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ABSTRACT 

Niemann-Pick Type C (NPC) disease is a rare lysosomal storage disorder that occurs in 

about 1/89,000 to 1/120,000 live births and is characterized by an aberrant accumulation of 

cholesterol within the late endosome/lysosome of cells. Symptoms of this disease include 

splenomegaly, neurological deterioration, and often death before adulthood. Mutations in the 

membrane bound NPC1 or luminal NPC2 proteins lead to a decrease in cholesterol efflux within 

the lysosomes by which excess cholesterol crystallizes within membranes resulting in cell death. 

It has been demonstrated that increasing the amount of the lysosomal specific phospholipid 

Bis(monoacylglycero)phosphate (BMP), also known as Lysobisphosphatidic acid (LBPA), in cells 

increases the rate of cholesterol transport in npc1-/- cells, but not in npc2-/- cells, indicating a 

strong synergistic relationship between the NPC2 protein and the lysosomal membranes. 

Increasing the amount of phosphatidyl glycerol (PG), a hypothesized precursor to BMP, has also 

shown an increase in cholesterol egress. While it is hypothesized that the increase in cholesterol 

clearance in the latter is due to the biosynthesis of LBPA from PG, there is no study to directly 

confirm this phenomenon. Therefore, we set out to synthesize diastereochemically pure PG 

containing isotopically labeled oleyl acyl chains to examine LBPA levels using lipidomic analysis 

of npc1-/- cells post treatment with PG.  

Initially, efforts centered around the use of phosphoramidite methodology commonly 

encountered in DNA oligonucleotide synthesis. While this route proved to be successful in making 

PG in modest yield (52%), reproducibility of this route with consistent yields was hindered due to 

the use of tetrabutylammonium fluoride (TBAF) in the final global deprotection step. Thus, we set 

out to discover a phosphorylated intermediate that did not require TBAF in the final step or contain 

easily hydrolysable protecting groups. It was discovered that H-phosphonate methodology using 
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diphenyl phosphite for phosphorylation of the glycerol headgroup and backbone proved to be 

robust enough for PG synthesis. In this strategy, PG can be isolated in two steps from the final 

protected intermediate by first oxidizing the H-phosphonate from PIII to PV followed by 

deprotection of the glycerol head group under acidic conditions.  Additionally, the H-phosphonate 

strategy also allowed us to omit headgroup modification prior to phosphorylation which reduced 

the number of synthetic steps from 11 steps to 7 steps. As a result, we were able to synthesize 

diastereochemically pure PG more consistently than the previous route in 75% yield. The route 

was further modified further to incorporate asymmetric acyl chains allowing the selective 

installation of a labeled acyl chain on the sn-1 or sn-2 positions of the phosphoglycerol backbone. 

The results from the lipidomic experiments indicate that increased LBPA concentrations in cells 

rise upon incubation with labeled PG. Additionally, increases in lyso-PG and acyl-PG are also 

observed leading to several hypotheses on how LBPA might be synthesized from PG. Future 

directions on this effort include identification of phospholipid species made from PG containing 

asymmetrically labeled acyl chains.  Synthesis of photoaffinity labeled PG is also underway to 

determine the protein partners involved in PG metabolism. 
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  BACKGROUND AND LITERATURE REVIEW 

Niemann-Pick Type C disease (NPC) is a rare autosomal recessive lysosomal storage 

disorder found predominately in children that often results in death before the age of 20. NPC is 

caused by an aberrant accumulation of cholesterol within the late endosome/lysosome 

compartment of cells. This dissertation is focused on the synthesis of labeled phosphatidylglycerol 

probes containing 13C acyl chains to elucidate mechanisms behind cholesterol trafficking in NPC. 

The purpose of these probes was to monitor the movement of acyl chains from one phospholipid 

species to another using hydrophilic interaction liquid chromatography coupled to tandem mass 

spectrometry, in an effort to identify metabolic intermediates and enzymes involved in the 

production of a lysosomal specific phospholipid known as bis(monoacylglycero)phosphate (BMP), 

a molecule of growing interest in NPC. Chapter 1 provides literature review of lysosomal functions 

and NPC overview with a concentration on BMP. Chapters 2 and 3 focus on the novel syntheses 

of diastereochemically pure PG containing unsymmetric acyl chains to provide a robust route for 

installation of labeled oleyl chains onto the phosphoglycerol backbone. Finally, Chapter 4 is 

focused on monitoring the metabolic products of PG and progress towards the synthesis of 

photoaffinity probes in an effort to establish involved protein partners. 

1.1 Lysosomes 

Lysosomes are digestive organelles that are made up of an acidic lumen and a single 

phospholipid bilayer membrane typically ranging between 0.1 – 1.2 µm in diameter with a 

heterogenous morphology.1 First discovered in rat liver by de Duve et al.2-3, they were originally 

described as saclike structures containing a variety of acid hydrolases surrounded by a membrane. 

Lysosomes contain more than 50 different types of hydrolytic enzymes called acid hydrolases 
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including phosphatases, nucleases, proteases, lipases, sulfatases and others that are responsible for 

the degradation of cellular waste, nutrient sensing, recycling, as well as autophagy.4-5 These 

enzymes break down proteins, polysaccharides, and lipids into their fundamental building blocks.6-

7 Acid hydrolases are specifically targeted to the lysosomes by mannose-6-phosphate residues 

(M6P) that are recognized by M6P receptors in the trans-Golgi network (TGN).8 From there, the 

enzymes are repackaged into clathrin coated vesicles that, upon removal of clathrin, fuse with late 

endosomes to form the late endosome/lysosome complex (LE/LY). Binding of M6P to its 

corresponding oligosaccharide occurs at pH 6.5 – 7, and releases it in the interior of the lysosome 

when the pH drops below 6.9 Upon release of the hydrolase enzymes, the M6P receptors are then 

recycled and sent back to the TGN for further use.  

The acidic pH required for activity of the acid hydrolases present in the lumen of the 

lysosome is maintained by active transportation of protons via vacuolar ATPase (VATPase).10 

Since the concentration of H+ of the lysosome (pH 4.5 -5.5) is approximately 100 – 1000 fold 

higher than the cytosol, expenditure of energy in the form of ATP hydrolysis is necessary to 

maintain this acidity. At higher pH levels, the enzymes become inactive making the acidic pH for 

lysosomal function essential. To highlight the importance of this statement, efforts to kill tumor 

cells by rendering lysosomal enzymes inactive simply raising the lysosomal pH have been 

employed with small molecules. Two diprotic weak-based drugs, chloroquine (CQ) (pKa1 = 8.1, 

pKa2 = 10.2) and hydroxychloroquine (HCQ) (pKa1 = 8.3, pKa2 = 9.7), have been used to exploit 

the large pH gradient between the extracellular pH (6.5) in the tumor microenvironment and the 

alkaline cytosol of the tumor cell (7.12 – 7.65).11-12 The driving force for HCQ and CQ to partition 

into the lysosome is proportional to the square of the hydrogen ion gradient compared to a 

monoprotic base like ammonia chloride that is only proportional to the hydrogen ion gradient.13 
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Once inside the lysosome, CQ and HCQ become protonated, thus raising the pH. The inhibition 

of hydrolase enzymes prevents the fusion of autophagosomes with lysosomes, and therefore 

prevents degradation of engulfed material.14 As a result, tumor cell growth is inhibited, and 

apoptosis is enhanced through autophagic flux.  

The formation of lysosomes represents an intersection between the secretory pathways and 

endocytic pathways (Figure 1.1). Lysosomes originate from budding of the TGN. In the former, 

lysosomal proteins are packaged and shipped from the TGN while the latter involves the formation 

of vesicles at the cell surface. In the endocytic pathway, material can be taken into the cell through 

endocytosis at the plasma membrane. In this process, budding occurs in a clathrin dependent or 

independent manner from the plasma membrane and forms what is known as an early endosome 

(EE). In the EE, material is either sent to the lysosomes for degradation, recycled and rapidly 

transported back to the plasma membrane via Rab mediated transport, or sent to the TGN for 

further trafficking.15 Intraluminal vesicles (ILVs) can form in the EE by inward budding of the 

endosomal membrane mediated by endosomal sorting complex required for transport (ESCRT).16 

This step in the maturation process from early to late endosomes is what is responsible for the 

formation of multivesicular bodies where cargo proteins are transported for degradation.
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Figure 1.1. Outline of the endocytic pathway in animal cells. EEs are formed by endocytosis via 

phagocytosis, pinocytosis, or receptor-mediated endocytosis. Certain proteins and lipids not 

destined for the LE/LY may be recycled back to the plasma membrane, or routed by retrograde 

transport to the TGN. Sorting of components destined for the LE/LY is achieved by the formation 

of ILVs that are formed from the limiting membrane as the EE matures into an LE. Eventually, 

some ILVs are delivered to lysosomes where they are degraded together with their protein cargo. 

Late endosomes and lysosomes exchange membrane components and solutes, forming a transient 

hybrid endo-lysosome, which is then re-converted into secondary lysosomes, where hydrolases are 

stored. As this maturation process occurs, VATPase pumps protons into the lumen to lower the 

pH of the vesicles. Material may exit the cell by LE/LY as well by fusing with the plasma 

membrane and forming secretory vesicles or exosomes. The endocytic pathway also intersects 

with other vesicular pathways such as autophagy, and engages in other membrane contact sites 

with organelles such as the endoplasmic reticulum or Golgi apparatus. Figure reproduced from 

Gruenberg et al.17.
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The definitions of the lysosome, EE, late endosome (LE), and LE/LY may seem unclear as 

there are many similarities between each of these vesicles. This is in part due to the constantly 

changing environment of the same vesicles as they proceed down the chain of transportation and 

metabolism of engulfed material. The EE was originally thought to be a transportation mechanism 

of endocytosed material for cells whereas today it is understood to have many other functions that 

relate to sorting and recycling. In general, the EE is located near the cell surface while the late 

endosome is usually perinuclear and characterized by the formation of ILVs. It is still under debate 

whether or not the LE should be defined by vesicular transport or the maturation of EE (e.g., 

change in pH, formation of ILVs, etc.). However, evidence suggests that one clear difference is 

that the late endosome is more likely to receive traffic from the TGN.18 Morphologically, LE tend 

to be more spherical than EE and are juxtanuclear. The lysosome is born from the TGN and 

contains a single lipid bilayer while the LE/LY may have both a limiting membrane as well as 

ILVs due to fusion of a lysosome with a late endosome.  

1.2 Lysosomal Storage Disorders 

1.2.1 Uncontrolled Substrate Accumulation and Impairment of Autophagic Processes  

It is important to note that the M6P tag distinguishes secretory proteins from lysosomal 

proteins. If tagging of lysosomal proteins with M6P does not occur, subsequent breakdown of the 

hydrolase’s substrate in the lysosome will not occur. This may cause the substrate to accumulate 

within the lysosome. Aberrant accumulation of a given substrate within the lysosome can be 

deleterious not only for the lysosome, but it can also disrupt cellular homeostasis and can 

ultimately lead to cell death. The buildup of undigested material can result in a rare class of 

diseases known as lysosomal storage disorders (LSDs). LSDs were originally described as 
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lysosomal enzyme deficiency states in 1965 by H.G. Hers when he discovered what later became 

known as Pompe disease.19-20 Examples of accumulated intermediate metabolic products include 

lipofuscins, gangliosides, sterols, sphingolipids, sulfatides, triglycerides and sphingomyelin.21-23 

There are nearly 50 LSDs known; all of which are single gene disorders.24 These diseases can arise 

due to deficiencies in acid hydrolases, but they can also arise due to other proteins within the 

lysosome that are responsible for digesting endocytosed material. Since Hers’ discovery, the 

definition of these storage disorders expanded to include dysfunction in non-lysosomal enzymes 

as well as soluble and transmembrane proteins of the lysosome. Additionally, all LSDs are 

autosomal recessive disorders except for Hunter’s disease, Fabry’s disease, and Danon disease.25-

27 The autosomal recessive nature makes LSDs most common in children. Collectively, LSDs 

affect about 1/5,000 – 1/7,000 live births and represent heterogeneity with respect to different 

populations and regions.28 For instance, Gaucher disease (GD) is an LSD that arises due to a 

mutation in the GBA gene that results in a deficiency in β-glucocerebroside. In the general 

population, GD affects 0.39 to 5.80 per 100,000 live births, but in Ashkenazi Jews, GD can be as 

high as 1/850 live births.29-31  

While cells can tolerate some loss of enzyme activity and still moderate substrate 

accumulation, there exists a ‘critical threshold’ by which cells can operate with this loss in 

activity.32 Below this threshold, cells can no longer tolerate the excess substrate and accumulation 

occurs. The manifestation of LSDs can be attributed to structural changes in cells, such as 

enlargement, that ultimately result in physical and cognitive abnormalities. The uncontrolled 

accumulation of substrate can also result in complete organ failure. For example, Pompe disease 

is a type of LSD in which intralysomal accumulation of glycogen results in cardiomyopathy due 

to deficiencies in acid α-glucosidase: a carbohydrate hydrolase that releases α-glucose.33-34 Large 
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amounts of glycogen in vacuoles were observed in all tissues examined, which lead to an enlarged 

heart. In another example, Stargardt disease is caused by a mutation in either the ABCA4 or 

ELOVL4 genes.35-37 Both of these genes are responsible for making proteins that are located in 

photoreceptor cells in the retina. The ABCA4 protein is responsible for removing toxic substances 

from the eye such as lipofuscin which accumulate upon its absence, thus resulting in cell death. 

Mutations in the ELOVL4 protein results in protein aggregates and interfere with retinal cell 

functions; this effect also results in cell death. In both cases, vision can be impaired, and patients 

of this disease may go blind. 

In addition to cellular and organ dysfunction, LSDs seem to also cause brain failure in 

roughly two-thirds of all lysosomal diseases.22 Symptoms of LSDs that cause brain failure 

typically involve manifestation into dementia, motor system dysfunction, seizures, blindness, etc.  

The reason as to why this happens has eluded experts in the field despite the advances in genomics 

and modern biochemical assays. One possible explanation for the connection between LSDs and 

cellular degradation is the impairment of autophagy.38-40 Autophagy is the process in which cells 

maintain homeostasis by selectively removing damaged organelles or macromolecules that, if 

accumulated, may become toxic. On the other hand, cells can also non-selectively recycle cytosolic 

materials upon starvation to generate energy. The process of autophagy begins with the formation 

of isolated membrane vesicles known as phagophores that resides in the cytosol. Phagophores are 

predominately formed in the endoplasmic reticulum, but have also been cited to form from the 

mitochondria, Golgi apparatus, and plasma membrane.41-44 As they mature, phagophores elongate 

and form double-membrane vesicles called autophagosomes and engulf autophagic cargo. 

Autophagosomes can then either fuse directly with lysosomes, or first fuse with endosomes and 
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then with lysosomes to form autolysosomes where cargo is then consumed. The maturation of 

autophagic vesicles and metabolism of cargo is known as the autophagic flux (Figure 1.2).45  

 

Figure 1.2. Steps of the autophagic flux. Autophagy is activated upon cellular stress conditions. 

The process begins with the formation of a double-membrane vesicle known as a phagophore that 

elongates into an autophagosome. These vesicles engulf intracellular degradation components, 

including mitochondria, damaged organelles and lipid droplets. The mature autophagosome with 

intracellular degradation components then fuses with the lysosome and forms an autolysosome, 

which provides an acidic environment for hydrolytic enzymes to hydrolyze the engulfed 

components. Figure reproduced from Li et al.45 

There are several mechanisms by which autophagy is regulated. The primary function of 

autophagy is to serve as a survival mechanism rather than a cell death mechanism. Under nutrient-

rich conditions, the rapamycin complex 1 (mTORC1) pathway is a commonly targeted mechanism 

by which cells grow and proliferate by manufacturing proteins.46 Secondary targets for autophagy 

modulation include the Unc-51 like kinase-1 (ULK1) complex and AMP-activated protein kinase 

(AMPK).47 Upon inhibition of mTORC1, the cell becomes starved, and autophagy is stimulated.  

Independent of mTORC1, autophagy can also be influenced by increasing the levels of inositol 

triphosphate (IP3), Ca2+, cyclic adenosine monophosphate (cAMP), and nitric oxide.48-51 
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Impairment of autophagic flux has been cited in a number of neurodegenerative diseases including 

Niemann-Pick Type C disease (NPC) that will be described in greater detail later.52-55 Von Gierk’s 

diseases, a deficiency in glucose-6-phosphatase-α, decreases the ability of glycogen to be broken 

down into glucose primarily in the liver and kidney. G6pc-/- mice exhibited decreased autophagy 

in the liver via downregulation of sirtuin-1.56-59 However, Glycogen Storage Diesease Type 1a 

(GSDIa) dogs that were treated with rapamycin, an agent used to induce autophagy, experienced 

decreased levels of hepatic triglyceride and glycogen content, translating to a decreased liver 

size.60 In a second example, Lafora disease (LD) is a glycogen storage disorder that arises due to 

mutations in EPM2A and EPM2B.61 LD is characterized by neurodegeneration and intracellular 

accumulation of poorly branched glycogen deposits. Knockout of EPM2A and EPM2B in mice 

resulted in decreased autophagosome production suggesting an impairment of autophagy.58, 62 

Although not an LSD by definition, Alzheimer’s disease is a macromolecular storage disorder that 

results from the impaired metabolism of amyloid precursor protein (APP), thus resulting in 

accumulation of extracellular senile plaques made from amyloid-β (AB) leading to brain failure.63 

Presenilin-1 (PS-1) is an enzyme that cleaves APP into AB where it is degraded via autophagy. 

However, mutations in PS-1 impair lysosomal acidification which results in impaired autophagic 

flux and prevented autophagosome maturation.58, 64  

1.2.2 Diagnostic Techniques and Treatments for Lysosomal Storage Disorders 

It should be appreciated by now that the vesicular transport vesicles in cells play a much 

larger role in cellular homeostasis than transporting cargo from one point to another or serving 

primarily as a “garbage disposal” for cargo. Impairments in the lysosome via LSDs have major 

implications in the entire trafficking network and overall health of the cell. While the cause of 

LSDs may seem straightforward, the diagnosis of LSDs can be more complex. Diagnosis typically 
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occurs well after the patient symptoms are first presented, usually after patients show 

developmental decline after a period of normal development.65 There are a broad spectrum and 

overlap of phenotypes that can make recognition of these diseases difficult, and therefore clinical 

suspicion based solely on presentation of symptoms is not very effective. NPC, a cholesterol and 

sphingolipid storage disorder, is a disease in which patients are commonly misdiagnosed with 

psychotic syndromes, Alzheimer’s disease, Parkinson’s disease, Wilson’s disease, Creutzfeldt-

Jakob disease, multiple sclerosis, Wernicke encephalopy, and others.66   

Due to the rare nature and large number of these LSDs, it is understandable why a physician 

may misdiagnose based on the clinical presentation of LSDs that they are less familiar with. The 

lack of familiarity of LSDs within the general population further amplifies this problem as the 

disease becomes more difficult to diagnose due to late onset of symptoms that may not occur right 

at birth.67 Furthermore, these diseases usually require biochemical assays on blood, urine, or skin 

fibroblasts in infants and children that are only available through specialized laboratories.68 These 

assays typically screen for increased levels of accumulated substrates. Dyes that stain specific 

substrates may be used to identify increased levels of the analyte of interest. In cases where UV/Vis 

experiments cannot be performed, other techniques may be employed to identify the analyte of 

interest such as thin-layer chromatography and high-pressure liquid chromatography.69-70 Enzyme 

analysis is another method used to rapidly diagnose LSDs. This technique is commonly employed 

in diseases such as Niemann-Pick Type A and B, acid lipase deficiency, Krabbe disease, and 

more.71 In these examples, leukocytes and plasma are analyzed for enzymes involved in the 

digestion of glycosphingolipids and oligosaccharides. Targeted enzymes may be analyzed with 

specific fluorescent tags such as 4-methylumbelliferone. While this enables the analysis to be rapid, 

it may decrease the sensitivity of the enzyme potentially due to the susceptibility to mutant forms 
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of the enzyme.72 This will require more material from the patient. One possible alternative to the 

fluorescence tag method is by using tandem mass spectrometry (MS-MS), especially when using 

dried blood spots.  

Molecular screening assays may also be performed to determine mutations in selected 

genes and proteins to identify point mutations. Mutation scanning is a type of molecular screening 

assay that is used to identify gene mutations without knowing the location of the genes. Mutation 

scanning such as high resolution melting, a post PCR technique, was employed to identify genetic 

variants in a German NPC population.73 Another mutation scanning technique such as denaturation 

high performance liquid chromatography (dHPLC), also a post PCR technique used to screen DNA 

samples by analysis using reversed phase columns to identify denatured DNA strands upon 

temperature changes. In a Gaucher patient, dHPLC was employed to identify three novel mutations 

in a Colombian population.74 DNA sequencing is a third type of molecular screening that identifies 

precise location of nucleotides within genes. This method is ideal for patients who have disorders 

with no existing biochemical markers. Next generation sequencing (also known as massively 

parallel sequencing) is used to investigate DNA sequencing in large regions.75 This approach 

overcomes the scalability limitations of traditional Sanger sequencing by attaching DNA 

molecules to beads that allows millions of DNA sequencing reactions to happen in parallel. This 

technique was recently implemented to identify one-point mutation and a deletion of acid alpha-

glucosidase (GAA) in Pompe disease.76   

Treatments for LSDs have also proven to be a challenge. To date, there are no cures for 

patients with LSDs. While certain strategies such as enzyme replacement therapy (ERT) may 

enhance the quality of life, this merely decreases the rate of the disease pathogenesis.65, 77 The 

difficulty in creating more effective therapies for LSDs is due to the necessity to transverse the 
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blood brain barrier (BBB) after intravenous injection of agent. As explained earlier, the patients of 

many LSDs will eventually develop brain failure.22 Therefore, targeting therapies to the brain is 

essential for limiting the neurodegenerative effects. The BBB is a highly selective semipermeable 

network made up of continuous endothelium with tight junctions between endothelial cells.78 The 

role of the BBB is designed to protect the brain from circulating pathogens. The BBB prevents 

molecules larger than 400 – 600 Da and small polar molecules to pass through, but allows 

lipophilic molecules that meet the criteria for passive transport through.78 Regulation of passive 

transport is carried out via efflux pumps that reject undesired small molecules back to the 

circulatory system. Transportation of small polar molecules (e.g. glucose, amino acids, organic 

ions, nucleosides, etc.) may cross the BBB through carrier mediated transport.79 Larger 

macromolecules such as peptides and proteins are transported by receptor-mediated or adsorption 

mediated endocytotic transport, and may be used in targeting strategies to deliver small molecule 

cargo.78 

ERT has been the mainstream approach to treating LSDs, but it is limited to non-neuronal 

manifestations of disease. Furthermore, the ERT approach requires repeated injection of 

therapeutic agent as patients remain unable to produce the mutated or deficient enzyme. The goal 

of ERT is to deliver purified functional enzymes to lysosomes that enhance the activity of digested 

substrates. The earliest FDA approval of an ERT was for Gaucher’s disease in 1991.80 

Intravaneous injection of enzymes into the blood stream typically do not cross the blood brain 

barrier. Direct injection of ERT to the central nervous system have also been explored to bypass 

the BBB.81 However, this is not ideal for patients as these approaches require repeated injections 

into the brain or spine. 
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The use of an ERT strategy is primarily implemented for LSDs that display little to no 

neurological symptoms; although there have been attempts to create delivery systems for ERT that 

transverse the BBB via nanoparticles (NPs).82 NPs based approaches have also been used to 

transport small molecules that don’t meet the criteria to cross BBB.83 NPs incorporating small 

molecules act similarly to a “Trojan Horse” in which NPs can disguise the payload as material that 

cells can take in. They can protect the incorporated cargo from degradation as well enhance the 

bioavailability of the drug attributed to longer circulation times within the blood stream compared 

to the free drug. Additionally, because the cargo is shielded from the surrounding environment 

until the NP breaks down at its target site, it can reduce the toxicity of the therapeutic agent. Some 

examples of biodegradable and bioavailable NP delivery systems that have been used to transverse 

the BBB include polymers, lipids, metal NPs, and exosomes.84-87 The use of NPs can be used to 

ameliorate some of the pitfalls of ERT, specifically the lack of targeting and high dosing of the 

selected enzyme. Recently, a (poly lactic-co-glycolic acid) (PLGA) based NP was targeted to the 

brain using cross-linked enzyme aggregates to treat Krabbe disease, an LSDs caused by a 

deficiency in galactocerebrosidase, which is responsible for the metabolism of the sphingolipids 

galactosylceramide and psychosine.88-89 These NPs promoted recovery in the brain of mice to 

levels similar to the control. Both targeted and non-targeted versions of the NPs accumulated in 

the liver, but only the targeted NPs ended up in the brain. 

As LSDs are single gene disorders, they are ideal candidates for gene therapy strategies. 

The critical threshold for most lysosomal enzymes is 10-15% of residual enzyme activity. Below 

this threshold, disease does not occur.90 Therefore, only a fraction of the total lysosomal activity 

needs to be restored for the cell to maintain homeostasis. Gene therapy can be divided into ex vivo 

and in vivo strategies. In the ex vivo approach, cells are extracted from donors and transduced by 
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a viral vector to over express the therapeutic enzyme before transplantation back into the patients. 

One successful example of ex vivo gene therapy was the use of hematopoietic stem cells that were 

used for infantile metachromic leukodystrophy, an LSD that characterized by the accumulation of 

sulfatides in the cells of the central nervous system.91 After 18 to 24 months of treatment in infants, 

disease progression halted when normally disease progression would be rapidly increasing. Most 

in vivo gene approaches take advantage of direct administration of recombinant adeno-associated 

vectors (rAAV) usually intravenously or locally to the central nervous system. AAVs are small 

viruses that infect humans but lacks pathogenicity.92 This gives rAAV the transduction efficiency 

of a virus but is also considered safe. An additional advantage is that specific rAAV therapies such 

as AAV9 can cross the blood brain barrier allowing transduction of the CNS after administration.93 

Recent advances in large scale AAV vector production has allowed for the translation of preclinical 

studies to clinical trials including intravaneous high-dose AAV9 therapy in type I and type II GM1 

gangliosidosis patients94, AAV6 therapy for adult Fabry disease95, AAV8 therapy to adults with 

late onset Pompe disease96, and others.  

