.2 

 

Figure 64. 13C NMR of nitrated acetovanillone as described in Section 4.2.2.5.2 
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Figure 65. Low Resolution ESI Spectra of 2.6 as described in Section 4.2.2.5.3a 

 

Figure 66. 1H NMR of 2.6 as described in Section 4.2.2.5.3a 
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Figure 67. 13C NMR of 2.6 as described in Section 4.2.2.5.3a 
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Figure 68. Low Resolution ESI Spectra of Carboxylic acid side product 2.6.2 as described in Section 

4.2.2.5.3a 

 

Figure 69. 1H NMR of Carboxylic acid side product 2.6.2 as described in Section 4.2.2.5.3a 
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Figure 70. 13C NMR of Carboxylic acid side product 2.6.2 as described in Section 4.2.2.5.3a 
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Figure 71. High Resolution EI Spectra of 2.7 as described in Section 4.2.2.6a 

 

 

Figure 72. 1H NMR of 2.7 as described in Section 4.2.2.6a 
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Figure 73. 13C NMR of 2.7 as described in Section 4.2.2.6a 
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Figure 74. High Resolution EI Spectra of 2A as described in Section 4.2.2.7a 

 

Figure 75. 1H NMR of 2A as described in Section 4.2.2.7a 
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Figure 76. 13C NMR of 2A as described in Section 4.2.2.7a 

 

 

Figure 77. High Resolution ESI Spectra of lyso-PC (3) as described in Section 4.2.3 
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Figure 78. 1H NMR of lyso-PC (3) as described in Section 4.2.3 

 

Figure 79. 13C NMR of lyso-PC (3) as described in Section 4.2.3 
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Figure 80. Low Resolution ESI Spectra of mono-photocleavable bola-PC (4B) as described 

in section 4.2.4.1c  

 

Figure 81. 1H NMR of mono-photocleavable bola-PC (4B) as described in Section 4.2.4 
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Figure 82. 13C NMR of mono-photocleavable bola-PC (4B) as described in Section 4.2.4 

 

Figure 83. Low Resolution ESI Spectra of the photocleavage products of 2A as described in 

Section 4.3.1 
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Figure 84. Low Resolution ESI Spectra of the photocleavage products of 4B as described in 

Section 4.3.1 
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