1.3 Niemann-Pick Type C Disease 

1.3.1 History of Niemann-Pick Diseases 

Niemann-Pick Disease (NPD) is a group of heterogenous LSDs associated with the 

accumulation of cholesterol and sphingomyelin in the lysosome.97 NPD was first described in 1927 

by two German pediatricians: Albert Niemann and Ludwig Pick. NPD can be classified into four 

subtypes: A, B, C, and D. An autopsy in 1914 performed by Niemann in Irene D., a child who had 

died at 18 months old and had been ill her entire life, revealed an enlarged liver, spleen, and lymph 

nodes that were yellow and fatty.98 Tissue cells were replaced by large vacuolated cells that 
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Niemann believed to be similar to, but not identical with Gaucher disease. In 1927, Pick identified 

Type B and confirmed that Type A is different from Gaucher disease.99-100 Type A is the most 

severe form of NPD that occurs early in infancy and results in significant damage to the brain.  

Type B typically starts in childhood and has mild symptoms compared to type A without brain 

damage. Types A and B are similar in that they are caused by mutations in the SMPD1 gene that 

results in deficient activity of the enzyme responsible for the breakdown of sphingomyelin.101 Type 

C and D are cause by mutations in the NPC1 or NPC2 genes that result in the impairment of 

cholesterol trafficking within the LE/LY, leading to an uncontrolled accumulation of lipids.97 The 

NPC1 mutation occurs in chromosome 18q11 and is present in about 95% of patients.97, 102 The 

other 5% of NPC patients experience mutations in the chromosome 14q42.3.103 This chromosome 

was originally thought to encode for the human epididymal protein 1 (HE1), but observation of 

reduced cholesterol accumulation with npc2-/- patient fibroblasts upon supplementation with HE1 

inspired the name change to NPC2 as it was evident this protein was required for cholesterol 

trafficking. Type C differs from Type D in that the latter is associated with their Nova Scotia 

Acadian origin.97 Type C and Type D are interchangeable, and are both categorized into Type C. 

It was discovered in 1966 by Brady and co-workers that there was a severe deficiency in 

sphingomyelin in type A, which was extended to type B.104-105 However, types C and D did not 

demonstrate this problem. In turn, types C and D evolved into a cholesterol storage disorder while 

Types A and B were designated as a sphingomyelin disorder. 

Niemann-Pick Type C disease (NPC) occurs in about 1/89,000 to 1/120,000 live births, 

although the incidence rates can vary among ethnicity groups can vary.106 The age of onset of NPC 

can occur anywhere from the neonatal period to well into adulthood. NPC was first identified when 

fibroblasts cultured from NPC patients revealed high concentrations of unesterified cholesterol, 
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distinguishing it from other LSDs.107-108  However, the disease predominately presents itself from 

the early childhood to early adulthood periods, often resulting in death between the ages of 10 and 

25. While systemic involvement precedes the onset of neurological involvement, the systemic 

involvement may only be present in approximately 15% of patients at the point of diagnosis.97 

Neurological disorders consist mainly of ataxia, dysphagia, dementia, and vertical supranuclear 

gaze palsy.66  

1.3.2 Symptomatic Progression of Niemann-Pick Type C Disease 

The early infantile stage (2 months – 2 years) of NPC can be characterized by the presence 

of hepatosplenomegaly.97 While NPC is not specific to any given region of the body, as cholesterol 

in necessary in all cells, certain regions may appear abnormally large compared to others due to 

large amounts of cholesterol accumulation in the respective regions. Hepatosplenomegaly, or the 

enlargement of the spleen or liver, is a hallmark of NPC disease as most cholesterol production 

occurs in the liver. Neonatal cholestatis, an impaired flow of bile from the liver cells to the intestine 

of a newborn, typically resolves itself in within 2 - 4 months of being born leaving only 

hepatosplenomegaly behind. However, infants that do not observe improvement develop acute 

neonatal cholestasis which results in liver failure and ultimately death within 6 months. 

Neurologically, a loss of motor skills may be observed leading to children with NPC lacking the 

ability to walk. Patients demonstrated onset of NPC at this stage typically leads to death before the 

age of 5. 

The majority of NPC patients experience the onset of symptoms between the ages of 6 and 

15 years of age, also known as the juvenile period.97 Hepatosplenomegaly may begin at this stage. 

However, patients where organomegaly was observed in the early stages of infancy may see this 

reduced by the onset of neurological symptoms. Difficulty paying attention and retaining 
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information in school is not uncommon. Similarly to the early infantile stage, motor skills become 

impaired as the child, at a variable rate, starts to become clumsier while walking (gait problems) 

and has difficulty running. Most patients who show symptoms in the juvenile period usually do 

not survive past the age 30, although some patients can.  

Patients that experience NPC during the adolescent and adult stage (15 years and older) 

usually suffer from severe neurological deterioration.97 It’s often the late onset of symptoms that 

misdiagnosis occurs as absence of hepatosplenomegaly leaves only neurological symptoms to be 

commonly observed. Neurological onset in the adult stage, however, may not arise until possibly 

50 years of age or older. Onset of symptoms at this stage might also present psychiatric impairment 

before motor skill impairment. Psychiatric impairments usually consist of psychosis and patients 

may develop disorders such bipolar disorders, obsessive-compulsive disorders, and transient visual 

hallucinations. 

1.3.3 Diagnosis and Treatment of Niemann-Pick Type C Disease 

As mentioned previously, the diagnosis of NPC can be quite challenging. In most cases, 

only after the disease presents itself does laboratory testing begin (Figure 1.3). The first line of 

laboratory testing typically involves screening for elevated plasma metabolites such as cholestane-

3β, 5α, 6β-triol, 7-ketocholesterol, 25-hydroxycholesterol, lyso-sphingomyelin isoforms and bile 

acid.109-111 Interestingly, the reported levels of 24(S)-hydroxycholesterol were lower than 

controls.111-112 The limitations associated with these tests are mainly that these biomarkers are not 

necessarily specific to NPC, and often requires specialized laboratories with expertise in handling 

and analyzing these molecules. As a second line of diagnostic testing, genetic screening may be 

carried out. Currently, there exists about 700 known variants of NPC1 leading to impaired function, 

and about 420 of them are thought to be pathogenic.109 Genetic screening is the only reliable 
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method to diagnose carriers of the mutated NPC1 and/or NPC2 proteins. Additionally, it may assist 

in correlating the phenotype to the genotype. The disadvantages associated with this method of 

diagnosis include the inability to identify certain genetic mutations associated with routine 

screening methods as well as variation between ethnicities. After genetic testing, filipin staining 

of skin fibroblast cholesterol content may be carried out. Filipin is a poly-ene dye that specifically 

binds to cholesterol aggregates to emit an intense blue fluorescence when illuminated. While still 

useful, it is no longer considered the gold standard of NPC diagnosis as it requires invasive skin 

biopsies and analysis is long, expensive, challenging, and labor intensive.113 With that said, it’s 

very useful in assessing the pathology of the disease, and when used in corroboration with data 

acquired from the previously described diagnostic methods can be a very power analytical 

technique. 
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Figure 1.3. “Niemann-Pick disease type C laboratory diagnosis algorithm. Abbreviations: GD: 

Gaucher disease; ASMD: acid sphingomyelinase deficiency; EM: electron microscopy; VUS: 

variant of unknown significance; MLPA: Multiplex Ligation-dependent Probe Amplification 

(evaluates copy number changes, allows detection of large deletions or false homozygous status 

with a deletion on the other allele); lysoSM: lysosphingomyelin.” Figure reproduced from 

Geberhiwot et al.109 

 

Several therapeutic strategies, while not FDA approved, have been attempted to treat NPC. 

Cholesterol-lowering agents were successful in reducing hepatic cholesterol levels, but proved 

unsuccessful in extrahepatic tissues, specifically in the brain.114-116 Sphingolipid-lowering drugs 

such as miglustat, a drug approved for Gaucher disease, showed delayed onset of neurological 

symptoms by blocking glycosphingolipid production in the brain.117 This therapy is approved for 

use in Australia, Canada, New Zealand, and other countries in Europe, Asia, and South America. 
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Biological therapies have been explored as well such as ERT strategies, gene therapy, and stem 

cell therapy, although no improvement in neurological function was observed.118 Non-steroidal 

anti-inflammatory drugs such as ibuprofen have shown reduced markers of inflammation, but 

much like the previously described approaches, no neurological improvement was observed.119 

Cyclodextrin (CD) based therapies have shown the most promise thus far as they form 

inclusion complexes that allows for removal of accumulated membrane cholesterol content. CDs 

are a class of cyclic oligosaccharides that are composed of 6 (α-CD), 7 (β-CD), or 8 (γ-CD) glucose 

molecules. CDs are water soluble molecules that have hydrophilic exteriors as the hydroxyl groups 

of glucose are presented on the outside of the molecule while the inside of the cavity is 

hydrophobic. This gives CDs the ability to potentially solubilize hydrophobic molecules in 

aqueous conditions as the inside of the CD cavity can shield hydrophobic species from the aqueous 

environment by forming inclusion complexes where the complexed molecule resides within the 

CD cavity during transportation. Of the many variants of CDs examined, 2-hydroxypropyl-β-

cyclodextrin (HP-β-CD) has shown the most success both in animal models and clinical trials. One 

study involving molecular dynamic simulations suggests that CD takes up cholesterol from the 

lysosomal membrane in a 2:1 ratio, respectively.120 How cholesterol is trafficked once complexed 

with CD is still under debate. One hypothesis suggests that CD promotes lysosomal exocytosis.121-

123 However, this idea is disputed as the total cellular cholesterol contents remain unchanged and 

SREBP2 gene remains suppressed. To address this pitfall in the literature, a recent study that 

utilized radiolabeled cholesterol and cholesterol esters suggested that cholesterol rescued by CD 

is redistributed by the cell primarily to the plasma membrane and endoplasmic reticulum rather 

than being expelled entirely via exocytosis.124  
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Unfortunately, monomeric CD that is administered intravenously suffers from drawbacks 

such as rapid renal clearance125-126 as well as the inability to cross the blood brain barrier127, thereby 

preventing any therapeutic effect regarding cognitive impairment. This requires NPC patients to 

receive high and frequent doses of monomeric CD (2000-4000 mg/kg every 1 – 2 weeks) as 

intrathecal injections into the spine to expose the central nervous system to CD.128-129 Attempts to 

address these issues have been carried out using CD based polymers.130 As an example, CD based 

polyrotaxanes have been designed to create long circulating nanoparticles which may contain 

dozens copies of CDs onboard the polymer core. The increased bioavailability and blood 

circulation is due to their high molecular weight and rod-like shape preventing rapid excretion 

through the kidneys as well as association of these structures with serum proteins.131-132 These 

polyrotaxanes were designed with pH cleavable or targeting endcaps such as cholesterol with the 

goal of targeting the lysosomes via receptor mediated endocytosis or the blood brain barrier via 

transcytosis.133-134 It was determined that, depending on the tissue, these polyrotaxanes could be 

dosed >10 fold lower concentrations than free CD.135 In another strategy, HP-β-CD was 

polymerized via acetal linkages that, upon entering the lysosome, degrade into monomeric CD.136 

This agent has shown promise in penetrating the BBB as well as extending the lifespan of mice at 

a 5-fold lower dosage than free CD administration. 

1.3.4 Cholesterol: Structure, Function, and Trafficking 

Cholesterol is a type of lipid (sterol) that is present in about 20 – 40 mol% of all eukaryotic 

membranes where most of cholesterol present is concentrated within the plasma membrane (65% 

- 90%).137-139 Its structure is based around four fused rings in a trans configuration providing a 

planar and rigid conformation (Figure 1.4). Two methyl groups protrude from the plane of the 

four-ring core. On one end of the molecule is a flexible isooctyl side chain that buries itself within 



 

 

39 

the lipid layer of the bilayer while the hydroxyl group on the other end is exposed to the aqueous 

environment and participates in hydrogen bonding with water and the phosphate head groups of 

the lipids (Figure 1.5).140  

 

Figure 1.4. Molecular Structure of cholesterol. 

Cholesterol embedded in membranes with unsaturated lipid acyl chains generally 

experience higher free energies (less negative) than saturated lipid acyl chains.140-141 Interestingly, 

computational studies by Ermilova et al. revealed an unusually high amount of cholesterol 

molecules in a “flipped” conformation in which the hydroxyl group is oriented within the 

hydrophobic layer of lipid bilayers made up of PC containing 22:6 acyl chains, thus potentially 

giving rise to many possible orientations of cholesterol within a bilayer.141 One of the main roles 

of cholesterol in membranes is to provide stability either by decreasing the membrane fluidity and 

permeability in its presence or increasing the membrane fluidity and permeability in its absence.142 

In the latter, this is accomplished by forming a membrane in the liquid disordered phase.142-144 

Importantly, cholesterol is involved in the formation of lipid rafts: complex domains containing 

high concentrations of saturated lipids and cholesterol that are believed to have implications in 
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cellular signaling. In neurons, cholesterol can operate in tandem with other phospholipids to act as 

insulators to facilitate the speed of electrical impulses among nerve tissue. Cholesterol is 

synthesized in the endoplasmic reticulum and cytoplasm by all animal cells and is a precursor for 

the synthesis of steroid hormones, bile acid, and vitamin D. The production of cholesterol begins 

with acetate where it is then synthesized into squalene by 3-hydroxy-3-methylglutaryl-coenzyme 

A reductase (HMG-CoA) and gets synthesized into cholesterol via a lanosertol intermediate 

(Figure 1.6).145 During endocytosis, cholesterol plays an important role in the formation of 

intracellular vesicles in caveolae and clathrin dependent pathways. Up to 80% of daily cholesterol 

production takes place in the liver and intestines, although this number can vary.32 The brain is  

also a site of high cholesterol production that is responsible for up to 25% of the of the total 

unesterified cholesterol content.146 
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Figure 1.5. Typical orientation of cholesterol within membranes. The hydroxyl group is oriented 

towards the aqueous environment where it can hydrogen bond with the phosphate head groups of 

neighboring lipids and water. The isooctyl chain is positioned towards the interior of the bilayer 

near other hydrophobic regions of neighboring phospholipids and membrane proteins. 

 

Cholesterol homeostasis in cells is regulated in a complex manner either by the sterol 

regulatory element binding proteins (SREBPs)144 or the liver X receptors (LXRs).147 In the former, 

increases in cellular cholesterol levels occur by way of transcription of gene products (i.e. HMG-

CoA), whereas LXR activation decreases cellular cholesterol levels from peripheral cells. While 

the LXR pathway is known to be activated by oxysterols, the mechanisms that connect the 

membrane to LXR activation is not very well understood. On the other hand, the SREBP is 

activated in sterol-poor conditions where it transported to the Golgi for proteolytic release of the 

transcription factor which is then transported to the nucleus to activate sterol regulated genes such 



 

 

42 

as HMG-CoA and low-density lipoprotein receptors (LDLR). The ER-Golgi transport of SREBP 

is inhibited in a cholesterol rich environment where sterols induce conformational changes in the 

Golgi escort protein and ER anchor protein, SCAP, and INSIG, respectively. Additionally, 

proteasomal degradation of HMG-CoA is enhanced in the presence of lanosterol.  

 

Figure 1.6. Intracellular cholesterol homeostasis and metabolism is maintained by biosynthesis, 

uptake, efflux, conversion, and esterification. (a) The biosynthesis pathway converts acetyl-CoA 

into cholesterol through nearly 30 enzymatic reactions, among which HMG-CoA and squalene 

epoxidase (SQLE) are the two key speed-limiting enzymes. ACAT2: Acetyl Coenzyme A 

Acetyltransferase 2, FDFT1: Farnesyl-diphosphate farnesyltransferase 1. (b) Most cellular 

cholesterol is taken in as low-density lipoproteins (LDL) via LDLR-mediated endocytosis. (c) 

After trafficking of cholesterol derived from LDL through the lysosome by NPC1 and NPC2, it is 

redistributed to the endoplasmic reticulum or plasma membrane. (d) Elevated cholesterol can be 

converted to cholesteryl ester (CE) by sterol O-acyltransferase (SOAT) and stored in lipid droplets 

or catalyzed to produce oxysterols, bile acids and steroid hormones. (e) Excess cholesterol in cells 

is excreted to extracellular via ABCA1/ABCG1. Figure reproduced from Xu et al.145 
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Humans obtain cholesterol  via de novo synthesis or dietary consumption in a ratio of about 

70:30, respectively.32 This distribution can vary, however, based on genetic makeup and diets. 

Cells that acquire cholesterol externally do so via receptor mediated endocytosis of LDL. The LDL 

receptors responsible for engulfing cholesterol are present on the plasma membrane of most cells 

and bind Apolipoproteins B and E, both of which are responsible for transportation of cholesteryl 

ester nanoparticles.148 The endocytosed cholesterol esters are then trafficked to the acidic 

lysosomes via MVBs where acid lipase hydrolyzes the esters to fatty acids and cholesterol. 

Lysosomal membranes are normally cholesterol poor while the early and recycling endosomal 

compartments are high in cholesterol content, which implies that cholesterol from the endosomal 

membrane leaves upon merging with the lysosome.149-150 This is evidenced by the fact that 

cholesterol is enriched within the inner membranes of the lysosome which develop during 

endosome maturation.  

While not impossible, it is highly unlikely that cholesterol exits the membranes of the 

LE/LY via spontaneous diffusion into the cytosol. Schoer et al. monitored the rate transfer of 

dehydroergosterol (DHE), a fluorescent analog of cholesterol, between various cellular donor-

acceptor membranes.151 Spontaneous diffusion from the lysosomal membrane was incredibly slow 

with a t1/2 of > 4 days equating to 100-fold greater transfer rate than those found in functioning 

cells, 65-fold greater than plasma membranes, 42-fold greater than microsomal membranes, and 

62-fold greater than the mitochondrial domains. These results make sense as cholesterol, although 

technically amphiphilic, is an extremely hydrophobic molecule, thus requiring the use of 

specialized machinery for mobilization. The LE/LY contain two proteins responsible for 

cholesterol trafficking: NPC1 and NPC2. Both of them are essential for normal cholesterol 

trafficking as aberrant accumulation of cholesterol is observed in the absence of one of the proteins. 
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The NPC1 protein is a large integral membrane protein consisting of 1278 amino acids and 

is located in the limiting membrane of the LE/LY.152-153 It is comprised of 3 luminal domains: the 

N-terminal domain, domain C (middle luminal domain) and domain I. NPC1 also contains 13 

transmembrane spanning domains (TM) with TMs 3 -7 make up a sterol sensing domain (SSD). 

Interestingly, all five SSD-forming TMs are exposed to the lipid bilayer. This might allow the SSD 

to be available for interactions with other membrane bound sterols as well as other integral 

membrane proteins.154 A full length NPC1 cryoelectron microscopy (cryo-EM) image revealed 

that the NTD resides atop the other luminal domains through a proline rich linker. One can think 

of the NTD as being the “head” of the protein structure while the shoulder and the arms are made 

up by domains I and C. The N-terminal domain participates in a hydrophobic hand-off mechanism 

where the NPC2 protein delivers cholesterol by binding to NPC1 in a pH dependent manner 

(Figure 1.7).156-158 Evidence has suggested that NPC2 binds to domain C to deliver cholesterol to 

NPC1 at low pH levels.157 This further highlights the significance of the increased acidity during 

the maturation of the EE to the LE/LY. While the SSD’s full function is not entirely understood, 

it is believed that this is the last stop for cholesterol in the LE/LY before being repackaged into 

cholesterol ester nanodroplets and transported to the plasma membrane, endoplasmic reticulum, 

or golgi via trafficking enzymes. NPC1 also contains a region which has been hypothesized to 

provide a mechanism of endosomal escape for viruses such as the Ebola virus (EBOV)154, HIV-

1159, and SARS-CoV-2.160 The surface glycoprotein of the endocytosed virus undergoes 

proteolytic cleavage of the glycoproteins present on the virus by cathepsin. Upon binding of the 

cleaved glycoprotein to domain C of NPC1, the viral contents are released from the endosome 

allowing viral infection of the host. It has also been demonstrated that NPC1 deficient cells do not 

result in EBOV infection while infection can still occur in NPC2 deficient cells.161 Ironically, this 
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means NPC1 patients may be immune to such viruses as the mutated NPC1 protein might limit the 

ability of the viral contents to escape the LE/LY.  

 

Figure 1.7. Trafficking of cholesterol by the NPC proteins. Cholesterol esters are delivered 

lysosome by apolipoproteins B and E via receptor-mediated endocytosis of low-density 

lipoproteins (LDL). Each LDL particle contains about 500 molecules of free cholesterol and about 

1500 molecules of esterified cholesterol.162 Cholesterol and cholesterol esters are situated within 

the binding site of the lumen-soluble NPC2 via its isooctyl chain where it works in tandem with 

acid lipase to hydrolyze the ester to a fatty acid that the cell can use (not shown). Hydrolysis of the 

fatty acid exposes the alcohol of cholesterol to the aqueous lumen of the lysosome, thus 

solubilizing the substrate. Under acidic conditions, NPC1 adopts a flexible conformation to accept 

cholesterol by a hydrophobic handoff mechanism after NPC2 binds to Domain C of NPC1. 

Cholesterol is then delivered to the sterol sensing domain where it is repackaged as cholesterol 

esters and sent to the endoplasmic reticulum, Golgi, or other organelles for further processing. 

The NPC2 protein is a small single luminal domain protein consisting of 132 amino acids 

(14.5 kDa) (Figure 1.8).163-164 While abundant in the human epididymis, the NPC2 protein is 

present in several tissues indicating a global function. NPC2 binds cholesterol in a 1:1 
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stoichiometry with  submicromolar affinity (Kd = 30-50 nM) at both neutral and acidic pH.165 The 

bovine apoNPC2 high resolution crystal structure revealed a structure composed almost 

exclusively of β-sheets and a loosely packed region within the protein that is believed to be a 

cholesterol binding site. This binding site is thought to expand as the volume of the cavity is not 

large enough to accommodate a cholesterol molecule as the three identified cavities collectively 

are only 180 Å3 in volume in the fully closed form of apoNPC2 while the intermediate 

conformation contains an increased cavity volume of 310 Å3.164 This idea was further supported 

by mutagenesis studies that revealed three conserved residues essential for cholesterol binding 

within the binding pocket. It was later discovered that subtle repositioning of the β-sheets creates 

a tunnel that molds around the cholesterol molecule for binding. In sterol bound NPC2, the cavity 

increases to 720 A3 which is large enough to accommodate for the hydrophobic portion of 

cholesterol which occupies a total volume of 740 A3. The tunnel that forms is almost exclusively 

generated by hydrophobic residues being comprised of Tyr, Val, Leu, Pro, Ile, Trp, and Phe. This 

hydrophobic cavity accommodates for the entrance of cholesterol via its iosoctyl side chain. In this 

conformation, the hydroxyl group of cholesterol interacts with the aqueous lumen of the lysosome. 

Two aromatic amino acid residues located at the rim of the NPC2 entrance, Tyr-100 and Phe-66, 

π-stack to form a “gated” complex in the apoNPC2 form and separate via reposition of the β-sheets 

to allow the entrance of cholesterol. Residues Trp-109 and Trp-122 located inside the binding 

pocket are fluorescent in the absence of cholesterol, but are quenched when cholesterol is present. 

This fluorescence effect is particularly useful for bioanalytical assays to monitor sterol binding 

with NPC2. 
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Figure 1.8. “Backbone displacements in apo- and sterol-bound NPC2. A, NPC2 is shown in ribbon 

representation (blue) with cholesterol sulfate (carbon in gold, oxygen in red, sulfur in yellow) 

bound in the protein interior between strands βD and βE. The three disulfide bonds in NPC2 

(yellow) and the N-acetylglucosamine remnant of glycosylation at Asn-39 (carbon in black, 

oxygen in red, nitrogen in blue) are shown in stick and ball-and-stick representation, respectively. 

B, Cα traces of superimposed models of sterol-bound NPC2 (MolB, blue) and two apoNPC2 

structures (MolA, green, and Protein Data Bank 1NEP, gold) are shown with regions of the largest 

displacements (r.m.s.d. >0.4 Å) highlighted in red in the model of sterol-bound NPC2.” Figure 

reproduced from Xu et al.164 

It requires approximately 4.5 x 105 NPC2 molecules/cell to rescue npc2 fibroblasts.166 Full 

rescue of these cells requires 2-3 days. There are ~2.5 x 109 cholesterol molecules per cell equating 

to approximately 1.5 x 108 cholesterol molecules present in the lysosome (~6% of total cellular 

cholesterol content), and in the absence of NPC1 or NPC2 this number can be up to 10-fold higher. 

This amounts to an excess of roughly 1.5 x 109 cholesterol molecules that are present in cells with 
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deficient NPC1 or NPC2 requiring the redistribution of about 3000 cholesterol molecules. 

Therefore, an estimated cholesterol mobilization rate would be 1 cholesterol molecule/NPC2 

protein/minute.166  

1.3.5  Bis(monoacylglycero)phosphate: An Important Lysosomal-Specific Phospholipid 

First isolated from pig and rabbit lung in 1967 by Body and Gray23, 

bis(monoacylglycero)phosphate (BMP), formerly known as lysobisphosphatidic acid (LBPA), is 

a negatively charged glycerophospholipid located in the ILMs of the LE/LY. BMP comprises ~15% 

of the lysosomal lipid population and less that 1% of the global cellular lipid population making it 

an important lipid for the LE/LY.150 In alveolar macrophages BMP represents about 18% of the 

total cellular phospholipids, and in bacteria the distribution can be as high as 4%. BMP is primarily 

located on the inner membranes of the LE/LY.168 Kobayashi et al. used the first anit-BMP 

monoclonal antibody (C64) isolated from baby hamster kidney cells to explore the structure and 

function of the intraluminal membranes of the lysosome. They discovered that the C64 antibody 

caused disorganization of the membranes and resulted in increased cholesterol accumulation that 

resembled an NPC phenotype. Aside from NPC2, BMP has also been shown to have interactions 

with other lysosomal enzymes such as heat shock protein 70, acid sphingomyelinase, 

phospholipase A2, and another luminal lysosomal hydrolases.169 The composition of the acyl 

chains also vary as most human cells contain dioleyl (18:1-18:1) BMP168, although arachidonic 

acid (20:4), linoelic acid (18:2), and docosahexanoic acid (22:6) has also been observed in 

significant concentrations.170 However, these BMP levels and disrete species can vary depending 

on disease phenotype. In NPC1 patients, di-22:6-BMP levels have been observed to be up to 50-

fold higher than normal.171 This observation is not unique to NPC, however, as elevated BMP 

levels are also observed in other LSDs such as Stargardt172, GM1 gangliosidosis173, and Gaucher 
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disease174 to name a few. Furthermore, acyl chain composition of the elevated BMP species also 

varies. For example, Stargardt disease results in enrichment of di-22:6 species while Gaucher 

disease results in increased di-18:1 species. In the case of NPC, increases in di-18:1 was the most 

prevalent BMP species observed.175  

The reported structure of BMP also contains an unusual stereochemistry in that it contains 

an sn-1 phosphoglycerol backbone while most glycerophospholipids contain an sn-3 

phosphoglycerol backbone.176-179 The sn-3:sn-1’ BMP has been isolated in baby hamster kidney 

cells and rat uterine stromal cells.177, 180 However, this is believed to be an intermediate for sn-

1:sn-1’ BMP formation.181 One hypothesis for this unique stereochemical arrangement might be 

that BMP is designed to remain inert to other lysosomal enzymes that might react with it. For 

example, phospholipase A2, the enzyme responsible for hydrolyzing esters on the sn-2 position of 

phospholipids, requires an sn-3 phosphoglycerol backbone.182-183 BMP contains one acyl chain on 

both the headgroup and backbone which are believed to be located on the sn-2 and sn-2’ positions 

of the glycerol moieties. However, it was first isolated with acyl chains being located on the sn-3 

and sn-1’ positions.167 This is expected to be an intermediate in the biogenesis of BMP as the 

inversion of stereochemistry has not occurred. The latter configuration is more thermodynamically 

stable than the former184, thus it has eluded scientists as to how BMP is synthesized biochemically 

and why cells have favored such a unique stereochemical configuration. It is thought that because 

most isolation procedures operate under mildly acidic conditions, this could catalyze an acyl chain 

migration from the secondary to primary alcohols and thus be the reason why it was originally 

isolated with both acyl chains being located on the primary positions of the glycerol moieties 

(Figure 1.9).  
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Figure 1.9. Proposed mechanism of acid-catalyzed acyl chain migration from the sn-2 and sn-2’ 

positions of BMP to the sn-3 and sn-1’ positions. P.T. = proton transfer step. 

The structure of the BMP species relates to its function. Mono-, di-, or poly-unsaturated 

acyl chains on PL creates increasingly more separation between molecules than saturated ones due 

to the cis double bonds in these acyl chains, resulting in higher membrane fluidity.185 It would, 

therefore, make sense that most cells favor unsaturated acyl chain BMP species in the LE/LY to 

enable increased vesicle fusion. With regard to positioning of the esters and unusual 

stereochemistry of the phosphoglycerol backbone, the same rational follows. To probe this 

hypothesis, various structural isomers of BMP were synthesized to examine their biophysical 

properties (Figure 1.10).186 These isomers consisted of 1,3’-dimyristoyl-sn3:sn1’ BMP (3,1’-

DMBMP), 3,3’-dimyristoyl- sn1:sn1’ BMP (1,1’-DMBMP), and 1,2-dimyristoyl-sn3:sn1’ 

phosphatidyl glycerol (DMPG). Differential scanning calorimetry was performed on lipid films of 

samples to examine their thermotropic phase behavior. It was discovered that a higher phase 

transition temperature was associated with the 3,1’-DMBMP species than the 1,1’-DMBMP and 

DMPG. Small and wide-angle X-ray scattering experiments provided further insight and revealed 
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more tilt associated with the 1,1’-DMBMP, resulting in a smaller lamellar distance than 3,1’-

DMBMP. To explain the differences between the DMBMP species, molecular dynamic 

simulations were conducted for membranes consisting of 128 molecules. The average tilt angles 

simulated for 1,1’-DMBMP and 3,1’-DMBMP were 11.6 and 20.2°, respectively, giving rise to 

membrane areas of approximately 0.56 nm2 and 0.50 nm2. Intermolecular hydrogen bonding of 

glycerol motifs was the explanation for these differences. These data collectively support the 

hypothesis that the unusual configuration associated with BMP is possibly associated with 

increased membrane fluidity for vesicle formation and fusion as the naturally occurring sn1:sn1’ 

isomer packs more loosely than the synthetic sn3:sn1’ isomer. Due to synthetic limitations 

involving acyl chain migration during the final deprotection step, the sn2:sn2’ isomers were 

unfortunately unable to be isolated and evaluated.  
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Figure 1.10. Structural isomers of BMP examined by Hayakawa et al.186  
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The biosynthetic pathway of BMP is still largely under debate, especially regarding the 

enzymes involved. It is largely believed that BMP is synthesized from a phosphatidylglycerol (PG) 

precursor. PG is a structural isomer of BMP. This idea was first proposed by Poorthius and 

Hostetler who postulated that lysosomes convert PG to BMP via a series of intermediates.187 PG 

is a glycerol phospholipid with phosphodiester linkages at the sn-3 and sn-1 positions. PG not only 

acts as a membrane constituent, but has also been shown to be involved in the biosynthesis of other 

lipids including cardiolipin.188-189 As mentioned previously, a large amount of BMP is present in 

lung macrophages. PG is also most abundant in the lungs comprising about 11% of the lipids 

present whereas it makes up only about 1-2% everywhere else in the body. Evidence has suggested 

that PG is a precursor to BMP, as BMP content in cells increases with increasing PG 

concentration.181, 190-191 Additional evidence was presented by Hullin-Matsuda et al. when they 

demonstrated that cells lacking functional phosphatidylglycerophosphate (PGP) synthase, a key 

enzyme in the metabolic pathway of PG, resulted in decreased BMP synthesis by 2-fold compared 

to wildtype cells.185 On the other hand, overexpression of PGP synthase resulted in a 2-5 fold 

increase in BMP production. Direct evidence for the metabolism of PG to BMP, however, is still 

lacking. 

Waite and co-workers have proposed a biosynthetic pathway of PG to BMP (Figure 

1.11).181, 190-191 In the first step, a lysophosphatidylglycerol intermediate would be synthesized via 

hydrolysis by phospholipase A2 of the sn-2 ester of PG. In the second step, reacylation of lyso-PG 

on the sn-2’ position would be carried out by a transacylase identified in a macrophage-like cell 

line. In this transformation, lyso-PG would act as both an acyl donor as well as an acyl acceptor 

evidenced by the formation of a glycerophosphoglycerol (GPG) species.190 At this stage, the sn-1 

ester would still be present on the phosphoglycerol backbone. The rearrangement of the backbone 
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from an sn-3 to an sn-1 configuration would most likely occur at this stage. It is still unclear 

whether or not this would be enzyme mediated. If it is enzyme mediated, the sn-1 ester could 

possibly be removed by phospholipase A1 or another enzyme followed by removal and 

reconfiguration of the naked phosphoglycerol backbone unit from an sn-3 phosphate to an sn-1 

phosphate. After the stereochemical conversion, the final step would likely constitute a re-

esterification of the sn-2 position, possibly via transacylation with another acyl donor.190 While 

the beginning steps are supported with some experimental evidence, the route does not provide 

substantial evidence for how the required inversion of stereochemistry would be carried out. 

Additionally, this route does not consider other possible intermediates involved in the pathway 

such as the production of acyl-PG, also known as hemi-BMP, which might result. 

 

Figure 1.11. Proposed biological mechanism of PG to BMP by Waite and co-workers.181,190-191 In 

the second step, a second lyso-PG intermediate is postulated to donate an acyl chain to lyso-PG 

yielding a GPG molecule. ROE = Reorientation enzyme. 

1.3.6 The Relationship Between NPC2 and BMP 

Mutations inside the binding pocket of NPC2 result in impaired rescue of cholesterol 

deposits from npc2-/- cells as expected.163, 166 This can be attributed to the overall lower cholesterol 

binding observed. Interestingly, it was also determined in the same study that surface mutations 

present on the outside of NPC2 resulted in a normal cholesterol binding compared to the wildtype, 
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yet was unable to rescue npc2-/- cells. This surprising result led to the hypothesis that the NPC2 

protein was responsible for more than just cholesterol binding, and that potentially surface 

interactions with membranes were involved to facilitate cholesterol trafficking within the 

lysosomes. To test this hypothesis, Cheruku et al. explored the mechanism by which NPC2 

interacted with membranes by incubating the protein in small unilamellar vesicles (SUVs) 

comprised of different phospholipids (PL): egg phosphatidyl choline (EPC), phosphatidyl serine 

(PS), phosphatidyl inositol (PI), and BMP.192 It was observed that SUVs comprised of zwitterionic 

PL such as EPC did not result in any noticeable cholesterol transfer to membranes while SUVs 

containing negatively charged anionic PL such as PS, PI, and BMP all resulted in noticeable 

cholesterol transfer with BMP showing the largest cholesterol transfer rate.192-193 Furthermore, the 

cholesterol transfer rate increased with an increased negatively-charged PL concentration in SUVs. 

This experiment provided evidence that there was not only a collisional transfer mechanism of 

cholesterol to membranes rather than a passive diffusion of cholesterol between NPC2 and the 

membranes of the SUVs, but it also demonstrated that the transfer rate depended on both the charge 

and structure of the PL. In a follow-up study, it was determined that SUVs containing BMP had a 

200-fold larger increase in cholesterol transfer than the zwitterionic SUVs containing PC when 

incubated with NPC2.193 In addition, the acyl chain composition of BMP played a role, confirming 

the significance of a structural relationship with NPC2 rather than just electrostatic interactions. 

The stereochemistry of the phosphoglycerol headgroup and backbone of BMP did not seem to play 

a significant role, however, as small variations in cholesterol transfer were observed in three 

diastereomers of BMP evaluated.  

While increasing the BMP concentration in npc1-/- cells results in increased cholesterol 

egress, improved cholesterol mobilization was not observed in npc2-/- cells.194 Moreau et al. have 
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recently demonstrated that drug induced increases in BMP levels lead to decreased cholesterol 

accumulation in NPC cells.195 By treating cells with thioperamide, an HRH3 specific antagonist, 

they were able to increase the BMP concentrations in cells and decrease the cholesterol overload 

by about 25% compared to the control. It was noted that behavioral improvement was not observed 

in npc1-/- mice unless it was used in combination with miglustat, suggesting that raising BMP 

levels alone might not lead to cognitive improvement. Furthermore, treatment of cells with PG not 

only rescued NPC1 cells and aided in cholesterol egress, but also stimulated autophagy in Purkinje 

cells most likely due to the 50% increased production of BMP from PG.196 This increase in 

autophagic flux was attributed to an increase in sphingomyelinase activity. Acid sphingomyelinase 

(ASM), an enzyme responsible for the breakdown of sphingomyelin and ceramide to 

phosphorylcholine, is known to be impaired in NPC1.197-199 While its connection to autophagy is 

not fully understood, knock-down of ASM leads to decreased autophagosome formation while 

amino acid deprivation activated ASM activity in HL-60 cells.200 Upon increased PG 

concentrations, it was also observed that increased autolysosome formation and intracellular 

redistribution of cholesterol to the plasma membrane and endoplasmic reticulum occurred, 

providing a potential NPC1 independent pathway for cholesterol egress from the lysosome.196 

It should be appreciated by now that there is an apparent strong synergistic relationship 

between NPC2 and BMP specifically over other lysosomal membrane phospholipids leading to 

increased cholesterol efflux. Furthermore, this highlights the significance of the intraluminal 

vesicles of the LE/LY since BMP is largely enriched in these areas. The rate of cholesterol transfer 

as a function of BMP concentration in SUVs also increases in an exponential fashion. The protein-

lipid interactions can largely be attributed to the hydrophobic knob of NPC2.201 In bovine NPC2, 

a loop domain consisting largely of hydrophobic amino acids is predicted to be highly membrane 
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interactive with a ΔG of -4.6 kcal/mol. Interestingly, this region is located right near the opening 

of the protein. McCauliff et al. showed that point mutations on various regions of NPC2 including 

the hydrophobic knob portion led to lower cholesterol transfer rates in zwitterionic PC unilamellar 

vesicles. However, interactions between BMP-rich unilamellar vesicles and mutant NPC2 proteins 

yielded a different result. While mutations outside of the hydrophobic knob resulted in negligible 

differences in cholesterol transfer rates compared to the wild type, point mutations on the 

hydrophobic knob resulted in decreased cholesterol transfer rates up to 15% of the wild type. Acyl 

chain composition is also a factor as mentioned previously. BMP stereoisomers containing oleyl 

chains resulted in ~6 fold higher relative binding compared to BMP containing myristoyl chains 

of the same stereochemical configuration.193 Additionally, the naturally occurring dioleyl BMP 

(sn-1:sn-1’) displayed higher relative binding of NPC2 compared to the synthetic stereoisomers 

(sn-3:sn-3’ and sn-1:sn-3’) which showed similar binding.193 Electrostatic interactions between 

NPC2 and BMP are also postulated to play a minor role in interactions. Adjacent to the 

hydrophobic knob is a positively charged region believed to interact with the negative charge of 

BMP.201  

In addition to protein lipid interactions, NPC2 is also believed to facilitate membrane-

membrane interactions via BMP as well.202-203 It was determined from turbidity assays that when 

NPC2 containing mutations that affect cholesterol binding, no aggregation of membranes of 

zwitterionic PC SUVs were observed as fluorescence intensity did not vary compared to the 

control whereas the wildtype NPC2 did. In large unilamellar vesicles (LUVs) containing 25% 

BMP, a 16-fold increase in membrane aggregation was observed compared to 100% PC LUVS.201 

In another study by Berzina et al., it was demonstrated through FRAP experiments that cholesterol 

transfer between the plasma membrane and LE/LY depends strongly on a functional NPC2 
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protein.204 It was observed that in npc2-/- cells enriched with dehydroergosterol (DHE) contained 

a fractional intracellular DHE of ~0.5 not treated with NPC2 while treated cells contained ~0.3 

intracellular DHE. Additionally, the decrease in LE/LY DHE observed was accompanied by an 

increase in the plasma membrane DHE levels in diseased cells treated with NPC2, possibly 

indicating an induction of membrane-membrane interactions by NPC2. 

1.4 Specific Aims 

While progress has been made in establishing relationships and functions of NPC2 and 

BMP within the LE/LY, many questions pertaining to the underlying mechanisms of cholesterol 

transport via NPC2 remain unanswered. For example, the biosynthetic pathway responsible for the 

production of BMP from PG, or whether PG makes BMP, lacks conclusive evidence. Both BMP 

and PG treatment in npc2-/- cells, but not npc1-/- cells, results in increased cholesterol egress. Is 

this due to the transformation of PG to BMP, thus increasing interactions with NPC2 and 

increasing the rate of cholesterol efflux from cells? Or does PG act in an independent manner, and 

the production of BMP from PG is not the primary mechanism of increased cholesterol efflux. 

Additionally, the acyl chain composition of PG and BMP as well as the stereochemistry of BMP 

have noticeable contributions in cholesterol efflux? How do NPC cells respond to PG species with 

different structural properties? An in-depth understanding of PG metabolism may have large 

implications in not only understanding the NPC disease pathology but quite possibly establishing 

markers for diagnostic strategies as well as revealing therapeutic opportunities.  

In order to investigate the biochemical relevance of PG in NPC, synthetic probes of PG are 

needed to monitor its metabolism. Unfortunately, the synthetic probes required to answer these 

questions are not commercially available. Additionally, naturally occurring PG (sn-3:sn-1’) is also 

not available as most PG is sold with a racemic headgroup. Therefore, a robust synthesis of PG is 
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required as the desired labeled fatty acids are expensive (~$4,000/g). We wanted to create PG 

containing 13C-labeled acyl chains on the phosphoglycerol backbone. These probes allowed us to 

monitor the metabolic products of PG. The labeled acyl chains provided a means of lipid 

monitoring as acyl chain rearrangement is essential for phospholipid biosynthesis (Figure 1.12). 

First, labeled PG constructs were made into liposomes. From there, they were incubated with HeLa 

cells where they were extracted for lipidomic analysis and used in filipin staining assays of skin 

fibroblasts to measure cholesterol efflux. By utilizing hydrophilic interaction liquid 

chromatography coupled to tandem mass spectrometry (HILIC-MS/MS), the products made from 

PG were determined. The expected outcomes of these experiments were that a positive correlation 

between the concentration of 13C PG administered to cells and 13C BMP levels would be observed. 

We also anticipated an increased rate in cholesterol efflux from diseased cells arising from the 

expected increase in BMP concentrations. In order to obtain the most insight from these proposed 

experiments, PG constructs with unsymmetrical labels were required. Specifically, two probes 

were synthesized: an sn-2 labeled probe and a probe containing simultaneous labeling of both the 

sn-1 and sn-2 chains. This will allow us to not only be able to identify products synthesized but it 

will also aid in establishing potential enzyme partners involved in metabolism, an area of the 

literature in which empirical evidence is lacking. To further provide mechanistic insights regarding 

enzyme partners, synthesis of photoaffinity labeled PG probes as well that contain diazirines as 

the reactive functional group are currently underway. Upon irradiation with UV light, lipids may 

cross link inside the binding pocket of relevant enzymes, thus allowing proteomic analysis to 

identify protein partners. These objectives a robust and novel route towards diastereochemically 

pure PG to carry out the syntheses of all the proposed constructs. 
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Figure 1.12. Experimental workflow of synthesized 13C labeled PG probes. After synthesis of 

isotopically labeled PG, they were formulated into liposomes and incubated with HeLa cells or 

NPC1-/- cells. In one experiment, lipids were extracted and analyzed via HILIC-MS/MS where 

lipid products made from PG may were determined. In a separate experiment, cellular cholesterol 

content from skin fibroblasts of NPC patients upon treatment with PG can be evaluated.  
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 STEREOSPECIFIC SYNTHESIS OF PHOSPHATIDYL 

GLYCEROL USING A CYANOETHYL PHOSPHORAMIDITE 

PRECURSOR 

This chapter was adapted from Chemistry and Physics of Lipids: Struzik, Z. J.; Weerts, A. N.; 

Storch, J.; Thompson, D. H., Chem. Phys. Lipids 2020, 231, 104933. 

2.1 Abstract 

Phosphatidylglycerols (PG) are a family of naturally occurring phospholipids that are 

responsible for critical operations within cells. PG are characterized by an (R) configuration in the 

diacyl glycerol backbone and an (S) configuration in the phosphoglycerol headgroup. Herein, we 

report a synthetic route to provide control over the PG stereocenters as well as control of the acyl 

chain identity using a symmetric phosphoramidite precursor. 

 

Figure 2.1. Synthesis of PG derived from chiral solketal precursors. 

2.2 Introduction 

Glycerophospholipids represent a diverse class of biological molecules that play vital roles 

in all living systems including cell membrane structure, vesicular transport, and intracellular 

signaling.1 PL are generally characterized by a glycerol moiety phosphorylated at the sn-3 position 

and fatty acid ester linkages in the sn-1 and sn-2 positions of the diacylglycerol (DAG) backbone. 

Deficiencies in PL biogenesis and metabolism have been attributed to a host of inherited and 

acquired diseases including mitochondrial disorders, breast cancer, neurodegeneration, and 
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obesity.2-5 Interestingly, PL have also been used successfully as drug delivery vehicles over the 

past few decades for numerous anticancer drugs, several of which are FDA approved.6,7  

 

Figure 2.2. General structure of PG with known acyl chain identities as reported in Lipidomics 

Gateway (2020).8 

 

PG are a subset of glycerophospholipids that are distinguished by the presence of an (R)-

glycerylphosphoester linkage in the lipid headgroup region (Figure 2.2), originally discovered in 

Scenedesmus.9 PG are suspected as biosynthetic precursors to a range of PL including cardiolipin, 

bis(monoacylglycero)phosphate (BMP; also known as lysobisphosphatidic acid or LBPA), 

bacterial proteolipids, lipoteichoic lipids, and other glycophospholipids.10-12 They are also utilized 

in other cellular activities such as electron transport in photosynthesis, attenuation of inflammatory 

responses, lipoprotein maturation, and extracellular stress sensing.13 This wide use of PG by cells 

makes it an important PL whose roles in fundamental mechanisms of cellular processes and disease 

pathology need better elucidation. Naturally occurring PG is phosphorylated at the sn-3 and sn-

1’positions of the two glycerol motifs making enantiomerically pure PG essential for biological 
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studies. Syntheses of PG has previously been demonstrated.14-16 Herein, we report an improved 

synthetic route designed to afford diastereochemically pure PG using two chiral starting materials, 

(R)-solketal and (S)-solketal while maintaining control over acyl chain identity.  

Our strategy for the synthesis of sn-3:sn-1’ PG 1 was based on a convergent synthesis 

employing DAG and phosphoglycerol headgroup intermediates, each with stereochemistries that 

were fixed via the corresponding solketal precursors (Figure 2.3). Global deprotection of protected 

PG intermediate 2 using a naked fluorine source can be utilized to synthesize 1. The stereospecific 

phosphorylation of the DAG 3 and glycerol headgroup 4 can be realized through coupling of the 

respective glycerol fragments and a PIII phosphoramidite reagent commonly employed in DNA 

oligonucleotide synthesis and other phospholipid syntheses.17,18 Most recently, the 

phosphoramidite method has been utilized during the installation of a phosphocholine 

headgroup.19 Because this reagent has been used successfully in the synthesis of BMP, a structural 

isomer of PG, we decided to model our synthetic route closely to this strategy.20-22 The crucial 

deprotection of the p-methoxybenzyl ether (PMB) group on 3 would expose the stereochemically 

correct primary alcohol for phosphorylation. One of the challenges commonly encountered in PL 

synthesis is acyl chain migration that occurs within the glycerol backbone from the sn-2 position 

to the sn-1 position under mildly acidic or basic conditions. These adversities have historically 

been reported with lysophospholipid synthesis23,24, but are also relevant in synthesizing the DAG 

in other PL syntheses such as phosphatidylserine25 and glycosylphosphatidylinositols.26 

Installation of the acyl chains via Steglich esterification of 7 can be employed to afford 5. 

Acetonide deprotection of 9 would yield 7. Protection of (S)-solketal precursor 11 with PMB can 

be used to synthesize 9. Following PMB deprotection of the glycerol headgroup, intermediate 6 

would correctly expose the primary sn-1’ alcohol of 4. TBS protection would allow for 
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conservation of the sn-2’ stereocenter in 4 during the latter steps of the synthesis. Prior methods 

for glycerol backbone synthesis can be used to make the PMB protected, and acetonide deprotected 

species 8 and 10, respectively, from the (R)-solketal precursor 12.22  

 

Figure 2.3. Retrosynthetic analysis of 1,2-Dioleyl-sn-glycero-3-phospho-(1’-sn-glycerol).  
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2.3 Results and Discussion 

Protection with PMBCl and NaH of the primary sn-1’ alcohol of 12 gave 10 in 97% yield. 

(Figure 2.4). Acetonide deprotection to expose the sn-2’ and sn-3’ alcohols of 10 was performed 

using 1.0 M HCl in THF to afford 8 in 88% yield. We chose to use the bulkier TBS groups instead 

of TMS groups to protect the 1,2-diol of 8 during the synthesis of 6 to provide increased stability 

of the glycerol headgroup intermediate throughout the synthetic pathway. Several reported 

protocols used DCM as the solvent during the silyl protection of intermediate 8 and related 

compounds.27,28 Unfortunately, we typically observed yields that were significantly lower than the 

reported values (20% or less) that most often resulted in partial conversion to the monosilated 

product. In turn, we set out to identify a more efficient method to protect the sn-2’ and sn-3’ 

alcohols. Patschinski et al. examined the effects of solvent and auxiliary base in the Corey silyl 

ether protection of alcohols.29 It was found that DMF acted as a catalyst based on the observed 

turnover of starting material in the absence of imidazole, while the use of DCM resulted in little 

to no reaction under the same conditions. Furthermore, the addition of non-nucleophilic bases such 

as Et3N further enhanced the product yield. This observation was attributed to the regeneration of 

the imidazole catalyst by the auxiliary base. We, therefore, applied these conditions to our synthesis 

by reacting the 1,2 - diol with 3.5 equivalencies of TBSCl and imidazole, and 2 equivalents of 

Et3N in DMF with heating over 4 h from 24 °C to 50 °C to afford 6 in 93% yield. PMB deprotection 

of 6 was then inducted with DDQ in a DCM/H2O mixture to produce 4 in 77% yield. 
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Figure 2.4. Synthesis of the 1’-sn-glycerol intermediate 4. 

Next, we synthesized DAG intermediate 3 in a similar manner to that for glycerol 

intermediate 4 (Figure 2.5). When 11 was mixed with NaH and PMBCl in DMF, 9 was observed 

in 96% yield. Subsequent acetonide deprotection in 1.0 M HCl exposed the sn-2 and sn-1 alcohols 

to give 7 in 90% yield. Steglich esterification was then implemented to install the oleyl acyl chains 

onto the protected glycerol backbone to give 5. Formation of DAG 3 was affected via PMB 

deprotection by DDQ in 82% yield. To minimize the amount of acyl chain migration from the sn-

2 position to the more thermodynamically stable sn-3 position, an optimum reaction time of 4 h is 

required to produce greater than 99% of the observed esterified product at the sn-2 and sn-1 

positions (Figure 2.6). We base this conclusion on the characteristic 1H NMR peaks observed at 

5.08 ppm and 3.73 ppm, corresponding to the methine proton at the esterified sn-2 position and 

methylene protons at the unfunctionalized sn-3 position, respectively. Conversely, 38% of the 

diacyl glycerol product had rearranged after a 24 h reaction time. This product is characterized by 

the disappearance of the formerly mentioned peaks and the appearance of the unesterified methine 

proton peak that was shifted up field to 4.09 ppm in 13.  
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Figure 2.5. Synthesis of the 1,2-Dioleyl-sn-glycerol intermediate 3.  

With the glycerol backbone and headgroup intermediates in hand, efforts to phosphorylate 

and ultimately globally deprotect to yield PG were initiated (Figure 2.7). Our synthesis began with 

phosphorylation of 4 via coupling with a chloro-substituted phosphoramidite N,N-

diisopropylchlorophosphoramidite (PNCl) in the presence of 1-H tetrazole. The attractiveness of 

PNCl was the ability to selectively phosphorylate both the glycerol head group and backbone in 

separate steps due to the asymmetric nature of the phosphoramidite. However, PNCl proved to be 

difficult to handle because the product streaked excessively on silica and gave low reaction yields 

(30% or lower). Multiple byproducts formed due to degradation on the column and hydrolysis of 
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the excess monochlorophosphoramidite during the workup, consistent with the observations of  

Ching et al.30, leading us to pursue a different approach with this reagent. We then explored the 

use of a symmetric phosphoramidite containing two amine substituents, 2-cyanoethyl-N,N,N’,N’- 

 

 

Figure 2.6. 1H NMR comparison of the 1,2-Dioleyl-sn-glycerol product 3 (A) versus the acyl chain 

migration product 13 (B). 
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tetraisopropylphosphoramidite (PNN), that is less air and moisture sensitive. Additionally, a 

diisopropylammonium tetrazolide salt was formed during the reaction that is easily removed by 

filtration after work-up, thereby simplifying purification. By combining 4 with PNN and 1-H 

tetrazole in MeCN, we were able to obtain 14 in 77% yield. A one-pot procedure was used to 

phosphorylate 3 with phosphoramidite 14 in the presence of 1-H tetrazole followed by PIII
→PV 

oxidation with 70%  tBuOOH to give 2 in 74% yield. Our global deprotection strategy was adopted 

from Chevallier et al. who also utilized a naked fluorine source to remove both the cyanoethyl and 

silyl ether protecting groups in a single step.20 Phospholipid precursor 2 was mixed with TBAF 

and an equivalent amount of acetic acid to neutralize the mildly basic fluorine in THF, giving 1 in 

42% yield after silica chromatography and ion exchange chromatography using Sephadex C-25. 

 

Figure 2.7. Synthesis of 1,2-Dioleyl-sn-glycero-3-phospho-(1’-sn-glycerol) (1). 
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To validate our synthetic protocol, we compared our diastereochemically pure PG 1 to the 

racemic PG that is commercially available from MilliporeSigma using hydrophilic interaction 

liquid chromatography coupled to tandem mass spectrometry (HILIC-MS/MS) (Figure 2.8). The 

racemic compound had a retention time of 7.5 min similar to that observed for 1 at 7.6 min in 

HILIC-MS/MS. The 1H NMR spectra share similar chemical shifts positions and integrations at 

key points such as the methine peak at 5.22 ppm that integrates to 1.00 indicating that acyl chain 

migration did not occur (Figure 2.21). Additionally, the peak pattern in the glycerol region is 

consistent between the two samples for peaks appearing at 3.38, 3.61, 3.65, 4.16, and 4.39 ppm, 

further indicating esterifcations at the sn-2 and sn-1 positions. While  the peaks belonging to PG 

are similar between the commercial standard and synthesized sample, a significant difference 

between the two spectra is a broad singlet appearing at 2.41 ppm that integrates to 5.83 protons in 

the commercial source that does not appear to belong to PG. 31P NMR data collected for 1 as a 

tetrabutyl ammonium salt further validates the structure as the PG since a single peak at 1.77 ppm 

was observed in CDCl3, whereas a single signal at 1.68 ppm was observed for commercial PG 

(Figure 2.22), thus confirming that the synthesized PG belongs to the same lipid class as the 

commercial standard. While the goal of the ion exchange step was to obtain the sodium salt of PG, 

the CHCl3/MeOH/H2O extraction required after chromatography prevented salt formation entirely 

and thus resulted in a broad 31P NMR spectrum most likely due to self-assembly of the lipid into 

higher ordered structures.31
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Figure 2.8. HILIC-MS/MS of racemic (A) and stereospecific PG (B).31P NMR of 1 as a 

tetrabutylammonium salt (C).
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In summary, we have successfully developed a synthetic protocol to make stereochemically 

pure PG from two chiral solketal precursors. The DAG was synthesized without acyl chain 

migration by quenching the reaction at 4 h; significant acyl chain migration was observed for 

reaction times longer than 4 h. The globally protected PG was synthesized by coupling the 

protected glycerol headgroup and glycerol backbone to a symmetric phosphoramidite using 

methodology adapted from DNA oligonucleotide synthesis. Finally, a naked fluorine source was 

used to remove the silyl and cyanoethyl protecting groups to yield diastereochemically pure PG 

after silica and ion exchange chromatography. 

2.4 Materials and Methods 

2.4.1 General Information 

Commercial reagents were used as purchased from TCI Chemicals and MilliporeSigma. 

Organic solvents used were reagent grade purchased from Fisher Scientific. Dry solvents were 

purified using a Glass Contour Solvent System from Pure Process Technology, LLC, with Fisher 

HPLC grade DCM, Aldrich anhydrous DMF, and Fisher HPLC/ACS grade THF. Reactions were 

monitored by thin-layer chromatography carried out on silica gel 60 F254 plates (Merck). UV light 

(254 nm) and staining with aqueous KMnO4 was used to visualize the developed chromatograms. 

Flash chromatography was performed using a Biotage instrument (SP4 A2A0) with RediSep Rf 

silica flash columns (12 g, 60 mg-1.2g sample size) and collected in 9 mL fraction volumes or 

performed via manual silica column chromatography using silica gel 60 (MilliporeSigma, 0.040-

0.063 MM). Compounds purified via automatic flash chromatography are accompanied with a 

gradient table. All 1H, 13C and 31P NMR spectra were recorded on a Bruker-AV-III-500-HD 

instrument. Chemical shifts (δ) are reported in parts per million relative to CDCl3 (1H NMR 
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residual peak at δ = 7.26 ppm, 13C NMR residual peaks at δ = 77.3, 77.0, 76.8 ppm) and coupling 

constants (J) are given in Hz. Unless otherwise stated, all reactions occurred at 24 °C. Reported 

yields in figures are given as averages over the three most successful trials.  

2.4.2 HPLC/MS-MS Analysis 

The method used was based on a previously reported protocol.32 Separation was performed 

on an Agilent Rapid Res 1200 HPLC system using a HILICON iHILIC-Fusion (2.1 x 150 mm, 

3.5 μm) column. Mobile phase A was water with 35 mM NH4OH, pH 5.75 and mobile phase B 

was ACN. Initial conditions were 3:97 A:B, held for 0.5 minute, followed by a linear gradient to 

25:75 at 26.5 min, 40:60 at 27 min, and held until 33 min. Column re-equilibration was performed 

by returning to 3:97 A:B at 35 min and held until 45 min. Column flow rate was 0.3 mL/min. The 

retention time for PG was 7.5 min. Analytes were detected by MS/MS, based on multiple reaction 

monitoring, utilizing an Agilent 6460 triple quadrupole mass spectrometer. Electrospray ionization 

in negative mode was used with a transition of 773.4 to 281.2, with a collision energy of 45 V, for 

both BMP and PG. A fragmentor energy of 100 V and a dwell time of 200 ms was used. Source 

parameters were as follows: nitrogen gas temperature = 325 °C and flow rate = 9 L/min, nebulizer 

pressure = 40 psi, sheath gas temperature = 250 °C, sheath gas flow rate = 7 L/min, and capillary 

potential = 3.8 kV. All data were collected and analyzed with Agilent MassHunter B.03 software. 

2.4.3 Procedure for the synthesis of 1,2-dioleyl-sn-glycero-3-phospho-(1’-sn-glycerol) (1) 

In an oven dried 2-neck flask equipped with a magnetic stir bar was placed 2 (0.200 g, 0.19 

mmol). The flask was dried via Schlenk techniques and equipped with an Ar balloon. Dry THF (3 

mL) was then placed in the flask to dissolve 2, followed by the addition of AcOH (0.227 g, 3.79 

mmol). TBAF (1.0 M in dry THF) (0.990 g, 3.79 mmol) was subsequently added to the flask, and 
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the reaction was allowed to stir for 24 h at 23 °C before removal of the solvent in vacuo. The 

reaction mixture was then dissolved in 30 mL of CHCl3 and placed directly into a separatory funnel 

followed by the addition of 20 mL of MeOH, and then 10 mL of water. After shaking, the organic 

layer separated, dried with anhydrous Na2SO4, and was concentrated in vacuo. The crude product 

was purified on a Biotage flash purification system (DCM:MeOH). After two rounds of silica 

chromatography (both followed the same gradient), the tetrabutyl ammonium salt of the product 

was removed by passage through 10 g of SP-Sephadex C-25 ion exchange medium that was 

swelled in 0.22 M NaCl over 2 d. After elution (MeOH:H2O, 1:1), the pure product was removed 

from water by using a similar extraction to that of the crude product. Here, the fractions containing 

1 were added to 30 mL of CHCl3 placed in a separatory funnel followed by the addition of 20 mL 

of MeOH, and then 10 mL of water. Occasionally, centrifugation (7000 rpm for 5 min) was 

required to separate the layers. After shaking and/or centrifugation, the organic layer was collected 

and concentrated under reduced pressure to afford 1 as a clear colorless oil in 56% yield (0.082 g); 

[α]D
27 +0.975 (c 0.003, CHCl3); Rf = 0.46 (DCM:MeOH:H2O, 80:18:2); 1H NMR (500 MHz, 

CDCl3) δ 5.33 (q, J = 5.0, 4.5 Hz, 4H), 5.23 (dq, J = 8.8, 5.1 Hz, 1H), 4.43 – 4.34 (m, 1H), 4.15 

(dd, J = 12.1, 6.8 Hz, 1H), 4.00 – 3.83 (m, 5H), 3.71 – 3.56 (m, 2H), 2.29 (dt, J = 14.7, 7.5 Hz, 

4H), 2.00 (q, J = 6.4 Hz, 8H), 1.57 (t, J = 7.1 Hz, 4H), 1.38 – 1.17 (m, 42H), 0.88 (t, J = 6.7 Hz, 

7H); 13C NMR (126 MHz, CDCl3) δ 130.0, 129.6, 77.3, 77.0, 76.8, 34.3, 34.1, 31.9, 29.8, 29.6, 

29.3, 27.2, 24.9, 24.9, 22.7, 14.1; 31P NMR (203 MHz, CDCl3) δ 1.45; QTOF-HRMS (ESI) for 

C42H79O10P [M+Na+]: found 797.5303, calcd 797.5303. 
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2.4.4 Procedure for the one-pot synthesis of (2R)-3-((((S)-2,3-bis((tert-

butyldimethylsilyl)oxy)propoxy)(2-cyanoethoxy)phosphoryl)oxy)propane-1,2-diyl 

dioleate (2) 

In an oven dried three-neck 25 mL round bottom flask was placed 3 (1.2 eq.,  0.5 mmol). 

Schlenk techniques were used and the flask before it was equipped with an Ar balloon. 1-H 

tetrazole (3.0 eq., 1 mmol) and dry DCM (1.5 mL) was added and stirred until dissolved. A solution 

of 14 (1.0 eq, 0.4 mmol) in dry DCM (1.5 mL) was added dropwise to the reaction flask and stirred 

for 16 h. Then, under an open atmosphere, t-BuOOH (4.0 eq., 2 mmol, 70% in H2O) was added. 

After mixing for 1 h, the reaction mixture was diluted with ethyl acetate (30 mL) and washed with 

saturated NaHCO3 solution (2x20 mL). The combined aqueous washes were rinsed with ethyl 

acetate (2x25 mL) and all organic fractions were combined, dried with anhydrous Na2SO4 and 

concentrated under reduced pressure. The resulting crude product was purified on a Biotage flash 

purification system (hexane:EtOAc) to give the purified product as a clear colorless oil in 71% 

yield (0.29 g);  [α]D
27 +2.73 (c 0.01, CHCl3); Rf = 0.51 (DCM:MeOH, 96:4); 1H NMR (500 MHz, 

CDCl3) δ 5.37 – 5.30 (m, 4H), 5.24 (h, J = 4.8 Hz, 1H), 4.33 (ddd, J = 11.9, 9.4, 4.4 Hz, 1H), 4.28 

– 4.11 (m, 6H), 3.99 (dq, J = 10.1, 5.7 Hz, 1H), 3.89 – 3.83 (m, 1H), 3.59 – 3.51 (m, 2H), 2.76 (td, 

J = 6.4, 2.8 Hz, 2H), 2.32 (dt, J = 11.4, 7.6 Hz, 4H), 2.01 (q, J = 6.4 Hz, 8H), 1.60 (p, J = 6.8 Hz, 

4H), 1.29 (dd, J = 19.1, 5.5 Hz, 42H), 0.88 (d, J = 4.6 Hz, 24H), 0.09 (d, J = 3.8 Hz, 6H), 0.06 (s, 

6H); 13C NMR (126 MHz, CDCl3) δ 173.1, 172.7, 116.1, 77.3, 77.0, 76.8, 71.8, 71.8, 69.6, 69.3, 

65.8, 63.9, 63.8, 91.9, 61.5, 34.1, 34.0, 31.9, 29.7, 29.5, 29.3, 29.2, 29.1, 27.2, 27.2, 25.9, 25.7,24.8, 

22.7, 19.6, 19.6, 18.3, 18.1, 14.1, -4.7, -4.76; 31P NMR (203 MHz, CDCl3) δ -1.37, -1.50; QTOF-

HRMS (ESI) for C57H110NO10P [M+Na+]: found 1078.7299.5303, calcd 1078.7297. 
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2.4.5 Procedure for the synthesis of (S)-3-hydroxypropane-1,2-diyl dioleate (3) 

This protocol was based a previously reported method.21 In a 100 mL round bottom flask 

was placed 5 (1.0 eq., 2 mmol) and DCM/H2O (15 mL, 5% H2O). Following the addition of DDQ 

(1.5 eq., 3 mmol) the reaction flask was completely wrapped in aluminum foil and stirred at 20 ºC 

for 4 h. The reaction mixture turned from dark green to a dark shade of red. The mixture was 

diluted with DCM and vacuum filtered through a coarse glass frit with celite. The collected filtrate 

was washed with saturated NaHCO3 solution (40 mL), swirling gently to mix. The organic layer 

was washed again with NaHCO3 (80 mL) and swirled vigorously to mix. Again the organic layer 

was washed with NaHCO3 (2x100 mL), this time shaken to combine. The resulting organic 

solution was dried with anhydrous Na2SO4 concentrated under reduced pressure. The crude 

product was purified on a Biotage flash purification system (hexane:EtOAc) to yield the desired 

product as a clear colorless oil  in an 84% yield (1.1 g); [α]D
26 +3.0 (c 0.016, EtOAc); Rf = 0.08 

(Hexane:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) δ 5.38 – 5.30 (m, 4H), 5.08 (p, J = 5.0 Hz, 1H), 

4.34 – 4.21 (m, 2H), 3.73 (ddd, J = 6.8, 4.9, 1.7 Hz, 2H), 2.33 (dt, J = 11.0, 7.5 Hz, 4H), 2.05 – 

1.98 (m, 9H), 1.61 (p, J = 7.3 Hz, 4H), 1.35 – 1.23 (m, 41H), 0.88 (t, J = 6.9 Hz, 6H); 13C NMR 

(126 MHz, CDCl3) δ 173.8, 173.4, 130.0, 129.7, 77.3, 77.0, 76.8, 72.1, 62.0, 61.5, 34.3, 34.1, 31.9, 

29.8, 29.7, 29.5, 29.3, 29.2, 29.1, 27.21, 27.16, 24.9, 22.7, 14.1; HRMS (ESI) C39H72O5 [M+Na+]: 

found 643.5262, calcd 643.5272. 

2.4.6 Procedure for the synthesis of (R)-2,3-bis((tert-butyldimethylsilyl)oxy)propan-1-ol 

(4) 

This protocol was based a previously reported method.27 In a 100 mL round bottom flask 

was placed 6 (1.0 eq., 3 mmol) and DCM:H2O (15 mL, 5% H2O). Following the addition of DDQ 

(1.5 eq., 5 mmol) the reaction flask was completely wrapped in aluminum foil and stirred at 20 ºC 



 

 

95 

for 4 h. The reaction mixture turned from dark green to a dark shade of red. The mixture was 

diluted with DCM and vacuum filtered through a coarse glass frit with celite. The collected filtrate 

was washed with saturated NaHCO3 solution (40 mL), swirling gently to mix. The organic layer 

was washed again with NaHCO3 (80 mL), swirled vigorously to mix. Again, the organic layer was 

washed with NaHCO3 (2x120 mL), this time shaken to combine. The resulting organic solution 

was dried with anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 

was purified using a Biotage flash purification system (hexane:EtOAc) to give the desired product 

as a clear colorless oil in 78% yield (0.85g); [α]D
25 +9.45 (c 0.005, EtOAc); Rf = 0.35 

(hexane:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) δ 3.78 – 3.73 (m, 1H), 3.66 – 3.54 (m, 4H), 

2.17 (dd, J = 7.5, 4.9 Hz, 1H), 0.88 (d, J = 1.6 Hz, 18H), 0.08 (d, J = 2.4 Hz, 6H), 0.05 (d, J = 1.9 

Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 72.6, 64.9, 64.8, 25.9, 25.8, 18.3, 18.1, -4.6, -4.9, -5.5, -

5.5; HRMS (ESI) for C15H36O3Si2 [M+Na+]: found 321.2280, calcd 321.2276. 

2.4.7 Procedure for the synthesis of (S)-3-((4-methoxybenzyl)oxy)propane-1,2-diyl dioleate 

(5) 

This protocol was based a previously reported method.33 In an oven dried 100 mL three-

neck round bottom flask was placed 7 (1.0 eq., 5 mmol) and oleic acid (2.1 eq., 10 mmol). The 

contents of the flask were dried using Schlenk techniques, the flask was equipped with an Ar 

balloon and dry DCM (15 mL) was added. A solution of DCC (2.3 eq., 11 mmol) and DMAP (2.3 

eq., 11 mmol) in dry DCM (15 mL) was prepared in a separate 100 mL round bottom flask and 

equipped with an Ar balloon. This solution was transferred to the three-neck reaction flask via a 

cannula and stirred at 20 ºC for 16 h. The formed salt was removed by vacuum filtration through 

a coarse glass frit containing celite and the resulting filtrate was collected and concentrated under 

reduced pressure. To the crude product was added a minimal amount of hexane and the mixture 
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was sonicated to dissolve the solid. The resulting solution was purified on a 4 cm diameter, 32 cm 

long silica gel column (hexane:EtOAc) to yield the desired product clear colorless oil in 82% yield 

(2.9 g). The use of a shorter column resulted in co-elution of oleic acid; [α]D
26 +7.08 (c 0.029, 

EtOAc); Rf  = 0.32 (hexane:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) δ 7.25 – 7.20 (m, 2H), 6.90 

– 6.84 (m, 2H), 5.38 – 5.30 (m, 4H), 5.24 – 5.20 (m, 1H), 4.46 (q, J = 11.7 Hz, 2H), 4.33 (dd, J = 

11.9, 3.8 Hz, 1H), 4.17 (dd, J = 11.9, 6.4 Hz, 1H), 3.80 (s, 3H), 3.55 (dd, J = 5.2, 1.9 Hz, 2H), 2.29 

(dt, J = 20.5, 7.5 Hz, 4H), 2.01 (q, J = 6.6 Hz, 8H), 1.64 – 1.55 (m, 4H), 1.29 (td, J = 13.2, 5.2 Hz, 

40H), 0.88 (t, J = 6.9 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 173.4, 173.1, 159.3, 130.0, 129.8, 

129.7, 129.3, 113.8, 72.9, 70.0, 67.9, 62.7, 55.3, 34.3, 34.1, 31.9, 29.8, 29.7, 29.5, 29.3, 29.2, 29.1, 

29.1, 29.1, 27.2, 27.2, 24.9, 24.9, 22.7, 14.1; HRMS (ESI) for C47H80O6 [M+Na+]: found 763.5837, 

calcd 763.5847. 

2.4.8 Procedure for the synthesis of (R)-5-(((4-methoxybenzyl)oxy)methyl)-2,2,3,3,8,8,9,9-

octamethyl-4,7-dioxa-3,8-disiladecane (6) 

In an oven dried 100 mL three-neck round bottom flask was placed 8 (4 eq., 19 mmol), and 

TBSCl (4 eq., 19 mmol). The contents were dried using Schlenk techniques and the closed flask 

was equipped with an Ar balloon. The contents were dissolved in dry DMF (15 mL) and the 

reaction was heated to 50 ºC in an oil bath. Et3N (2.4 eq., 11 mmol) was added and stirred at 50 ºC 

for 4 h. After completion the reaction was quenched with water (60 mL) and extracted with EtOAc 

(3x80 mL). The combined organic layers were washed with water (3x 50 mL) and brine (2x25 

mL) before being dried with anhydrous Na2SO4 and concentrated under reduced pressure. The 

crude product was purified using a Biotage flash purification system (hexane:EtOAc) to give the 

desired product as a clear colorless oil in 96% yield (2.0 g); [α]D
26 +4.39 (c 0.006, EtOAc); Rf = 

0.49  (hexane:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 7.9 Hz, 2H), 6.89 – 6.85 
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(m, 2H), 4.46 (s, 2H), 3.84 (qd, J = 5.6, 4.7 Hz, 1H), 3.80 (s, 3H), 3.60 (dd, J = 10.2, 5.8 Hz, 1H), 

3.56 – 3.48 (m, 2H), 3.39 (dd, J = 9.9, 5.5 Hz, 1H), 0.88 (s, 18H), 0.06 (d, J = 1.2 Hz, 6H); 13C 

NMR (126 MHz, CDCl3) δ 159.1, 130.7, 129.2, 113.7, 73.0, 72.8, 71.9, 65.1, 55.3, 26.0, 25.9, 

18.4, 18.2, 1.0, -4.6, -4.7, -5.3, -5.4; HRMS (ESI) for C23H44O4Si2 [M+Na+]: found 463.2670, calcd 

463.2657. 

2.4.9 Procedure for the synthesis of (R)-3-((4-methoxybenzyl)oxy)propane-1,2-diol (7) 

This protocol was based a previously reported method.22 To a 100 mL round bottom flask 

containing a solution of 9 (1.0 eq., 8 mmol) in 21 mL THF was added aquesous HCl (1M, 2.8 eq., 

22 mmol). The reaction mixture was stirred at 20 ºC for 2 h. Saturated NaHCO3 solution was then 

added to quench the reaction and the reaction mixture was extracted with ethyl acetate (3x100 mL). 

The combined organic extracts were dried with anhydrous Na2SO4 and concentrated under reduced 

pressure. The crude product was purified on a Biotage flash purification system (DCM:MeOH) to 

give a white solid in 90 % yield (1.5 g); [α]D
25 +3.77 (c 0.009, EtOAc); Rf  = 0.13 (DCM:MeOH, 

98:2); 1H NMR (500 MHz, CDCl3) δ 7.26 – 7.22 (m, 2H), 6.89 – 6.85 (m, 2H), 4.46 (s, 2H), 3.85 

(td, J = 6.0, 3.0 Hz, 1H), 3.79 (s, 3H), 3.67 – 3.55 (m, 2H), 3.49 (qd, J = 9.7, 5.2 Hz, 2H), 3.08 (s, 

1H), 2.69 (s, 1H); 13C NMR (126 MHz, CDCl3) δ 159.4, 129.8, 129.5, 113.9, 73.2, 71.5, 70.7, 64.1, 

55.3; HRMS (ESI) for C11H16O4 [M+Na+]: found 235.0940, calcd 235.0941. 

2.4.10 Procedure for the synthesis of (S)-3-((4-methoxybenzyl)oxy)propane-1,2-diol (8) 

This protocol was based a previously reported method.21 To a 100 mL round bottom flask 

containing a solution of 10 (1.0 eq.,  8 mmol) in 21 mL THF was added aqueous HCl (1M, 2.77 

eq., 22 mmol). The reaction mixture was allowed to react at 20 ºC for 2 h. Saturated NaHCO3 

solution was added to quench the reaction and the reaction mixture was extracted with EtOAc 
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(3x100 mL). The combined organic extracts were dried with anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified on a Biotage flash purification system 

(DCM:MeOH) to yield the product as a white solid in 93% yield (1.6 g); [α]D
25 -3.24 (c 0.010, 

EtOAc); Rf = 0.13 (DCM:MeOH, 98:2); 1H NMR (500 MHz, CDCl3) δ 7.25 – 7.22 (m, 2H), 6.89 

– 6.86 (m, 2H), 4.47 (s, 2H), 3.86 (q, J = 5.6 Hz, 1H), 3.80 (s, 3H), 3.69 – 3.56 (m, 2H), 3.50 (qd, 

J = 9.7, 5.2 Hz, 2H), 2.96 (d, J = 4.8 Hz, 1H), 2.54 (t, J = 6.0 Hz, 1H); 13C NMR (126 MHz, CDCl3) 

δ 159.4, 129.8, 129.5, 113.9, 73.2, 71.5, 70.7, 64.1, 55.3; HRMS (ESI) for C11H16O4 [M+Na+]: 

found 235.0945, calcd 235.0941. 

2.4.11 Procedure for the synthesis of (S)-4-(((4-methoxybenzyl)oxy)methyl)-2,2-dimethyl-

1,3-dioxolane (9) 

This protocol was based a previously reported method.21 To an oven dried 250 mL 

multineck round bottom flask was added NaH (3.0 eq., 113 mmol). Schlenk techniques were 

utilized to evacuate the flask and dry DMF (50 mL) was added. The flask was maintained under 

an Ar atmosphere for the duration of the reaction. The reaction flask was lowered into an ice bath 

and (S)-solketal (1.0 eq., 38 mmol) was added dropwise and allowed to react with vigorous stirring 

at 5 ºC for 45 min. PMBCl (1.1 eq., 42 mmol) was added and stirred at 20 ºC for 4 h. The completed 

reaction was quenched slowly with saturated NH4Cl solution and extracted with EtOAc (3x150 

mL). The combined organic extracts were washed with water (2x150 mL), washed with brine 

(2x150 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure. The crude 

product was purified on a 5 cm diameter silica gel column (DCM:MeOH 98:2) to yield the desired 

product as a yellow oil in 96% yield (9.2 g); [α]D
25 +39.85 (c 0.001, EtOAc); Rf  = 0.50 

(DCM:MeOH, 98:2); 1H NMR (500 MHz, CDCl3) δ 7.28 – 7.23 (m, 2H), 6.90 – 6.85 (m, 2H), 

4.50 (q, J = 11.7 Hz, 2H), 4.28 (p, J = 6.0 Hz, 1H), 4.04 (dd, J = 8.3, 6.4 Hz, 1H), 3.80 (s, 3H), 
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3.72 (dd, J = 8.3, 6.3 Hz, 1H), 3.48 (ddd, J = 43.4, 9.8, 5.7 Hz, 2H), 1.42 (s, 3H), 1.36 (s, 3H); 13C 

NMR (126 MHz, CDCl3)  δ 159.3, 130.0, 129.4, 113.8, 109.4, 74.8, 73.2, 70.8, 66.9, 55.3, 26.8, 

25.4. HRMS (ESI) for C14H20O4 [M+Na+]: found 275.1252, calcd 275.1254. 

2.4.12 Procedure for the synthesis of (R)-4-(((4-methoxybenzyl)oxy)methyl)-2,2-dimethyl-

1,3-dioxolane (10) 

To an oven dried 250 mL multineck round bottom flask was added NaH (3.0 eq., 113 

mmol). Schlenk techniques were utilized to evacuate the flask and dry DMF (50 mL) was added. 

The flask was maintained under a continuous Ar atmosphere for the duration of the reaction. The 

reaction flask was lowered into an ice bath and (R)-solketal (1.0 eq., 38 mmol) was added dropwise 

and allowed to stir vigorously at 0 ºC for 45 min. PMBCl (1.1 eq., 42 mmol) was added and stirred 

at 20 ºC for 4 h. The completed reaction was quenched slowly with saturated NH4Cl solution and 

extracted with ethyl acetate (3x150 mL). Combined organic extracts were washed with water 

(2x150 mL), washed with brine (2x150 mL), dried over anhydrous Na2SO4, and concentrated 

under reduced pressure. The crude product was purified on a 5 cm silica gel column (DCM:MeOH, 

98:2) to yield the desired product as a yellow oil in 99% yield (9.5 g); [α]D
25 -14.22 (c 0.025, 

EtOAc); Rf  = 0.50 (DCM:MeOH, 98:2); 1H NMR (500 MHz, CDCl3) δ 7.28 – 7.22 (m, 2H), 6.89 

– 6.84 (m, 2H), 4.50 (q, J = 11.7 Hz, 2H), 4.31 – 4.24 (m, 1H), 4.04 (dd, J = 8.3, 6.4 Hz, 1H), 3.79 

(s, 3H), 3.72 (dd, J = 8.3, 6.3 Hz, 1H), 3.48 (ddd, J = 43.3, 9.8, 5.7 Hz, 2H), 1.38 (d, J = 29.6 Hz, 

6H); 13C NMR (126 MHz, CDCl3) δ 159.3, 130.1, 129.4, 113.8, 109.4, 74.8, 73.2, 70.8, 66.9, 55.3, 

26.8, 25.4; HRMS (ESI) for C14H20O4 [M+Na+]: found 275.1257, calcd 275.1254. 
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2.4.13 Procedure for the synthesis of (S)-2,3-bis((tert-butyldimethylsilyl)oxy)propyl(2-

cyanoethyl) diisopropylphosphoramidite (14) 

This method was based on previously reported protocol.30 In dry 25 mL round bottom flask 

was placed 4 (1.0 eq., 0.6 mmol). The flask was dried with Schlenk techniques and fitted with an 

Ar balloon. To the flask was added 1-H tetrazole (1.5 eq., 0.8 mmol) and dry ACN (2 mL). 

Phosphoramidite (2.0 eq., 1 mmol) was added to the reaction flask dropwise at a rapid rate and 

stirred at 20 ºC for 18 h. Then, the reaction mixture was diluted with EtOAc (10 mL) and filtered 

through a coarse glass frit. The collected filtrate was washed with saturated NaHCO3 solution (15 

mL), after which it was dried with anhydrous Na2SO4 and the solvent removed under reduced 

pressure. A Biotage flash purification system was used to purify the crude product to give the 

desired product in 79% yield (0.23 g); clear colorless liquid; [α]D
27 +6.26 (c 0.009, CHCl3) Rf = 

0.55 (Hexane:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) δ 3.88 – 3.77 (m, 3H), 3.69 – 3.47 (m, 

6H), 2.63 (tdd, J = 6.3, 3.3, 2.0 Hz, 2H), 1.20 – 1.16 (m, 12H), 0.89 (d, J = 2.7 Hz, 18H), 0.09 – 

0.04 (m, 12H); 13C NMR (126 MHz, CDCl3) δ 127.3, 77.3, 77.0, 76.8, 65.0, 64.8, 58.5, 43.04, 26.0, 

25.9, 25.7, 24.7, 24.6, 20.4, 18.4, 18.2, -4.6, -4.7, -5.4, -5.4 ; 31P NMR (203 MHz, CDCl3) δ 148.48, 

147.88; QTOF-HRMS (ESI) for C24H53N2O4PSi2 [M+Na+]: found 521.3339, calcd 521.3354. 
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2.5 Supporting Information 

2.5.1 Gradient Tables Used for Column Chromatography 

Table 2.1. Purification of 1. 

 

 

Flow 

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps 

(in % MeOH) 

17 

mL/min 
DCM:MeOH Fractions [80-96] 

Start 

(%) 

End 

(%) 

Length 

(mL) 

1 1 90 

1 2 72 

2 2 72 

2 3 72 

3 3 72 

3 4 72 

4 4 72 

4 5 72 

5 5 72 

5 6 72 

6 6 72 

6 7 72 

7 7 72 

7 8 72 

8 10 72 

10 15 288 
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Table 2.2. Purification of 2. 

 

Table 2.3. Purification of 3 

 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product  

Appearance 

Gradient Steps  

(in %EtOAc) 

17 mL/min Hexane:EtOAc Fractions 65-80 

Start (%) 
End 

(%) 

Length 

(mL) 

5% 5 72 

5% 5 72 

5% 7 72 

7% 9 72 

9% 10 72 

10% 10 72 

10% 10 72 

10% 10 72 

10% 20 72 

20% 25 72 

25% 25 72 

25% 30 72 

30% 30 72 

 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps 

 (in %EtOAc) 

15 mL/min Hexane:EtOAc 

 

 
 

 
 
 

Fractions 53-80 

Start (%) End (%) Length (mL) 

0% 0 90 

0% 0 72 

0% 1 72 

1% 2 72 

2% 3 72 

3% 4 72 

4% 5 72 

5% 6 72 

6% 10 72 

10% 10 144 
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Table 2.4. Purification of 4. 

 

 

Table 2.5. Purification of 6. 

 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps  

(in %EtOAc) 

15 

mL/min 
Hexane:EtOAc Fractions 22-30 

Start 

(%) 

End 

(%) 

Length 

(mL) 

0% 0 90 

0% 0 72 

0% 1 72 

1% 2 72 

2% 3 72 

3% 4 72 

4% 5 72 

5% 6 72 

6% 10 72 

 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps 

(in %EtOAc) 

20 

mL/min 
Hexane:EtOAc 

Fractions 2-

12 

Start 

(%) 

End 

(%) 

Length 

(mL) 

0% 0 135 

0% 0 72 

0% 1 72 

1% 1 72 

1% 2 72 

2% 2 72 

2% 3 72 

3% 5 72 

5% 5 72 
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Table 2.6. Purification of 7. 

 

 

Table 2.7. Purification of 8. 

 

 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps 

(in %MeOH) 

17 mL/min DCM:MeOH Fractions 20-38 

Start (%) End (%) 
Length 
(mL) 

0 0 135 

0 0 72 

0 1 72 

1 1 72 

1 8 72 

8 8 504 

 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps 

(in %MeOH) 

17 mL/min DCM:MeOH Fractions 6-38 

Start (%) End (%) 
Length 
(mL) 

0 0 135 

0 0 72 

0 1 72 

1 1 72 

1 8 72 

8 8 504 
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Table 2.8. Purification of 14. 

Flow  

Rate 

Apolar:Polar 

Solvent 

Product 

Appearance 

Gradient Steps 

(in %EtOAc) 

17 mL/min Hexane:EtOAc Fractions 3-7 

Start (%) End (%) 
Length 

(mL) 

5% 5 90 

5% 10 72 

10% 10 72 

10% 15 72 

15% 15 72 
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2.5.2 NMR Spectra of All Compounds 

 

Figure 2.9. 1H NMR and 13C NMR of 10.
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Figure 2.10. 1H and 13C NMR of 9.  



 

 

108 

 

Figure 2.11. 1H and 13C NMR of 8. 
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Figure 2.12. 1H and 13C NMR of 7. 
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.

 

Figure 2.13. 1H and 13C NMR of 6. 
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Figure 2.14.1H and 13C NMR of 5. 
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Figure 2.15. 1H and 13C NMR of 4. 
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Figure 2.16. 1H and 13C NMR of 3. 
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Figure 2.17. 1H,13C, and 31P NMR of 14. 
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Figure 2.17 continued. 
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Figure 2.18. 1H,13C, and 31P NMR of 2.
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Figure 2.18 continued. 
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Figure 2.19. 1H and 31P NMR of the tetrabutylammonium salt of 1. 
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Figure 2.20. 1H and 13C NMR of 1.  
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Figure 2.21. 1H NMR comparison of synthesized PG (A) and commercial PG (B). 
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Figure 2.22. 31P NMR of 1 (top) and commercial PG (bottom).
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 SYNTHESIS OF PHOSPHATIDYL GLYCEROL 

CONTAINING UNSYMMETRIC ACYL CHAINS USING H-

PHOSPHONATE METHODOLOGY 

This chapter was adapted from Molecules: Struzik, Z. J.; Biyani, S.; Grotzer, T.; Storch, J.; 

Thompson, D. H., Synthesis of Phosphatidyl Glycerol Containing Unsymmetric Acyl Chains 

Using H-Phosphonate Methodology. Molecules 2022, 27 (7), 2199. 

3.1 Abstract 

Naturally occurring phospholipids, such as phosphatidyl glycerol (PG), are gaining interest 

due to the roles they play in disease mechanisms. To elucidate the metabolism of PG, an optically 

pure material is required, but this is unfortunately not commercially available. Our previous PG 

synthesis route utilized phosphoramidite methodology that addressed issues surrounding fatty acid 

substrate scope and glycerol backbone modifications prior to headgroup phosphorylation, but 

faltered in the reproducibility of the overall pathway due to purification challenges. Herein, we 

present a robust pathway to optically pure PG in fewer steps, utilizing H-phosphonates that features 

a chromatographically friendly and stable triethyl ammonium H-phosphonate salt. Our route is 

also amendable to the simultaneous installation of different acyl chains, either saturated or 

unsaturated, on the glycerol backbone. 

3.2 Introduction 

Naturally occurring phospholipids (PLs) are biological molecules that are a major 

component of cell membranes. PLs contain a polar headgroup and glycerol backbone bearing two 

fatty acyl chains usually located on the sn-1 and sn-2 positions of the sn-3-phosphoglycerol 

backbone. The most common headgroups of PL are choline, ethanolamine, serine, inositol, and 

glycerol.1 Bis(monoacylglycero)phosphate (BMP), also known as lysobisphosphatidic acid 
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(LBPA), is an isomer of phosphatidylglycerol (PG) that comprises less than 1% of the total cellular 

membrane PL, but about 15% of the lysosomal PL, and is considered a lysosome specific 

phospholipid.2-3 BMP contains an unusual structure wherein the phosphoglycerol backbone is 

phosphorylated at the sn-1 position instead of the usual sn-3 position (Figure 3.1).4-5 Several 

studies have suggested that PG is the biosynthetic precursor to BMP6-8, however, the underlying 

metabolic pathway(s) are not known, nor has the catabolic metabolism of PG been reported. As an 

initial step to elucidate the conversion of PG to BMP, we sought the preparation of optically pure 

PG. 

 

Figure 3.1. PG as a postulated precursor to BMP. 

This challenge requires an efficient route to make PG bearing unsymmetric acyl chains to 

enable the chemical dissection of the BMP biosynthetic pathway. Unfortunately, optically pure 

derivatives of unsymmetric PG are not commercially available. We previously reported on the 

synthesis of diastereochemically pure PG9 using phosphoramidite precursors that are commonly 

utilized in oligonucleotide synthesis (Figure 3.2).10 This strategy addressed issues regarding the 

previous syntheses of PG11-13 such as the ability to incorporate unsaturated acyl chains without 

concern of olefin reduction and allowed for early modification of glycerol headgroup alcohols 

prior to generation of the phosphoglycerol diester. While 1 was synthesized in modest yield, the 

use of an aliphatic ammonium fluoride source such as TBAF in the final global deprotection step 

to simultaneously remove the bulky silyl ethers of the phosphoglycerol headgroup and the 

cyanoethyl protecting group of the phosphate resulted in batch-to-batch inconsistencies and 



 

 

127 

suboptimal yields. Our experience has shown that this can be attributed to the necessity for rigorous 

chromatographic conditions for final product isolation; specifically, highly polar (aqueous) mobile 

phases on silica flash columns14, an ion exchange column15-16, and a prep HPLC separation.17 

Additionally, this routing does not allow for the installation of different acyl chains. Given these 

significant limitations, a more efficient and consistent path to enable manipulation of any segment 

of the PG structure was sought. To avoid the inconsistency and chromatographic burden of the 

previous synthesis, we now report a novel route to PG that takes advantage of H-phosphonate 

methodology via diphenyl phosphite18-24 as the phosphorylating agent. This approach features a 

bench and air stable H-phosphonate salt intermediate developed during the synthesis of 

phosphatidyl serine20 that simplifies subsequent phosphorylation reactions and purification 

conditions. Additionally, we were able to reduce the number of synthetic steps from eleven to eight 

by directly installing an acetonide protected glycerol headgroup without further modification of 

the primary and secondary alcohols, an effort that was previously needed to retain the desired 

stereochemistry of the PG product.  

 

Figure 3.2. PG has been previously synthesized using phosphoramidite methodology (top). A more 

efficient route has been developed by incorporating H-phosphonates as the phosphonylating agent 

(bottom).  
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3.3 Results and Discussion 

Initial efforts to improve the synthetic route involved substituting fluoride sources25-27 in 

the deprotection step and substituting diphenylmethylsilyl ethers (DPMS)28 on the 

phosphoglycerol headgroup instead of TBS ethers. Through a series of  high-throughput 

experiments using desorption electrospray ionization mass spectrometry 29-30, modification of 

solketal protection from p-methoxybenzyl ether (PMB)31-32 to a phenyl acyl ester, and translation 

to flow chemistry33, we were able to successfully phosphorylate the protected phosphoglycerol 

head group on the gram scale allowing us to upscale the  synthesis of phosphoramidite intermediate 

in higher yields compared to the batch methods. Unfortunately, subsequent acyl chain migration 

and deprotection of the labile DPMS groups prevented us from moving forward with the 

phosphoramidite approach. For a more complete discussion of these efforts, please see the 

Supporting information. Despite multiple attempts to perform the desired transformation using 

phosphoramidites, we abandoned this approach and began to explore other phosphonylation 

strategies to achieve a robust and reproducible method for PG synthesis. H-phosphonates are a 

class of phosphonylated intermediates that have been used in the syntheses of other 

glycerophospholipids including phosphatidyl inositols34-37, phosphatidyl ethanolamine38, 

phosphatidyl choline38, and phosphatidyl serine20, 38. They have also been used in the total 

synthesis of glycophospholipids39-41 as well as nucleoside-based phospholipids24 and drugs42. To 

our surprise, they have not, however, been utilized in the synthesis of PG. The attractiveness of 

this methodology was based on the ability to obtain a phosphonylated intermediate in the form of 

an organic salt that can be readily purified by chromatography on polar stationary phases such 

silica or alumina. Another advantage of this strategy is that the phosphite precursor to H-

phosphonates can undergo transesterifications reactions under basic conditions with alcohols, a 
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circumstance that is ideal for installation of the phosphorous species on the glycerol backbone to 

prevent acyl chain migration from the sn-2 to the sn-1 position. A third advantage is that H-

phosphonate monoesters such as 9 are less susceptible to air oxidation as well as base- and acid-

catalyzed hydrolysis due to the large electron density associated with the anionic form of the 

phosphonate, whereas the phosphonate proton needs to be removed before undergoing 

nucleophilic attack.18, 43-47 Once activated, H-phosphonates have exhibited high rates of 

condensation with alcohols approaching 105 M s-1 47-48, further supporting the case for their use. 

In most of the examples listed previously, the H-phosphonate intermediates were synthesized by 

reacting the alcohol substrate with PCl3 and imidazole, followed by introduction of the second 

glycerol derivative with a coupling agent such as pivaloyl chloride.38 Due to the air and moisture 

sensitivity of PCl3, we employed a strategy by Mallik et al. utilizing low cost diphenyl phosphite 

as the phosphonylation reagent for quantitative conversion of substrate.20 Additionally, the 

electron-withdrawing phenol group further enhances transesterification.47 

In our previous synthesis of PG9, we designed the phosphoglycerol headgroup such that 

the final deprotection step avoided the use of functional groups that required acid deprotection to 

obviate potential acyl chain migration side reactions. Additionally, it was convenient to remove 

the cyanoethyl group and silyl groups simultaneously under mildly basic fluoride conditions to 

avoid multiple purification steps after formation of the phosphate. Thus, we replaced the acetonide 

of solketal with silyl groups that could be removed in the presence of TBAF. Encouraged by the 

robustness of H-phosphonates in our hands, we were curious as to how much of a concern the use 

of harsh acidic conditions would be for discovering an efficient PG route. To probe this question, 

we decided to phosphonylate solketal precursor 10 directly after the installation of the backbone 

(Figure 3.3). If the acetonide could be removed in the presence of acid without acyl chain migration 
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or other major obstacles that would negatively impact overall yield, this would streamline the 

synthesis by four steps from the phosphoramidite route.9 We also wanted to determine the scope 

of conditions that would be successful for the installation of asymmetric acyl chains on the sn-1 

and sn-2 positions of the glycerol backbone. We were pleased to observe chemoselective control 

of each 5 alcohol esterification simply by limiting the fatty acid stoichiometry in the reaction. The 

formation of the diesterified product comprised only about 5% of the yield. While the esterification 

of the primary hydroxyl may seem obvious, we were unsure about how much the secondary 

hydroxyl group would affect the product distribution. Thus, we were able to successfully 

synthesize 6 and 7 using standard Steglich esterification conditions in 78% and 82% yields, 

respectively. Deprotection of the PMB ether with DDQ afforded 8 in 84% yield without substantial 

acyl chain migration of either the symmetrical or asymmetrical acyl chain versions of the target. 

We were able to successfully phosphorylate 8 with diphenyl phosphite (6 equivalents) in pyridine 

at 0 °C and subsequent quenching in aqueous. conditions to give an easy-to-handle phosphonate 

salt 9 in 87% yield. The acetonide protected head-group was esterified with 10 upon coupling with 

pivaloyl chloride in pyridine at 0 °C to afford 11 in 75% yield. While protocols using this chemistry 

generally call for 3-6 equivalents of the coupling agent, we found that using the lower end of that 

range (~3 equivalents) resulted in fewer by-products, a higher yield, and simplified purification 

since homocoupled pyrophosphates generated by condensation of H-phosphonates and pivalic acid 

after transesterification with an alcohol were found to be problematic at higher equivalencies. 

Finally, oxidation of the H-phosphonate from P(III) to P(V) was conducted in the usual manner 

with I2 in a pyridine/water mixture. Once the solvent was  removed in vacuo, the crude product 

was be placed directly in a 5:1:0.5 CHCl3:TFA:MeOH mixture to remove the acetonide of 11 to 

provide PG 1 and 2 in 73% yield. While this reaction can be performed in this manner without a 
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purification step between the oxidation and acetonide deprotection, we recommend a 

chromatographic purification between each step. The product was consistently cleaner by 1H and 

31P NMR analysis, and the yield of 1 and 2 did not vary significantly, by incorporating an 

additional purification step. 

 

Figure 3.3. Synthesis of PG containing different acyl chains using H-phosphonates. 

We have demonstrated the synthesis of diastereochemically pure PG containing both 

symmetric and asymmetric acyl chains using H-phosphonate methodology. Due to the simpler 

purification procedure and handling of the phosphonylated intermediates via the use of diphenyl 

phosphite, this approach gave PG in higher isolated yields with more consistent results than the 
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phosphoramidite approach. Moving forward, we hope to be able to apply this chemistry for the 

investigation of PG metabolism. 

3.4 Materials and Methods 

3.4.1 General Information 

Commercial reagents were used as purchased from TCI Chemicals (Portland, OR, USA) 

and MilliporeSigma (Burlington, MA, USA). Organic solvents used were reagent grade, purchased 

from Fisher Scientific (Hampton, NH, USA). Dry solvents were purified using a Glass Contour 

Solvent System from Pure Process Technology, LLC (Nashua, NH, USA), with Fisher HPLC 

grade DCM, Aldrich anhydrous DMF, and Fisher HPLC/ACS grade THF. Reactions were 

monitored by thin-layer chromatography using silica gel 60 F254 plates (Merck, Darmstadt, 

Germany). UV light (254 nm) and staining with aqueous KMnO4 was used to visualize the 

developed chromatograms. Flash chromatography was performed using a Biotage SP4 A2A0 with 

RediSep Rf silica flash columns (12 g, 60 mg– 1.2 g sample size) and collected in 9 mL fraction 

volumes or performed via manual silica column chromatography using silica gel 60 

(MilliporeSigma, Burlington, MA, USA). Compounds purified via automatic flash 

chromatography are accompanied by a gradient table in the Supplementary Material. All 1H, 13C 

and 31P NMR spectra were recorded on a Bruker-AV-III-500-HD instrument. Chemical shifts (δ) 

are reported in parts per million, relative to CDCl3 (
1H NMR residual peak at δ = 7.26 ppm, 13C 

NMR residual peak at δ = 77.0 ppm), and coupling constants (J) are given in Hz. High-resolution 

mass measurements were acquired on an Agilent 6550 iFunnel LC/Q-TOF mass spectrometer 

(Agilent Technologies, Santa Clara, CA, USA). 
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3.4.2 Synthesis of (S)-4-(((4-methoxybenzyl)oxy)methyl)-2,2-dimethyl-1,3-dioxolane (4). 

NaH (2.71 g, 113 mmol) was added to an oven-dried, 250-mL, multi-neck, roundbottom 

flask. Schlenk techniques were utilized to evacuate the flask, and then dry DMF (50 mL) was 

added. The flask was maintained under a continuous Ar atmosphere for the duration of the reaction. 

The reaction flask was lowered into an ice bath and (S)-solketal (5.0 g, 38 mmol) was added 

dropwise and stirred vigorously at 0 °C for 45 min. 4-Methoxybenzyl chloride (6.6 g, 42 mmol) 

was added and stirred at 20 °C for 4 h. The completed reaction was slowly quenched with saturated 

NH4Cl solution and extracted with ethyl acetate (3 × 150 mL). Combined organic extracts were 

washed with water (2 × 150 mL), washed with brine (2 × 150 mL), dried over anhydrous Na2SO4, 

and concentrated under reduced pressure. The crude product was purified on a 5 cm silica gel 

column (100:0 to 98:2 DCM:MeOH) to yield the desired product as a yellow oil in 99% yield; 

[α]D
27 + 205 (c 0.049, CHCl3); Rf = 0.50 (DCM:MeOH); 1H NMR (500 MHz, CDCl3) δ 7.28–7.23 

(m, 2H), 6.91–6.84 (m, 2H), 4.50 (q, J = 11.7 Hz, 2H), 4.28 (p, J = 6.0 Hz, 1H), 4.04 (dd, J = 8.3, 

6.4 Hz, 1H), 3.80 (s, 3H), 3.72 (dd, J = 8.3, 6.3 Hz, 1H), 3.52 (dd, J = 9.8, 5.7 Hz, 1H), 3.44 (dd, 

J = 9.8, 5.6 Hz, 1H), 1.42 (s, 3H), 1.36 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 159.3, 130.1, 129.4, 

113.8, 109.4, 77.3, 77.1, 76.8, 74.8, 73.2, 70.8, 77.0, 55.3, 26.8, 25.4. QTOF-HRMS (ESI) for 

C14H20O4 [M+Na+]: found 275.1255, calcd 275.1254. 

3.4.3 Synthesis of (R)-3-(benzyloxy)propane-1,2-diol (5). 

Aqueous 1M HCl (21 mL) was added to a 100-mL, round-bottom flask containing a 

solution of 4 (1.46 g, 8 mmol) in 21 mL THF. The reaction mixture was allowed to react at 20 °C 

for 2 h. Saturated NaHCO3 solution was added to quench the reaction and the reaction mixture was 

extracted with EtOAc (3 × 100 mL). The combined organic extracts were dried with anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified on a Biotage 
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flash purification system (DCM:MeOH) to yield the product as a white solid in 93% yield (refer 

to Table 3.8 for gradient); [α]D
27-12.1 (c 0.025, CHCl3); Rf = 0.13 (DCM:MeOH 98:2); 1H NMR 

(500 MHz, CDCl3) δ 7.25–7.20 (m, 2H), 6.89–6.83 (m, 2H), 4.45 (s, 2H), 3.84 (tt, J = 6.1, 4.0 Hz, 

1H), 3.78 (s, 3H), 3.63 (dd, J = 11.5, 3.7 Hz, 1H), 3.55 (dd, J = 11.5, 5.9 Hz, 1H), 3.51–3.42 (m, 

2H), 3.10 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 159.4, 129.8, 129.7, 129.6, 129.5, 114.0, 113.9, 

77.4, 77.1, 76.9, 73.2, 71.4, 70.8, 64.1, 55.3. QTOF-HRMS (ESI) for C11H16O4 [M+Na+]: found 

235.0943., calcd 235.0941. 

3.4.4 Synthesis of (S)-2-hydroxy-3-((4-methoxybenzyl)oxy)propyl palmitate (6a). 

Palmitic acid (1.09 g, 4.8 mmol) and 5a (1.06 g, 5 mmol) were placed in an oven-dried, 

100-mL, three-neck, round-bottom flask. The contents of the flask were cycled three times with 

vacuum/Ar, and the flask was equipped with an Ar balloon and dry DCM (15 mL) was added. A 

solution of DCC (0.97 g, 4.7 mmol) and DMAP (0.58 g, 4.7 mmol) in dry DCM (15 mL) was 

prepared in a separate 100-mL, round-bottom flask and equipped with an Ar balloon. This solution 

was transferred to the three-neck reaction flask via a cannula and stirred at 20 °C for 16 h. The salt 

was removed by vacuum filtration through a coarse glass frit containing Celite, and the resulting 

filtrate was collected and concentrated under reduced pressure. A minimal amount of hexane was 

added to the crude product, and the mixture was sonicated to dissolve the solid. The resulting 

solution was purified on a Biotage flash purification system (Hexane:EtOAc) to yield the desired 

product as a clear white solid with 78% yield (refer to Table 3.9 for gradient); [α]D
25 +19.1 (c 0.038, 

CHCl3) Rf = 0.25 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 7.27–7.22 (m, 2H), 6.91–

6.84 (m, 2H), 4.48 (s, 2H), 4.20–4.07 (m, 2H), 4.01 (tt, J = 6.1, 4.4 Hz, 1H), 3.80 (s, 3H), 3.55–

3.41 (m, 2H), 2.31 (t, J = 7.6 Hz, 2H), 1.60 (p, J = 7.3 Hz, 2H), 1.25 (s, 24H), 0.88 (t, J = 6.9 Hz, 

3H); 13C NMR (126 MHz, CDCl3) δ 174.0, 159.4, 129.8, 129.4, 113.9, 77.3, 77.3, 77.1, 76.8, 73.2, 
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73.0, 70.6, 68.9, 68.7, 65.4, 55.3, 34.2, 31.9, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 24.9, 22.7, 

14.1. QTOF-HRMS (ESI) for C27H46O5 [M+Na+]: found 473.3235, calcd 473.3237. 

(S)-2-Hydroxy-3-((4-methoxybenzyl)oxy)propyl oleate (6b). Clear oil in 76% yield; 

[α]D
25 +27 (c 0.011, CHCl3) Rf=0.18 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 7.26 – 

7.22 (m, 2H), 6.91 – 6.85 (m, 2H), 5.39 – 5.30 (m, 2H), 4.48 (s, 2H), 4.20 – 4.08 (m, 2H), 4.01 

(tt, J = 6.2, 4.4 Hz, 1H), 3.80 (s, 3H), 3.55 – 3.42 (m, 2H), 2.31 (t, J = 7.6 Hz, 2H), 2.04 – 1.97 (m, 

4H), 1.61 (p, J = 7.3 Hz, 2H), 1.38 – 1.17 (m, 26H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 173.9, 159.4, 130.0, 129.8, 129.4, 113.9, 77.3, 77.1, 76.8, 73.2, 70.6, 68.9, 65.4, 55.3, 

34.2, 31.9, 29.8, 29.7, 29.5, 29.4, 29.3, 29.2, 29.1, 27.2, 27.2, 27.1, 24.9, 22.7, 14.14.  QTOF-

HRMS (ESI) for C29H48O5 [M+Na+]: found 499.3391, calcd 499.3394. 

3.4.5 Synthesis of (S)-3-((4-methoxybenzyl)oxy)propane-1,2-diyl dioleate (7b). 

Oleic acid (2.82 g, 10 mmol) and 6b (2.38 g, 5 mmol) were placed in an oven-dried, 100-

mL, three-neck, round-bottom flask. The contents of the flask were treated with three cycles of 

vacuum/Ar, the flask was equipped with an Ar balloon, and dry DCM (15 mL) was added. A 

solution of DCC (2.3 g, 11 mmol) and DMAP (1.3 g, 11 mmol) in dry DCM (15 mL) was prepared 

in a separate, 100-mL, round-bottom flask equipped with an Ar balloon. This solution was 

transferred to the three-neck reaction flask via a cannula and stirred at 20 °C for 16 h. The formed 

salt was removed by vacuum filtration through a coarse glass frit containing Celite, and the 

resulting filtrate was collected and concentrated under reduced pressure. A minimal amount of 

hexane was added to the crude product, and the mixture was sonicated to dissolve the solid. The 

resulting solution was purified on a 4-cm-diameter, 32-cm-long manual silica gel column 

(hexane:EtOAc) to yield the desired product as a clear, colorless oil in 82% yield. The use of a 

shorter column resulted in the co-elution of oleic acid. A Biotage method was also developed for 
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this procedure (hexane:EtOAc) (refer to Table 3.10 for gradient); [α]D
25 +51 (c 0.020, CHCl3); Rf 

= 0.63 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 7.25–7.20 (m, 2H), 6.89–6.84 (m, 

2H), 5.39– 5.29 (m, 4H), 5.22 (dtd, J = 6.5, 5.2, 3.7 Hz, 1H), 4.53–4.41 (m, 2H), 4.33 (dd, J = 11.8, 

3.8 Hz, 1H), 4.17 (dd, J = 11.9, 6.4 Hz, 1H), 3.80 (s, 3H), 3.55 (dd, J = 5.2, 1.9 Hz, 2H), 2.29 (dt, 

J = 20.5, 7.5 Hz, 4H), 2.05–1.96 (m, 8H), 1.66–1.57 (m, 4H), 1.38–1.21 (m, 42H), 0.88 (t, J = 6.9 

Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 173.4, 173.1, 159.3, 130.0, 129.8, 129.7, 129.3, 113.8, 

77.3, 77.0, 76.8, 73.0, 70.0, 67.9, 62.7, 55.3, 34.3, 34.1, 31.9, 29.8, 29.7, 29.5, 29.3, 29.2, 29.2, 

29.1, 29.1, 27.2, 27.2, 25.0, 24.9, 22.7, 14.1. QTOF-HRMS (ESI) for C47H80O6 [M+H+]: found 

741.6027, calcd 741.6027. 

(S)-1-((4-Methoxybenzyl)oxy)-3-(palmitoyloxy)propan-2-yl oleate (7a). Clear oil in 80% 

yield. [α] D
24 +57.8 (c 0.017, CHCl3); Rf=0.68 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) 

δ 7.25 – 7.21 (m, 2H), 6.90 – 6.85 (m, 2H), 5.38 – 5.30 (m, 2H), 5.25 – 5.19 (m, 1H), 4.47 (q, J = 

11.7 Hz, 2H), 4.33 (dd, J = 11.9, 3.8 Hz, 1H), 4.17 (dd, J = 11.9, 6.4 Hz, 1H), 3.80 (s, 3H), 3.55 

(dd, J = 5.2, 1.9 Hz, 2H), 2.29 (dt, J = 20.6, 7.5 Hz, 4H), 2.06 – 1.96 (m, 4H), 1.60 (dp, J = 14.4, 

7.3 Hz, 4H), 1.37 – 1.19 (m, 47H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 173.4, 

173.1, 159.3, 130.0, 129.8, 129.7, 129.3, 113.8, 77.3, 77.0, 76.8, 73.0, 70.0, 67.9, 62.7, 55.3, 34.3, 

34.1, 32.0, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 29.3, 29.2, 29.2, 29.1, 27.2, 27.2, 25.0, 

24.9, 22.7, 14.1; QTOF-HRMS (ESI) for C45H78O6 [M+H+]: found 715.5872, calcd 715.5871. 

3.4.6 Synthesis of (S)-3-Hydroxypropane-1,2-diyl dioleate (8b). 

DCM/H2O (15 mL, 5% H2O) and 7b (1.48 g, 2 mmol) were placed in a 100-mL, 

roundbottom flask. Following the addition of DDQ (0.68 g, 3 mmol), the reaction flask was 

completely wrapped in aluminum foil and stirred at 20 °C for 1 h. The reaction mixture turned 

from dark green to a dark shade of red. The mixture was diluted with DCM and vacuum filtered 
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through a coarse glass frit with Celite. The collected filtrate was washed with saturated NaHCO3 

solution (40 mL), swirling gently to mix. The organic layer was washed again with NaHCO3 (80 

mL) and swirled vigorously to mix. Again, the organic layer was washed with NaHCO3 (2 × 100 

mL), and then shaken to combine. The resulting organic solution was dried with anhydrous Na2SO4 

before concentration under reduced pressure. The crude product was purified on a Biotage flash 

purification system (hexane:EtOAc) to yield the desired product as a clear, colorless oil with an 

84% yield (refer to Table 3.11 for gradient); [α]D
25 −21 (c 0.024, CHCl3); Rf=0.36 (Hexane:EtOAc, 

8:2); 1H NMR (500 MHz, CDCl3) δ 5.39–5.29 (m, 4H), 5.08 (p, J = 5.0 Hz, 1H), 4.32 (dd, J = 

11.9, 4.5 Hz, 1H), 4.23 (dd, J = 12.0, 5.7 Hz, 1H), 3.72 (dd, J = 5.0, 1.6 Hz, 2H), 2.33 (dt, J = 11.1, 

7.5 Hz, 4H), 2.05–1.96 (m, 8H), 1.62 (h, J = 7.3 Hz, 5H), 1.37–1.20 (m, 42H), 0.88 (t, J = 6.9 Hz, 

6H). 13C NMR (126 MHz, CDCl3) δ 173.8, 173.4, 130.0, 129.7, 77.3, 77.0, 76.8, 72.1, 62.0, 61.6, 

34.3, 34.1, 31.9, 29.8, 29.7, 29.5, 29.3, 29.2, 29.1, 29.1, 27.2, 27.2, 24.9, 24.9, 22.7, 14.1. QTOF-

HRMS (ESI) for C39H72O5 [M+H+]: found 621.5452, calcd 621.5452. 

(S)-1-Hydroxy-3-(palmitoyloxy)propan-2-yl oleate (8a). White semi-solid in 81% yield; 

[α]D
25 -27.2 (c 0.021, CHCl3); Rf=0.36 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.40 

– 5.29 (m, 2H), 5.08 (p, J = 5.0 Hz, 1H), 4.32 (dd, J = 11.9, 4.5 Hz, 1H), 4.23 (dd, J = 11.9, 5.6 

Hz, 1H), 3.73 (dd, J = 5.0, 1.6 Hz, 2H), 2.33 (dt, J = 11.4, 7.5 Hz, 4H), 2.01 (q, J = 6.3 Hz, 4H), 

1.62 (h, J = 7.6 Hz, 4H), 1.40 – 1.18 (m, 46H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 

CDCl3) δ 173.8, 173.4, 130.1, 129.7, 77.3, 77.0, 76.8, 72.1, 62.0, 61.6, 34.3, 34.1, 31.9, 29.8, 29.7, 

29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 29.1, 27.2, 27.2, 24.9, 24.9, 22.7, 14.1. QTOF-

HRMS (ESI) for C37H70O4 [M+H+]: found 595.5296, calcd 595.5295. 



 

 

138 

3.4.7 Synthesis of (R)-2,3-Bis(oleoyloxy)propyl phosphonate (9b).  

The synthesis of 9 was performed according to a previously reported protocol.20 Alcohol 

8b (0.248 g, 0.4 mmol) was placed in an oven-dried, 10-mL, two-neck, round-bottom flask 

equipped with a stir bar. The flask was then dried using Schlenk techniques followed by the 

attachment of an Ar balloon. The starting material was then dissolved in dry pyridine (4 mL) and 

the solution was cooled to 0 °C in an ice bath. Diphenyl phosphite (0.46 mL, 2.5 mmol) was added 

dropwise and the solution was stirred for 1 h. The solution was then allowed to warm to room 

temperature where a 1:1 H2O:Et3N solution (5 mL) was added to the round-bottom flask, where it 

was stirred for an additional 1 h. The pyridine was removed from the solution under reduced 

pressure by azeotropically drying three times with toluene. The crude oil was then dissolved with 

DCM (30 mL) and washed with saturated NaHCO3 (3 × 15 mL), where it was dried with anhydrous 

Na2SO4 and concentrated under reduced pressure. The product was purified using a silica gel 

column to yield a white semi-solid with 75% yield (gradient from 100:0 to 95:5 CHCl3:MeOH 

containing 0.5% Et3N); [α]D
27 +25.5 (c 0.032, CHCl3); Rf = 0.23 (Hexane:EtOAc, 8:2); 1H NMR 

(500 MHz, CDCl3) δ 5.37–5.28 (m, 4H), 5.20 (qd, J = 5.3, 3.6 Hz, 1H), 4.35 (dd, J = 11.9, 3.7 Hz, 

1H), 4.16 (dd, J = 11.9, 6.3 Hz, 1H), 4.00 (dd, J = 8.1, 5.2 Hz, 2H), 3.06 (qd, J = 7.3, 4.2 Hz, 6H), 

2.32–2.23 (m, 4H), 1.99 (qd, J = 6.2, 2.7 Hz, 8H), 1.58 (tq, J = 7.0, 3.6 Hz, 4H), 1.37– 1.19 (m, 

50H), 0.86 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 173.4, 173.0, 130.0, 129.7, 77.3, 

77.1, 76.8, 70.3, 70.3, 62.4, 62.1, 62.1, 45.6, 34.3, 34.1, 31.9, 29.8, 29.7, 29.5, 29.3, 29.2, 29.2, 

29.1, 27.2, 27.2, 24.9, 22.7, 14.1, 8.5. 31P NMR (203 MHz, CDCl3) δ 4.55. QTOF-HRMS (ESI) 

for C39H72O7P [M+Na+]: found 707.4986, calcd 707.4986. 

(R)-2-(Oleoyloxy)-3-(palmitoyloxy)propyl phosphonate (9a). White semi-solid in 78% yield 

[α]D
27 +18.5 (c 0.029, CHCl3); Rf=0.23 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.38 

– 5.29 (m, 2H), 5.21 (qd, J = 5.2, 3.6 Hz, 1H), 4.36 (dd, J = 11.9, 3.8 Hz, 1H), 4.17 (dd, J = 11.9, 
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6.3 Hz, 1H), 4.03 (dd, J = 8.2, 5.1 Hz, 2H), 3.08 (qd, J = 7.3, 4.4 Hz, 5H), 2.30 (dt, J = 9.9, 7.6 

Hz, 4H), 2.04 – 1.96 (m, 4H), 1.59 (h, J = 6.7 Hz, 5H), 1.40 – 1.19 (m, 55H), 0.87 (t, J = 6.9 Hz, 

7H); 13C NMR (126 MHz, CDCl3) δ 173.4, 173.00, 130.0, 129.7, 77.3, 77.0, 76.8, 70.2, 62.3, 45.6, 

34.3, 34.1, 32.0, 29.8, 29.8, 29.7, 29.7, 29.5, 29.4, 29.3, 29.2, 29.2, 29.1, 27.2, 27.2, 24.9, 22.7, 

14.1, 8.6; 31P NMR (203 MHz, CDCl3) δ 4.59.  QTOF-HRMS (ESI) for C37H70O7P [M+Na+]: 

found 681.4826, calcd 681.4829. 

3.4.8 Synthesis of (2R)-3-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)propane-1,2-

dioleyl phosphonate (11b).  

Compound 9b (0.235 g, 0.3 mmol) was added to an oven-dried, 10-mL, two-neck, round-

bottom flask equipped with a stir bar. The flask was cycled three times with vacuum/Ar, and a 

balloon was attached. Dry pyridine (5 mL) was then added, followed by solketal (0.05 mL, 0.4 

mmol). The reaction temperature was lowered to 0 °C via an ice bath and pivaloyl chloride (0.22 

mL, 1.7 mmol) was subsequently added dropwise to the reaction. The solution changed from 

transparent to a violet. The reaction was stirred for 1 h and then warmed slowly to room 

temperature. Pyridine was then azeotropically stripped from the solution with toluene under 

reduced pressure. The crude oil was then redissolved in DCM (30 mL), and the solution was 

washed with saturated NaHCO3 (2 × 10 mL). The organic layer was then dried with anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified on a silica gel 

column to yield a colorless oil (gradient of 100:0 to 98:2 DCM:MeOH); [α]D
26 +12.9 (c 0.023, 

CHCl3); Rf = 0.34 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.39–5.29 (m, 4H), 5.23 

(h, J = 5.2 Hz, 1H), 4.38–4.00 (m, 10H), 3.85–3.70 (m, 2H), 2.37–2.27 (m, 4H), 2.05–1.97 (m, 

8H), 1.61 (h, J = 7.1 Hz, 4H), 1.44 (d, J = 3.5 Hz, 4H), 1.39–1.20 (m, 51H), 0.88 (t, J = 6.8 Hz, 

6H); 13C NMR (126 MHz, CDCl3) δ 173.8, 173.4, 130.1, 129.7, 77.3, 77.0, 76.8, 72.1, 62.0, 61.6, 
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34.3, 34.1, 31.9, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 29.1, 27.2, 27.2, 

24.9, 24.9, 22.7, 14.1; 31P NMR (203 MHz, CDCl3) δ 8.62, 8.52 QTOF-HRMS (ESI) for 

C45H83O9P [M+Na+]: found 821.5666, calcd 821.5667. 

(2R)-1-(((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)methoxy)(hydroxy)-3-

(palmitoyloxy)propan-2-oleyl phosphonate (11a). Clear oil in 72% yield; [α]D
26 -1.90 (c 0.023, 

CHCl3); Rf=0.35 (Hexane:EtOAc, 8:2);  1H NMR (500 MHz, CDCl3) δ 5.39 – 5.29 (m, 2H), 5.26 

– 5.20 (m, 1H), 4.37 – 4.00 (m, 8H), 3.85 – 3.70 (m, 2H), 2.39 – 2.27 (m, 4H), 2.05 – 1.95 (m, 

4H), 1.67 – 1.55 (m, 4H), 1.46 – 1.14 (m, 54H), 0.88 (t, J = 6.8 Hz, 6H). 13C NMR (126 MHz, 

CDCl3) δ 173.4, 173.0, 130.0, 129.7, 77.3, 77.1, 76.8, 70.3, 70.3, 62.4, 62.1, 62.1, 45.6, 34.3, 34.1, 

31.9, 29.8, 29.7, 29.5, 29.3, 29.2, 29.2, 29.1, 27.2, 27.2, 24.9, 22.7, 14.1; 31P NMR (203 MHz, 

CDCl3) δ 8.63, 8.52. QTOF-HRMS (ESI) for C43H81O9P [M+Na+]: found 795.5512, calcd 

795.5510. 

3.4.9 Synthesis of (2R)-3-((((S)-2,3-dihydroxypropoxy)(hydroxy)phosphoryl)oxy)propane-

1,2-diyl dioleate (1). 

H-phosphonate 11 (0.160 g, 0.20 mmol) was added to a 10-mL, round-bottom flask. A 9:1 

v/v of H2O/Pyr. (5 mL) was added to flask, and the temperature was lowered to 0 °C. I2 was then 

added, and the reaction was warmed to 24 °C with stirring for 3 h. The pyridine was then removed 

from the solution by azeotropically drying three times with toluene. The resulting oil was diluted 

with 45 mL of DCM and washed with a solution of saturated Na2SO3 (2 × 10 mL) and once with 

brine (10 mL). The organic layer was then dried with anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude product was purified on a manual silica gel column (gradient of 98:2 

CHCl3:MeOH to 65:25:4 CHCl3:MeOH:H2O) (refer to Table 3.4 for gradient). Fractions were 

collected in 13 × 100 mm cell culture tubes, with 72 mL intervals between each change, in a mobile 
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phase composition (9 mL/fraction). Product appeared from fractions 25–32. The isolated product 

was concentrated under reduced pressure in a 20 mL scintillation vial, and then CHCl3 (5 mL) was 

added to dissolve the oil. After cooling the solution to 0 °C in an ice bath, MeOH (0.1 mL) and 

TFA (0.5 mL dropwise) were added to the reaction mixture. The reaction was allowed to stir for 

30 min at room temperature. Saturated NaHCO3 was then added, and the solution was diluted with 

CHCl3 (30 mL). The mixture was transferred to a separatory funnel, where MeOH (20 mL) and 

then H2O (10 mL) were added, followed by shaking. The organic layer was collected, dried with 

anhydrous Na2SO4, and concentrated under reduced pressure. The crude product was then purified 

using a gradient of 98:2 CHCl3:MeOH to 65:25:4 CHCl3:MeOH:H2O to yield a clear oil in 73% 

yield. [α]D
27 −16 (c 0.011, CHCl3); Rf = 0.46 (CHCl3:MeOH:H2O, 65:25:4); 1H NMR (500 MHz, 

CDCl3) δ 5.26 (tt, J = 5.7, 3.3 Hz, 4H), 5.12 (qd, J = 5.8, 3.0 Hz, 1H), 4.28 (dt, J = 12.1, 3.1 Hz, 

1H), 4.10–4.00 (m, 1H), 3.93–3.75 (m, 5H), 3.66–3.50 (m, 3H), 3.43 (d, J = 6.0 Hz, 5H), 2.23 (td, 

J = 8.8, 4.8 Hz, 4H), 1.93 (q, J = 7.1 Hz, 8H), 1.51 (td, J = 7.9, 3.9 Hz, 4H), 1.33–1.14 (m, 42H), 

0.80 (td, J = 6.9, 3.0 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 174.0, 173.8, 162.5, 130.0, 129.6, 

117.5, 77.3, 77.1, 76.8, 70.4, 62.5, 62., 49.5, 49.4, 49.2, 49.0, 48.9, 48.7, 48.5, 34.1, 33.9, 31.8, 

29.7, 29.4, 29.2, 29.2, 29.1, 29.0, 29.00, 27.1, 27.1, 24.7, 22.6, 14.0, 0.9. 31P NMR (203 MHz, 

CDCl3) δ -2.67. QTOF-HRMS (ESI) for C42H79O10P [M+Na+]: found 797.5300, calcd 797.5303. 

(2R)-1-((((S)-2,3-Dihydroxypropoxy)(hydroxy)phosphoryl)oxy)-3-

(palmitoyloxy)propan-2-yl oleate (2). A waxy solid in 70% yield. [α]D
27 -7.4 (c 0.088, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 5.39 – 5.28 (m, 2H), 5.17 (s, 1H), 4.38 (d, J = 11.4 Hz, 1H), 4.11 

(dd, J = 12.6, 6.8 Hz, 1H), 3.98 – 3.74 (m, 5H), 3.73 – 3.50 (m, 3H), 2.37 – 2.21 (m, 4H), 2.00 (q, 

J = 6.5 Hz, 4H), 1.66 – 1.49 (m, 4H), 1.38 – 1.14 (m, 43H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR 

(126 MHz, CDCl3) δ 174.2, 174.1, 130.0, 129.7, 117.8, 115.4, 77.3, 77.0, 76.78, 70.7, 62.8, 34.2, 
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34.1, 32.0, 31.9, 29.8, 29.8, 29.7, 29.7, 29.6, 29.4, 29.4, 29.3, 29.3, 29.2, 27.3, 24.9, 24.8, 22.7, 

14.1, 1.0. 31P NMR (203 MHz, CDCl3) δ 0.93. QTOF-HRMS (ESI) for C40H77O10P [M+Na+]: 

found 771.5145, calcd 771.5146. 

3.5 Supporting Information 

3.5.1 Initial Studies to Simultaneously Deprotect the Cyanoethyl Groups and Silyl Groups 

Initial attempts to improve the phosphorylation conditions began by exploring more polar 

fluoride sources to deprotect the TBS ethers in an attempt to simplify the product isolation 

procedure (Table 3.1). Many of the organic and inorganic naked fluorine sources we tested led to 

low conversion of starting material (e.g. Me4NF25, KF•H2O
27, or NaF26). Interestingly, 1H and 31P 

NMR revealed that the cyanoethyl protecting group remained intact during TBS deprotection 

efforts with KF•H2O and 18-crown-6 ether. Unfortunately, similar purification issues to TBAF 

arose since mobile phases in phospholipid chromatography are typically aqueous ion pairing media 

such as CHCl3:MeOH:aq. NH4Cl14 that can lead to streaking of compounds like crown ethers on 

polar stationary phases. Since our goal was to create a route with a simplified purification scheme, 

we sought a different approach. 
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Table 3.1 Summary of attempts to perform a global deprotection step with alternative fluoride 

sources. a Conversion of starting material (SM) determined qualitatively by TLC.  

 

In a 25 mL round bottom flask equipped with a magnetic stir bar was placed 12 (0.1 g, 0.95 

mmol) and fluoride source (19 mmol). The contents were dissolved in the specified solvent (10 

mL) and the additive was subsequently added (19 mmol). Reactions conducted above 23 °C were 

heated using a temperature controlled oil bath. Reaction times varied between 12 – 48 h. 

Conversion of starting material was monitored by the disappearance of 12 that was synthesized 

according to a previously published protocol. Upon initial investigation of naked fluorine sources 

utilized to deprotect both of the silyl groups as well as the cyanoethyl group of the phosphate 

simultaneously, solubility of both the substrate and the fluorine salt proved to be a challenge. For 

example, an inorganic salt such as NaF was not soluble in any of the aqueous/organic solvent 

systems tested. On the other hand, the substrate was also not soluble in a pure aqueous system. 

This led to no conversion of the starting material as determined by TLC. Even the addition of an 

organic acid in a purely aqueous system led to precipitation of the salt. Due to the risk of acyl chain 

migration of the phosphoglycerol backbone to the glycerol head group, we avoided heating these 



 

 

144 

reaction mixtures to high temperatures (> 50 °C). However, gentle heating of the solution below 

this temperature still appeared to be ineffective at global deprotection. To alleviate this issue, we 

hypothesized that using a less hydrophobic ammonium fluoride such as tetramethyl ammonium 

fluoride (TMAF) instead of TBAF would not only improve the solubility of the fluoride source in 

organic solvents, but it also might make the separation of the product and TMAF more facile. 

Unfortunately, similar solubility issues arose between the substrate and TMAF that forced us to 

explore other fluoride reagents.  

While NaF has shown little solubility in organic/aqueous systems, KF·2H2O has shown 

moderate solubility in these same solvent ratios. We were able to observe conversion of the 

substrate by TLC and were able to isolate the product after column chromatography. The presence 

of the silyl groups were still present on our substrate as observed by the 1H NMR shifts between 

0.87-0.81 and 0.07 – 0.02 ppm (Figure 3.4). However, the α protons to the cyano group of the 

phosphotriester had disappeared. Additionally, the absence of the cyanotheyl carbon peaks 

corresponding to the cyano carbon as well as the α carbon at ~19 and 117 ppm, respectively, also 

indicated that cyanoethyl group was removed. Finally, 31P NMR revealed a single peak at -0.54 

ppm which can be attributed to a phosphate diester. Encouraged by these results, we attempted to 

remove the silyl group by adding a weak acid such as acetic acid to promote the hydrolysis of the 

silyl groups. Unfortunately, addition of AcOH hindered the solubility, thereby limiting the 

hydrolysis to only one of the silyl groups. It has been reported that the use of crown ethers can 

help the solubility of the KF salt. While the solubility of the substrate and salt appeared to increase 

upon addition of the crown ether in the presence of an acid, the conversion of the substrate did not 

appear to increase. 
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Figure 3.4. 1H (A), 13C (B), and 31P (C) NMR of partially converted substrate by KF·2H2O. 
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3.5.2 High-throughput Experimentation of Diphenylmethylsilyl Deprotection 

Catalytic amounts of sulfonyl fluoride reportedly can selectively deprotect diphenyl methyl 

silyl (DPMS) ethers in the presence of an aqueous surfactant such as TPGS 750-M.28 

Unfortunately, these conditions failed to deprotect our TBS modified substrate under surfactant 

free conditions (i.e., we did not want to further complicate product chromatographic purification). 

We then replaced the headgroup protection to enable the use of DPMS ethers instead of TBS ethers 

to accommodate for the use of benzylsulfonyl fluoride (BSF) as a deprotection agent (Table 3.2). 

Before applying this strategy to the final deprotection steps, we optimized the deprotection 

conditions using a model substrate 13 bearing DPMS protecting groups published according to a 

previously reported protocol using DPMSCl instead of TBSCl9, and a PMB group that was 

expected to remain inert to the BSF. Upon completion of pilot experiments, we observed trace 

amounts of 14 under almost all conditions. Entry 1 seemed to be the only set of conditions that 

resulted in no reaction despite these conditions being optimal in the substrates tested by Akproji et 

al.28  

  



 

 

147 

Table 3.2 Initial attempts to remove DPMS silyl ethers using BSF. a Conversion of starting 

material (SM) determined qualitatively by TLC. 

 

 

We then chose to explore a larger reaction landscape needed to identify optimal reaction 

conditions. We turned to a recently reported high throughput experimentation system (HTE) to 

rapidly screen reaction conditions by using a liquid handling robot in tandem with desorption 

electrospray ionization mass spectrometry (DESI-MS) (Figure 3.5).29 From this experiment, we 

were able to examine 84 unique reaction conditions including 7 solvents and 6 BSF catalyst 

stoichiometries (Figure 3.6). In this semi-automated system, we were able to simultaneously 

examine each set of reaction conditions at 20 °C and 50 °C in sealed, 96 well microtiter plates. 

The results from this experiment indicate that the temperatures examined do not play a significant 

role on the reaction progress. They do, however, indicate that catalytic amounts of BSF appear to 

be more efficient than stoichiometric amounts of reagents. Additionally, a 3:1 THF/Water solution 

appeared to be far superior to many of the other solvent systems tested, although the organic/water 

solvent systems in general seem to outperform the purely organic solvents. Armed with these 
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preferred conditions identified by HTE, we attempted the synthesis of the newly designed 

phosphoglycerol headgroup. Unfortunately, standard deprotection conditions of PMB ether 13 

with DDQ32 produced an acidic hemiacetal byproduct that promoted hydrolysis of the DPMS ether 

protecting groups of 13 (Figure 3.7A) in spite of modifying the protocol with respect to time, 

temperature, and DDQ stoichiometry. Even implementing protocols that suggested more mild 

approaches such as the use of an Ag(I) catalyst in the presence of 1,3,5-trimethoxybenzene31, we 

were unable to produce the desired product. Fortunately, we were able to circumvent this issue by 

replacing the PMB ether with a phenyl acyl ester that could be cleared by DIBAL-H reduction 

(Figure 3.7B). We were able to obtain 18 in 88% yield by reacting 17 with phenylacetyl chloride 

in the presence of Et3N. The acetonide was successfully removed to afford 19 using a 2M HCl/THF 

solution in 94% yield without significant hydrolysis of the ester. Installation of the DPMS groups 

to give 20 in an 89% yield was carried out by using DPMSCl in the presence of imidazole and 

Et3N. Finally, 21 was afforded in 79% after DIBAL-H treatment. 

 

 

Figure 3.5. General workflow for High Throughput Experimentation. 
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Figure 3.6. HTE screening of DPMS ether deprotection of BSF. The y-axis is the average 

maximum product ion intensity for each reaction. Each set of conditions was run in quadruplicates. 

The x-axis is the BSF catalyst loadings. “No I” and “No II” refer to negative controls where 

reactions contain no substrate (13) or no catalyst, respectively. 
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Figure 3.7. (A) Hydrolysis of DPMS ethers upon reaction with DDQ. (B) Alternative 

protection/deprotection strategy employing a solketal phenyl ester intermediate. 

3.5.3 Development of Phosphorylated Intermediates via High-throughput 

Experimentation and Flow Chemistry 

Before employing this transformation in flow, we deployed a round of HTE to determine 

the most promising reaction conditions. Ideally, we preferred the use of the asymmetric NCP 

reagent and rationalized the enhanced mixing in flow might not only improve the scaling issues, 

but also reduce the number of hydrolyzed byproducts since the phosphoramidite could be run 

closer to the 1:1 stoichiometry than the 2:1 stoichiometry that we previously used. In this 

experiment, we used a 23 factorial design of experiments with time, base, and phosphoramidite 

stoichiometry as variables (Figures 3.8, 3.9, and 3.10). Interestingly, our desired mass peak from 

phosphoramidite 22 at an m/z of 684.3 did not appear in any of our reactions. Instead, we were 

observing a significant amount of an m/z of 239.1 corresponding to a methoxylated 

phosphotriester. We infer from these findings that 22 was undergoing substitution with methanol 
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and cleaving the DPMS ethers in the acidic DESI-MS spray solvent. This hypothesis is consistent 

with Kele et al.30 and supported by synthesizing 22 and observing a similar spectrum to that of the 

HTE experiment (Figure 3.11), suggesting that 22 degrades under the conditions of the DESI-MS 

analysis.  

 

Figure 3.8. A 23 full factorial design with time, stoichiometry (where phosphoramidite is in excess), 

and base at lower and higher values each. The numbers on the edge of the cube (17K, 33K, etc.) 

corresponds to the DESI-MS average ion count response.
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Figure 3.9. .HTE of phosphoglycerol headgroup phosphorylation campaign with NCP using DESI-

MS analysis.
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Figure 3.10. Interaction effects plot. Y-axis corresponds to the DESI-MS Ion Count Response and 

interaction plot between base-time (top-left), time-stoichiometry (top-right), and base-

stoichiometry (bottom) is indicated. 
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The results demonstrated that a 2-fold excess of NCP yielded a larger amount of desired 

product than a 1:1 stoichiometry. However, our HTE system is not currently conducive for air-

sensitive reactions such as this one. Therefore, it might not be rational to conclude that a 2-fold 

excess of NCP is necessary especially when precautions are implemented to prevent air and 

moisture entrance to the reaction can be taken at the bench. As expected, the presence of a base 

such as Et3N appears to be beneficial for the reaction by buffering HCl liberation after substitution, 

thereby inhibiting DPMS hydrolysis. After optimization of the glycerol headgroup 

phosphorylation conditions, we translated these results to a flow on a 100 mg scale (Figure 3.12). 

For these experiments, we used a 10 µL microchip Chemtrix reactor (Figure 3.13) containing two 

staggered-oriented ridge (SOR) mixers prior to entering the reaction zone. Based on the HTE data, 

it was imperative that the phosphoramidite and the base are homogenized before introduction of 

the protected phosphoglycerol headgroup 21 to avoid hydrolysis of the DPMS ethers. We achieved 

this by mixing NCP and Et3N in the first SOR mixer, followed by the introduction of 21 in the 

second SOR mixer. A residence time of 1 min at 30 °C was optimal for producing phosphoramidite 

intermediate 22 in 73% yield compared to a 40% yield for the batch reaction. Longer residence 

times and lower temperatures resulted in formation of the hydrolysis product and incomplete 

conversion of starting material, respectively, as observed by TLC. Additionally, the need for only 

a slight excess of NCP compared to the 2 more equivalents required for batch conditions greatly 

simplified the purification process by only requiring an aqueous extraction for workup. 
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Figure 3.11. DESI-MS Spectrum for the authentic product which has been characterized by NMR 

(top) and the blank spectrum where nothing was pinned. The desired product [M+H] is 685 

however the most abundant peak is at m/z 239.1. We attribute the peak at m/z 239.16 to the 

structure shown in red. 
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Next, we set out to increase the scale of the reaction from 100 mg to greater than 1 g. The 

order of addition was conducted similarly to the small-scale experiments by using a T-mixer 

followed by a static T-mixer for increased mixing upon the introduction of 21 to induce turbulent 

flow before entering the temperature controlled coiled reactor (Figure S15). Flow rates were 0.5 

mL/min for each syringe, translating to a total residence time of 1 min. The stoichiometries of NCP 

and Et3N were 1.1 and 2, respectively. To our delight, we were able to obtain 1.1 g of our desired 

product 22 in a 75% isolated yield with this reactor configuration.  

With phosphoramidite intermediate 22 in hand, we proceeded to phosphorylate the glycerol 

backbone. Unlike the phosphorylation of 21, the reaction with the backbone proved to be more 

challenging as the substitution of the diisopropylamine substituent is catalyzed by mildly acidic 

conditions. We again went back to small scale pilot experiments in both flow and batch to optimize 

these reaction conditions (Table 3.3). Unfortunately, all conditions tested resulted in significant 

acyl chain migration of the glycerol backbone wherein the acyl chain transesterified to the more 

thermodynamically stable primary position from the secondary position. No desired product 22 

formation was observed by TLC. 
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Figure 3.12. Small scale flow schematic using a microfludidic chip (top). Gram scale reaction 

using PFA tubing (bottom). 
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Figure 3.13. Arrangement of reagents as they enter and exit the microfluidic reactor (A). The 

“reaction zone” is comprised of the region between the last SOR mixer of the entrance, and the 

SOR mixer prior to the exit of the chip. Tubing assembly and arrangement of syringes of on the 

S1 (B). 
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Figure 3.14. Example of a TLC at a residence time of 30 s and at 23 °C with the addition of Et3N 

(A). Example of a TLC showing silyl hydrolysis product without the addition of Et3N most likely 

due to the formation of HCl (B). The order of analytes from left to right on the TLC plate in B is 

the same as in A.  
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Figure 3.15. Flow schematic of gram scale reactions containing concentration of reagents and 

images of components.
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Table 3.3. Attempts to phosphorylate the sn-3 phosphoglycerol backbone under acidic conditions. 
aAcyl chain migration observed by TLC. 

 

3.5.4 Methods for Supporting Information 

 High Throughput Experimentation General Workflow. The desorption electrospray 

ionization-mass spectrometry (DESI-MS) experiments were performed using the previously 

published protocol by Wleklinski et al.7 along with the Chemical Reaction Screening (CHRIS) 

module7, a user-friendly in-teractive home-built software. The reagent stock solutions were 

prepared and transferred into the reservoirs on the deck of the liquid handling robot (Biomek, i7, 

Beckman Coulter) and then transferred using the multi-channel pod and the span-8 pod to prepare 

the 96 well plates. The 96 well block (Analytical Sales, Inc) was comprised of glass vials inserted 

into an aluminum block. Once the vials were charged with reagents, the plate was sealed and heated 

to the desired temperature between using custom-made aluminum 100 W cartridge heaters 
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fabricated in-house (Amy Facility, Purdue University) or placed on the orbital shaker at room 

temperature. The reaction mixtures were then transferred to 384 well plates and then spotted onto 

DESI-MS plate without any further purification. The DESI-MS plate is comprised of a porous 

PTFE sheet (EMDMillipore, Saint Go-bain) mounted onto a glass support (Foxx Life Sciences) 

via Scotch spray mount (3M). Spotting was done using the 50 nL magnetic slotted transfer pin-

tool mounted onto the liquid han-dling robot. The data acquisition for DESI-MS was performed 

using a linear ion trap mass spectrometer (LTQ, Thermo Scientific) fitted with a DESI Imaging 

source that is commercially available (2D Prosolia DESI stage, Waters Corporation). Analysis of 

the data was performed using the csv files obtained from the CHRIS created workflow. CHRIS 

allows DESI-MS operation and analysis of the DESI-MS plates by monitoring the product ion 

counts of selected m/z values of interest for the starting material, product, and by-products. The 

product ion counts for the expected m/z values for the product were analyzed by creating data 

visualization in R studio, excel and JMP Pro. 

 High Throughput Experimentation of Glycerol Head-group Phosphorylation. We 

chose a design of experiments (DoE) with 23 full factorial design for our phosphorylation ex-

periment with times of 30 minutes and 150 minutes, stoichi-ometries of phorphoramidites at 1:1 

and 1:2, and Et3N at 0 and 1 equiv. We prepared 1 mL stock solutions of 0.125 M & 0.25 M 3-

((chloro(diisopropylamino)phosphaneyl)oxy)propaneni-trile (Phosphoramidite) and 0.125 M 

Et3N in DCM, THF and MeCN. From these stocks solution, respective volumes of each reagent 

were transferred using the Biomek i7 liquid handling robotic system to the individual well in two 

different 96 well block (Analytical Sales, Inc.) to get the final concentration of 0.03M of 

Headgroup, 0.03 M & 0.06 M (1 equiv. & 2 equiv. respectively) of Phosphoramidite and 0.03 M 

(1 equiv.) of Et3N with a final volume of 150 µL of the solution. The 96 well blocks were placed 
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on the orbital shaker for 30 or 150 minutes each. The reaction solution (60 µL) was then transferred 

into polypropylene 384 well plates. As a control, 60 µL of the pure product (synthesized in flow 

and characterized by NMR) was transferred in one of the wells manually in the 384 well plate. An 

aliquot of the solution (50 nL) was then drawn out using the 384 pin-tool from the 384 well plate 

and then stamped onto a porous PTFE surface glued to glass (DESI-slide) with 4 repli-cates. DESI-

MS was performed using MeOH + 0.1% formic acid as the spray solvent and the average product 

ion count was generated using home-built CHRIS software which was coupled to the DESI-MS 

readout. The average product ion intensities were used to perform the further analysis using R 

programming & Excel. 

Milligram Scale Synthesis of 2,3-bis((methyldiphenylsilyl)oxy)propyl(2-

cyanoethyl)diisopropylphosphoramidite (22). A flow schematic can be seen in Figure 3.12. 

Reactions for the translation of HTE data to small scale pilot flow experiments were carried out 

using three 1 mL gas tight syringes on a Chemtrix Labtrix S1 system (S1) that were connected to 

a Chemtrix Labtrix 3225 glass microfluidic reactor chip (Figure 3.13). Each syringe filled with 

reagent solution was attached to its own individual pump on the S1. The solutions were all made 

in 5% DCM in dry MeCN where the phosphoramidite concentration was 0.06 – 0.38 M, Et3N 

concentration  was 0.1 – 0.7 M, and alcohol 10  was 0.05 – 0.35 M. SOR mixers in these chips 

serve to induce turbulent flow of the reagents to ensure adequate mixing. PFA tubing was used to 

connect the microfluidic chip to the syringes and collection vial. The phosphoramidite and the 

Et3N solutions were mixed upon entering the chip through ports 1 and 2. After passage through 

the first SOR mixer, 10 was introduced into port 3 prior to the second SOR mixer and the reaction 

zone. The residence time (Tr) expressed in min can be calculated by using the following equation: 

𝑇𝑟 =  
𝑉𝑟

𝑉𝑓
         (1)   
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where Vr is the total volume of the reactor in mL, and Vf is the volumetric flow rate in µL/min. 

Residence times and temperature were controlled by adjusting the flow rates and heat delivered to 

the Peltier stage, respectively, using the Chemtrix Labtrix software. Residence times were 

evaluated between 10 s - 1 min, and evaluated by TLC. The temperature varied between 23 and 30 

°C is required by the experiment. Samples were collected in 20 mL glass scintillation vials capped 

with a rubber septum. The vials were purged and maintained under an Ar atmosphere via an Ar 

ballon during collection. Complete disappearance of the starting material by TLC did not occur 

until the concentrations of each reactant were raised 7-fold from the initial concentrations at a 

residence time of 1 min at 30 °C. The tubing used before and after the glass reactor chip consisted 

of FEP (0.8 mm OD x 0.25 mm ID). The 100 psi back pressure regulator was installed after the 

crude product exited the microfluidic chip. Check valves were attached to the male ends of each 

syringe to prevent backflow. After the reaction conditions were optimized, a prep-scale run (172 

mg) was conducted by continuously collecting crude product solution until all three of the syringes 

were depleted. The crude reaction mixture was then diluted with 30 mL of DCM and washed with 

saturated NaHCO3 (3 x 10 mL). The combined organic extracts were then dried with anhydrous 

Na2SO4 and concentrated in vacuo. The crude oil was then purified using a Biotage flash 

purification system (hexane:EtOAc). The product was isolated as a clear oil in 75% yield (Refer 

to Table 3.7 for gradient); Rf=0.27 (DCM:MeOH, 98:2); 1H NMR (500 MHz, CDCl3) δ 7.66 – 

7.47 (m, 8H), 7.45 – 7.28 (m, 12H), 4.01 (h, J = 5.3 Hz, 1H), 3.82 – 3.45 (m, 8H), 2.53 – 2.33 (m, 

2H), 1.16 (dd, J = 6.8, 2.6 Hz, 6H), 1.08 (d, J = 6.8 Hz, 6H), 0.64 (s, 3H), 0.57 (d, J = 4.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 135.81, 134.53, 134.49, 134.42, 129.82, 129.75, 129.72, 127.84, 

127.76, 117.67, 117.62, 77.30, 77.05, 76.79, 73.60, 73.54, 73.48, 73.41, 64.84, 64.74, 64.58, 64.45, 

64.18, 64.06, 58.61, 58.46, 58.41, 58.26, 43.11, 43.08, 43.01, 42.98, 24.66, 24.59, 20.28, 20.23, -



 

 

165 

2.22, -2.32, -3.18. 31P NMR (202 MHz, CDCl3) δ 148.38, 148.08. QTOF-HRMS (ESI) for 

C35H49N2O4PSi2 [M+Na+]: found 685.3048, calcd 685.3041. 

Gram Scale Synthesis of 2,3-bis((methyldiphenylsilyl)oxy)propyl(2-

cyanoethyl)diisopropylphosphoramidite (22). Reactions of 22 on the gram scale were carried 

out by using three 5 mL gas tight syringes attached to two Hamilton PHD Ultra syringe pumps. 

The phosphoramidite and Et3N solutions were placed in one pump (P1), and the syringe containing 

the alcohol solution was placed in the other pump (P2). All reagent solutions were made with 5% 

DCM in dry MeCN. It should be noted that the alcohol solution was slightly turbid. P1 operated 

at a flowrate of 0.25 mL/min, and P2 operated at 0.5 mL/min so that the total flowrate was 1.5 

mL/min. PFA tubing was used for these flow experiments (1/16” OD x 0.03” ID). The 

phosphoramidite and Et3N was mixed in a standard T-mixer followed by mixing with the alcohol 

in a static T-mixer (Figure 3.15). Once all three reagents were mixed, they entered the home-made 

reactor consisting of tubing coiled around a 15 mL Falcon Tube and held in place with aluminum 

tape. The total volume of the reactor was 1.5 mL. Residence times were calculated using eq. 1. 

This assembly was subsequently placed in a temperature controlled oil bath where the temperature 

was set to 30 °C for the duration of the reaction. At the end of the tubing was a Luer lock assembly, 

where a needle was attached so that the crude reaction mixture emptied into a 20 mL scintillation 

vial that was placed under a septum sealed Ar atmosphere. A 100 psi back pressure regulator was 

placed at the end of the reaction line. The reaction mixture was then diluted with DCM and washed 

with saturated NaHCO3 (3 x 30 mL). The washed organic layer was dried with anhydrous Na2SO4 

and concentrated under reduced pressure. The crude product was then purified on a Biotage 

instrument flash purification system (hexane:EtOAc) (Refer to Table 3.7 for gradient). The product 

was isolated as a clear oil in 75% yield; Rf=0.27 (DCM:MeOH, 98:2); 1H NMR (500 MHz, CDCl3) 
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δ 7.66 – 7.47 (m, 8H), 7.45 – 7.28 (m, 12H), 4.01 (h, J = 5.3 Hz, 1H), 3.82 – 3.45 (m, 8H), 2.53 – 

2.33 (m, 2H), 1.16 (dd, J = 6.8, 2.6 Hz, 6H), 1.08 (d, J = 6.8 Hz, 6H), 0.64 (s, 3H), 0.57 (d, J = 4.7 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 135.81, 134.53, 134.49, 134.42, 129.82, 129.75, 129.72, 

127.84, 127.76, 117.67, 117.62, 77.30, 77.05, 76.79, 73.60, 73.54, 73.48, 73.41, 64.84, 64.74, 

64.58, 64.45, 64.18, 64.06, 58.61, 58.46, 58.41, 58.26, 43.11, 43.08, 43.01, 42.98, 24.66, 24.59, 

20.28, 20.23, -2.22, -2.32, -3.18. 31P NMR (202 MHz, CDCl3) δ 148.38, 148.08. QTOF-HRMS 

(ESI) for C35H49N2O4PSi2 [M+Na+]: found 685.3048, calcd 685.3041.  

Synthesis of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl 2-phenylacetate (18). In an oven 

dried 250 mL multi-neck round bottom flask equipped with a magnetic stir bar was placed solketal 

(9.3 mL, 75 mmol). The flask was dried via Schlenk techniques, and an Ar balloon was attached. 

Dry DCM (55 mL) and Et3N (12 mL, 86 mmol) was added to the flask, and the mixture was 

allowed to cool to 0 °C in an ice bath. Phenylacetyl chloride (11 mL, 83 mmol) was then added 

dropwise and allowed to stir for 20 min at 0 °C and warmed up to 24 °C where it continued to 

react for another 1.5 h. The crude product was then poured over 60 mL DI H2O in a 250 mL 

separatory funnel. The organic layer was extracted, and the aqueous layer was washed with DCM 

(3 x 30 mL). The combined organic extracts were dried with anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified on a silica gel column (gradient of 9:1 to 

8:2 Hexane:EtOAc) to yield the product as a clear yellow oil in 88% yield; Rf=0.42 

(Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.23 (m, 5H), 4.30 (qd, J = 6.1, 4.7 

Hz, 1H), 4.15 (qd, J = 11.5, 5.3 Hz, 2H), 4.03 (dd, J = 8.5, 6.5 Hz, 1H), 3.69 (dd, J = 8.5, 6.2 Hz, 

1H), 3.67 (s, 2H), 1.41 (s, 3H), 1.36 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 171.36, 133.76, 129.29, 

128.96, 128.62, 127.38, 127.21, 109.82, 77.36, 77.11, 76.85, 73.54, 66.26, 64.96, 41.14, 26.66, 

25.43. QTOF-HRMS (ESI) for C14H18O4 [M+Na+]: found 273.1099, calcd 273.1097. 
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Synthesis of 2,3-dihydroxypropyl 2-phenylacetate (19). In a 250 mL round bottom 

equipped with a magnetic stir bar was placed 7 (3.0 g, 12 mmol) dissolved in THF (33 mL). A 1M 

HCl solution (33 mL) was then added to the flask and the reaction was allowed to stir for 3 h at 24 

°C. A saturated solution of NaHCO3 was then slowly added until all the CO2 evolution ceased. The 

reaction mixture was then washed with EtOAc (3 x 150 mL) and dried with anhydrous Na2SO4 

before being concentrated under reduced pressure. The crude product was then purified on a silica 

gel column (gradient of 98:2 to 96:4 DCM:MeOH) to yield the product as a white solid in 94% 

yield; Rf=0.92 (CHCl3:MeOH:H2O, 65:25:4); 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.22 (m, 5H), 

4.12 (dd, J = 5.5, 1.2 Hz, 2H), 3.85 (qd, J = 5.7, 3.7 Hz, 1H), 3.64 (s, 2H), 3.58 (dd, J = 11.6, 3.7 

Hz, 1H), 3.48 (dd, J = 11.6, 6.1 Hz, 1H), 3.34 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 172.14, 

172.05, 133.77, 133.68, 129.28, 129.25, 128.82, 128.69, 127.30, 77.40, 77.14, 76.89, 70.07, 65.58, 

63.33, 61.59, 41.25, 41.15. QTOF-HRMS (ESI) for C11H14O4 [M+Na+]: found 233.0786, calcd 

233.0784. 

 Synthesis of 2,3-bis((methyldiphenylsilyl)oxy)propyl 2-phenylacetate (20). In a 50 mL 

oven dried multi-neck round bottom flask equipped with a magnetic stir bar was placed 8 (1.0 g, 

4 mmol) and imidazole (0.95 g, 14 mmol). The flask was cycled 3 times with vacuum/Ar, and an 

Ar balloon was attached to the round bottom flask. DMF (10 mL) was added and the mixture was 

stirred until everything was dissolved. The reaction was subsequently cooled to 0 °C in an ice bath 

where DPMSCl (2.9 mL, 14 mmol) followed by Et3N (1.3 mL, 10 mmol) was added. The reaction 

was stirred in the ice bath for 1.5 h until it was moved to a 50 °C oil bath and allowed to react for 

another 2.5 h. The reaction was then quenched with 40 mL of DI H2O and extracted with EtOAc 

(3 x 40 mL). The combined organic layers were then washed with H2O, then brine. The organic 

layer was dried with anhydrous Na2SO4 and concentrated under reduced pressure. The crude 
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product was then purified on a silica gel column (hexane:EtOAc) to yield the product as a turbid 

colorless oil in 89% yield (Refer to Table 3.5 for gradient); Rf=0.55 (Hexane:EtOAc, 8:2); 1H 

NMR (500 MHz, CDCl3) δ 7.59 – 7.12 (m, 27H), 4.28 (dd, J = 11.3, 3.6 Hz, 1H), 4.12 (dd, J = 

11.2, 6.3 Hz, 1H), 4.06 (qd, J = 6.0, 3.5 Hz, 1H), 3.69 – 3.62 (m, 2H), 3.45 (s, 2H), 0.58 (d, J = 

23.9 Hz, 7H); 13C NMR (126 MHz, CDCl3) δ 171.41, 136.17, 136.09, 135.54, 135.51, 134.44, 

134.40, 134.37, 133.91, 129.93, 129.85, 129.30, 128.54, 127.91, 127.84, 127.05, 77.30, 77.04, 

76.79, 71.54, 66.14, 64.41, 41.08, 31.62, 22.69, 14.16, -2.50, -3.21, -3.29.   QTOF-HRMS (ESI) 

for C37H38O4Si2 [M+Na+]: found 625.2203, calcd 625.2200.  

 Synthesis of 2,3-Bis((methyldiphenylsilyl)oxy)propan-1-ol (21). In an oven dried multi-

neck round bottom flask equipped with a magnetic stir bar was placed 9 (0.85 g, 1.5 mmol). The 

flask was dried out via Schlenk techniques and placed under an Ar atmosphere via an Ar balloon 

attached to the flask. Dry toluene (10 mL) was then added to the flask and the solution was 

subsequently cooled to -78 °C with a dry ice/acetone bath. After 10 min of cooling, DIBAL-H (1M 

in hexane, 3.1 mL, 3.1 mmol) was added dropwise to the flask. The reaction was allowed to 

proceed at -78 °C for 1.5 h. A saturated solution of ammonium chloride (5 mL) was then added to 

the flask, and the reaction was warmed slowly to 23 °C. The solution was then diluted with 20 mL 

of EtOAc and 20 mL of DI H2O. The heterogeneous solution was then filtered through a celite bed 

over a coarse glass frit to remove the alumina produced from the work-up. The organic layer was 

then collected, and the aqueous layer was then washed with EtOAc (3 x 20 mL). The combined 

organic extracts were then dried with anhydrous Na2SO4 and concentrated in vacuo. The crude 

product was then purified on a silica gel column and the product was isolated as a clear oil in 79% 

yield (Refer to Table 3.6 for gradient); Rf=0.44 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) 

δ 7.61 – 7.50 (m, 8H), 7.42 (tdt, J = 5.9, 3.0, 1.4 Hz, 4H), 7.39 – 7.31 (m, 8H), 4.14 (q, J = 7.2 Hz, 



 

 

169 

1H), 3.96 (qd, J = 5.9, 2.8 Hz, 1H), 3.76 – 3.62 (m, 4H), 2.06 (s, 1H), 1.28 (t, J = 7.1 Hz, 1H), 0.64 

(d, J = 1.2 Hz, 3H), 0.58 (d, J = 1.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 135.99, 135.96, 

135.52, 134.36, 133.99, 130.03, 129.96, 128.00, 127.93, 77.32, 77.07, 76.81, 73.53, 64.59, 64.50, 

60.44, 21.09, 14.24, -2.55, -3.30. QTOF-HRMS (ESI) for C29H32O3Si2 [M+Na+]: found 507.1781, 

calcd 507.1782. 

3.5.5 Gradient Tables Used for Column Chromatography and NMR of All Compounds 

This section describes the gradients used for automated flash chromatography as well as for the 

synthesis of 1 and 2. NMR of all compounds are also reported here. 

Table 3.4. Gradient table for the oxidation and acetonide deprotection of 11. 
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Table 3.5. Purification of 20. 

  

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % EtOAc) 

  

Start (%) End (%) Length (mL) 

0 0 72 

0 1 72 

1 1 72 

1 2 72 

2 2 72 

  2 3 72 

17 mL/min Hex:EtOAc 3 3 72 

  3 4 72 

  4 4 72 

  4 5 72 

  5 5 63 

  5 10 9 

  10 10 72 
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Table 3.6. Purification of 21. 

  

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % EtOAc) 

17 mL/min Hexane:EtOAc 

Start (%) End (%) Length (mL) 

0 1 72 

1 1 72 

1 2 72 

2 2 144 

2 3 72 

3 3 144 

3 4 72 

4 4 144 

4 5 72 

5 5 72 

5 6 72 

6 6 144 
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Table 3.7. Purification of 22. 

 

 

 

Table 3.8. Purification of 5. 

  

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % EtOAc) 

17 mL/min Hexane:EtOAc 

Start (%) End (%) Length (mL) 

5 5 90 (equilibration) 

5 5 27 

30 30 78 

 

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % MeOH) 

17 mL/min DCM:MeOH 

Start (%) End (%) Length (mL) 

0 0 72 

0 1 72 

1 1 72 

1 8 72 

8 8 288 
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Table 3.9. Purification of 6. This gradient is run a second time on the same product, in order to get 

full separation. The first 72 mL of this gradient step are initial waste. 

 

 

Table 3.10. Purification of 7. Used CHROMAFIL Xtra CA-45/25 filters while loading sample. 

  

 

 

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % EtOAc) 

15 mL/min Hexane:EtOAc 

Start (%) End (%) Length (mL) 

0 5 576 

5 5 72 

5 7 360 

7 20 9 

20 20 135 

 

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % EtOAc) 

 

 

17 mL/min 

 

 

Hexane:EtOAc 

Start (%) End (%) Length (mL) 

0 1 144 

1 2 144 

2 3 144 

3 4 144 

4 6 144 

  6 8 144 
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Table 3.11. Purification of 8. 

Flow Rate 
Apolar:Polar  

Solvent 

Gradient Steps 

(in % EtOAc) 

 

 

 

15 mL/min 

 

 

 

Hexane:EtOAc 

Start (%) End (%) Length (mL) 

0 0 72 

0 1 72 

1 2 72 

2 3 72 

3 4 72 

  4 5 72 

  5 6 48 
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3.5.6 NMR Spectra of All Compounds 

 

Figure 3.16. 1H, 13C, and 31P NMR of 1.
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Figure 3.16 continued. 
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Figure 3.17. 1H, 13C, and 31P NMR of 2. 
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Figure 3.17 continued. 
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Figure 3.18. 1H and 13C NMR of 4.  
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Figure 3.19. 1H and 13C NMR of 5.  
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Figure 3.20. 1H and 13C NMR of 6a.  
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Figure 3.21. 1H and 13C NMR of 6b.  
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Figure 3.22. 1H and 13C NMR of 7a.  
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Figure 3.23. 1H NMR and 13C NMR of 7b.  
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Figure 3.24. 1H and 13C NMR of 8b.  
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Figure 3.25. 1H and 13C NMR of 8a.  
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Figure 3.26. 1H, 13C, and 31P NMR of 9b. 
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Figure 3.26 continued. 
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Figure 3.27. 1H, 13C, and 31P NMR of 9a. 
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Figure 3.27 continued. 
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Figure 3.28. 1H, 13C, and 31P NMR of 11a. 
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Figure 3.28 continued. 
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Figure 3.29. 1H, 13C, and 31P NMR of 11b. 
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Figure 3.29 continued. 
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Figure 3.30. 1H and 13C NMR of 14.  
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Figure 3.31. 1H and 13C NMR of 18.  
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Figure 3.32. 1H NMR and 13C NMR of 19.  
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Figure 3.33. 1H NMR and 13C NMR of 20.  

 



 

 

199 

 

 

Figure 3.34. 1H NMR and 13C NMR of 21.  
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Figure 3.35. 1H, 13C, and 31P NMR of 22. 
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Figure 3.35 continued. 
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 SYNTHESIS AND EVALUATION OF LABALED 

PHOSPHATIDYLGLYCEROL PROBES 

4.1 Abstract 

Niemann-Pick Type C disease (NPC) is a rare autosomal recessive lysosomal storage 

disorder that commonly results in death before the age of 20, and arises due to the accumulation 

of unesterified cholesterol within the late/endosome lysosomes (LE/LY) of cells. Impairment of 

cholesterol trafficking in the LE/LY is due to mutations in either the transmembrane NPC1 or 

lumen soluble NPC2 proteins. Evidence has suggested that a lysosomal specific phospholipid 

known as bis(monoacylglycero)phosphate (BMP) plays a large role in cholesterol trafficking 

potentially via protein-lipid interactions between BMP and NPC2 that may result in therapeutic 

opportunities for NPC patients. The mechanism of BMP biogenesis, however, is still largely under 

debate, especially regarding the enzymes involved. Phosphatidylglycerol (PG) has previously been 

shown to act as the biological precursor to BMP, and may provide mechanistic insights into BMP 

formation and degradation. Herein, we report the synthesis and evaluation of PG probes containing 

13C-labeled acyl chains via liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS). 

4.2 Introduction 

Niemann-Pick Type C disease (NPC) is a rare autosomal recessive lysosomal storage 

disorder (LSD) that is found in about 1/89,000 – 1/120,000 live births.1 NPC arises due to the 

aberrant accumulation of unesterified cholesterol within the late endosome/lysosome (LE/LY) 

membranes of cells that results in organomegaly, vertical supranuclear gaze palsy, progressive 

motor skill deficiencies, cognitive decline, and ultimately death often before adulthood.2 Mutations 



 

 

208 

in either the NPC1 (95% of patients) or NPC2 (5% of patients) proteins, both are responsible for 

cholesterol trafficking in the LE/LY, leads to impaired cholesterol trafficking resulting in cell 

death. NPC1 is encoded by chromosome 18q11 and is a 1278-amino acid protein located in the 

limiting membrane of the LE/LY.3-5 NPC1 is composed of 13 transmembrane (TM) spanning 

regions, where TM 3 – 7 comprise a sterol sensing domain, and 3 intraluminal domains including 

an N-terminal domain that accepts cholesterol.6-7 NPC2, encoded by chromosome 14q42.3, is a 

small luminal protein of 132 amino acids (14.5 kDa).8 NPC2 binds cholesterol via its isooctyl side 

chain in a 1:1 stoichiometry with submicromolar affinity (Kd = 30-50 nM) at both neutral and 

acidic pH values.9-11  

Cholesterol trafficking in the LE/LY begins by entrance of cholesterol ester particles via 

low density lipoprotein receptor-mediated endocytosis.12 From there, acid lipase operates in 

tandem with NPC2 to hydrolyze the cholesterol ester to yield an equivalent of a fatty acid and an 

unesterified cholesterol molecule with the hydroxyl group exposed to the lumen of the lysosome.13 

NPC2 then delivers cholesterol to the NTD of NPC1 by binding to domain C of NPC1 at low pH 

values6, 14-16 where cholesterol is repackaged as cholesterol esters and sent to the plasma membrane 

or other organelles via trafficking proteins.17-18 While significant strides have been made to 

elucidate mechanisms behind cholesterol trafficking in the LE/LY via NPC1 and NPC2, several 

questions remain unanswered, specifically regarding the mechanisms of cholesterol transport via 

NPC2. It is important to note that the LE/LY is a multivesicular body in which the majority of 

endocytosed cholesterol is concentrated within the intraluminal membranes (ILMs).19-21 This 

suggests that NPC2 is capable of extracting cholesterol from the ILMs via contact of NPC2 with 

these membranes before delivering it to NPC1. While it was expected that mutations inside the 

binding pocket of NPC2 would result in impaired cholesterol efflux from npc2-/- cells, it was 
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surprising to observe a similar result from surface mutations of NPC2.9, 22 Indeed, protein-lipid 

interactions between NPC2 and the ILMs are a major determinant of cholesterol trafficking in the 

LE/LY.  

First isolated from pig and rabbit lung in 1967 by Body and Gray23, 

bis(mono)acylglycerophosphate (BMP), formerly known as lysobisphosphatidic acid (LBPA), is 

a negatively charged glycerophospholipid located in the ILMs of the LE/LY. BMP comprises ~15% 

of the lysosomal lipid population and less that 1% of the global cellular lipid population making it 

an important lipid for the LE/LY.24 BMP contains an unusual sn-1:sn-1’ stereochemistry as 

opposed to the sn-3:sn-1’ stereochemistry normally observed in most other glycerophospholipids 

with acyl chains located on the sn-2 and sn-2’ positions rather than the more thermodynamically 

stable sn-1 and sn-1’ positions (Figure 4.1).25-29  

 

Figure 4.1. Structure of naturally occurring BMP containing di-18:1 acyl chains. 

It is believed that this unique stereochemical configuration is made to remain inert to 

lysosomal enzymes that affect fatty acid hydrolysis such as phospholipase A2 (PLA2) that require 

an sn-3 phosphoglycerol backbone.30-33 Additionally, membranes containing sn-1:sn-1’ BMP may 

promote vesicle fusion with other membranes more easily than sn-3:sn-1’ BMP as indicated by 
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the higher phase transition temperature and higher membrane areas observed in the naturally 

occurring sn-1:sn-1’ BMP.34 Acyl chain composition of BMP is dominated by dioleyl (di-18:1), 

however the acyl chains composition and BMP levels vary depending on the lysosomal storage 

disorder of the patient.35-40 Interestingly, while di-18:1 BMP was the most prevalent species 

observed in NPC patients, di-22:6 species have been observed to be 50-fold higher compared to 

controls.41  

Acyl chain composition can also affect cholesterol transfer rates, with BMP analogs 

containing di-18:1 species producing ~6-fold higher relative binding of cholesterol compared to 

the di-14:0 BMP species.42 With regard to stereochemistry, naturally occurring sn-1:sn-1’ BMP 

has been shown to not only engage with NPC2 to support its cholesterol binding function, but also 

with other endosomal proteins such as acid sphingomyelinase, making it an essential lipid for 

normal lysosomal operation.43-46 Achieving an in-depth understanding of BMP biogenesis and 

catabolism could provide new clues for therapeutic interventions for NPC and other lysosomal 

storage disorders.  

There is an apparent strong synergistic relationship between NPC2 and BMP. Cheruku et 

al. demonstrated that collisional cholesterol transfer rates between NPC2 and membranes of small 

unilamellar vesicles (SUVs) comprised of negatively charged phospholipids are higher than SUVs 

composed of neutrally charged phospholipids, indicating an electrostatic influence.47 Additionally, 

similar cholesterol transfer rates were observed between negatively charged SUVs of different 

negatively charged lipid type, except for those that contained BMP. SUVs containing BMP 

displayed 30-fold greater cholesterol transfer relative to controls suggesting that there is a 

structural dependence on this phospholipid that augments the electrostatic interaction. McCauliff 

et al. modified the surface of NPC2 and established that the so-called “hydrophobic knob” of NPC2 



 

 

211 

was essential for interactions with BMP rich membranes.48-49 Specifically, mutations outside the 

hydrophobic knob produced negligible differences in cholesterol transport rates, while point 

mutations on the hydrophobic knob resulted in decreased cholesterol transfer rates that were only 

15% of the wild-type sequence. Kobayashi et al. demonstrated that the anti-LBPA antibody C64 

results in disorganization of ILMs and marked cholesterol accumulation within the LE/LY that 

resembled an NPC phenotype.24 It was also demonstrated that increasing BMP concentrations in 

npc2-/- cells, but not npc1-/- cells, resulted in increased cholesterol trafficking, further supporting 

the hypothesis that specific interactions occur between BMP and NPC2. These results may 

ultimately have therapeutic opportunities for NPC patients. As an example, Moreau et al. have 

recently demonstrated that drug induced increases in BMP resulted in decreased cholesterol 

overload by up to 25% in NPC cells, although behavioral improvement was not observed unless 

used in combination with miglustat. Similarly, phosphatidylglycerol (PG), the proposed biological 

precursor and isomer of BMP, has also demonstrated decreased cholesterol accumulation 

compared to the disease wildtype.50 Furthermore, PG also stimulated autophagy in Purkinjie cells, 

likely due to the 50% increased production of BMP from PG.51  

There is a direct correlation between the concentrations of PG and BMP within cells. 

Hullin-Matsuda et al. showed that cells deficient in phosphatidylglycerolphosphate (PGP) 

synthase, a key enzyme involved in the metabolic pathway of PG, decreased BMP synthesis by 2 

fold compared to the wild-type, while overexpression of PGP synthase resulted in a 2-5 fold 

increased production of BMP.52 Surprisingly, direct evidence for the metabolism of PG to BMP 

does not exist, nor are the enzymes involved definitively established. Waite and co-workers have 

proposed a biosynthetic pathway of PG to BMP by a lysophosphatidylglycerol (lyso-PG) 

intermediate that was established using radiolabeled PG (Figure 4.2).53-55 This route would most 
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likely involve PG hydrolysis by phospholipase A2 at the sn-2 ester position. A transacylase 

identified in a macrophage-like cell line is then proposed wherein lyso-PG would act as both an 

acyl donor and acceptor for reacylation of the sn-2’ position in the second step of the mechanism. 

The inversion of stereochemistry is proposed to occur by an unidentified enzyme; however 

intermolecular transfer of glycerol moieties is thought to be unlikely. While this route is well 

supported in the beginning steps, it does not provide insight into the stereochemical conversion 

from the sn-3 phosphate to the sn-1 phosphate. Additionally, this route does not consider other 

possible intermediates in the pathway, such as the production of acyl phosphatidylglycerol (acyl-

PG), also known as hemi-BMP.  

 

Figure 4.2. Proposed biological mechanism of PG to BMP by Waite and co-workers. ROE = 

Reorientation enzyme. 

In order to gain further insight into the metabolic pathways of BMP biosynthesis and 

degradation, direct evidence of BMP formation from PG must be observed. This requires the use 

of synthetic lipid probes to monitor the metabolic products of PG. Additionally, identification of 

potential intermediates might provide insight into enzymes that might be involved in the pathway. 

To explore these questions, PG probes with 13C-labeled acyl chains were synthesized where both 

the sn-1 and sn-2 acyl chains were labeled, and then just the sn-2 acyl chain was labeled. The 
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synthesized probes are also in the diastereochemically correct form of PG, something that has not 

been previously examined as the studies conducted by Waite and co-workers contained a racemic 

PG headgroup. We then produced unilamellar vesicles from labeled PG vesicles and then 

incubated them with HeLa cells before a Bligh and Dyer extraction of the lipid fraction for analysis 

(Figure 4.3). Using hydrophilic interaction liquid chromatography coupled to tandem mass 

spectrometry (HILIC-MS/MS) the products of PG metabolism were identified via lipidomic 

analysis. This effort required the use of expensive 13C-labeled acyl chains ($4000/g), requiring a 

robust PG synthesis route. We previously reported the synthesis of PG incorporating unsymmetric 

acyl chains using H-phosphonate methodology that resulted in less variable yields and was more 

amendable towards our acyl chain composition containing unsaturation compared to previously 

reported methods.56 Incorporating this approach towards the synthesis of our desired PG probes, 

we now report multiple metabolic products of PG and definitively establish the production of BMP 

from PG. 
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Figure 4.3. Experimental workflow of synthesized 13C labeled PG probes. After synthesis of 

isotopically labeled PG, they were formulated into liposomes and incubated with HeLa cells. 

Lipids were extracted and analyzed via HILIC-MS/MS where lipid products made from PG may 

were determined.  

Our goal was to synthesize two different PG probes where 13C-labeled oleyl acyl chains 

were installed on the sn-2 and sn-1 positions, or only the sn-2 position. This would allow us to 

track the movement of acyl chains from one lipid species to another.  We decided to synthesize di-

18:1 PG because the most common BMP species in both NPC cells and healthy cells contain oleyl 

acyl chains. Although a di-22:6 BMP species would also be of interest, carrying these easily 

oxidizable polyunsaturated acyl chains through an entire synthesis of PG is significantly more 

challenging. The acyl chains chosen contained 13C-labels on every carbon of the 18:1 chain to 

ensure the largest mass separation between native lipid species and synthetic lipid species. Given 

that the natural abundance of 13C is ~1.1%, labeling each carbon on the chain also gives us 

confidence that there will be negligible signal overlap between the labeled compound and cellular 

PG species that might contain greater than or equal to one 13C.  
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We previously reported the synthesis of PG using phosphoramidite57 and H-phosphonate 

approaches.56 Using the phosphoramidite method, we overcame challenges associated with the 

previous syntheses of PG, including the installation of unsaturated acyl chains and opportunities 

for post-head group modifications. However, the global deprotection step to simultaneously 

remove the tert-butyl silyl groups of the phosphoglycerol headgroup as well as the cyanoethyl 

group protecting the phosphate in this route proved to be arduous because of the need for rigorous 

chromatographic conditions required to remove the tetrabutylammonium ion including two silica 

columns, one ion exchange column, and one prep-HPLC method.57 Additionally, yields were 

unacceptably variable for a route targeting 13C-labeled PG. To circumvent this issue, we 

synthesized PG using an H-phosphonate methodology instead (Figure 4.4). The isolation of a 

bench and air-stable triethyl ammonium H-phosphonate salt intermediate proved to be readily 

purified by column chromatography. We were also able to phosphorylate the solketal starting 

material directly, eliminating the need for subsequent protection/deprotection transformations, 

ultimately reducing the number of synthetic steps from 11 to 8. Finally, we were also able to 

successfully install unsymmetric acyl chains onto the sn-1 and sn-2 positions, allowing us to 

selectively esterify different fatty acids onto the phosphoglycerol backbone in moderate yields. 

 Applying this strategy towards the synthesis of our desired PG probes, we began with the 

protection of (S)-solketal with p-methoxybenzylchloride under standard conditions to give 2 in 97% 

yield. Subsequent isopropylidene deprotection was carried out under acidic conditions to afford 3 

in 90% yield. For the synthesis of the di-18:1 probe, we carried out a Steglich esterification with a 

slight excess of labeled oleic acid for complete coverage of both alcohols that provided 5b in 81% 

yield. For the unsymmetric version of 5, stoichiometric control was employed to successfully 

install 12C oleic acid selectively on the sn-1 position to give 4 in 76% yield. For the esterification 
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of the sn-2 position, 13C oleic acid was used in slight excess to give 5a in 79% yield. Standard 

deprotection conditions of 5 with DDQ gave 6 in 57% yield. Acyl chain migration from the sn-2 

position to the sn-3 position was prevented using kinetic control that was previously described.57 

Phosphorylation of 6 was conducted using inexpensive and readily available diphenyl phosphite 

that was subsequently treated with a H2O/Et3N solution to give 7 in 95% yield. Phosphorylation 

of (R)-solketal occurred after activation of 7 by pivalic acid to give 8 in 85% yield, taking 

precautions described previously. Finally, the oxidation from PIII to PV was carried out under 

normal I2 conditions in H2O/Pyr. followed by treatment with TFA to yield 9 in 68% yield with an 

overall yield of 16%. 

 

Figure 4.4. Synthesis of PG probes containing symmetric and unsymmetric acyl chains using H-

phosphonate methodology. 
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We utilized HILIC-MS/MS to study the metabolic products of PG using a protocol reported 

by Vosse et al. that successfully separates of PG from BMP based on retention time.58 HILIC 

combines the advantages of ion exchange, normal phase, and reverse phase chromatography, 

making it an attractive approach for the analytical separation of phospholipids that possess 

properties of all three of these interaction types.59 HILIC stationary phases are typically silica 

functionalized with short-chain alkyl amides, amines, sulfates, and phosphates. While HILIC 

provides separation of phospholipids of cellular lipid extracts after treatment with labeled PG 

based on polarity, MS/MS was used to provide multiple reaction monitoring (MRM) information 

to identify selected lipid products (Figure 4.5). To investigate the presence of selected 

intermediates with our labeled PG probes, we conducted a HILIC-MS/MS experiment after 

incubation of PG at various concentrations with HeLa cells. MRM allowed us to identify our 

specified lipid species after analytical separation by HILIC. An additional benefit of using MRM 

was that selected phospholipids could still be observed independently of other species having 

similar retention times, so long as the masses are different. Both the retention time and 

fragmentation patterns were determined using analytical standards of BMP, PG, and selected 

intermediates. For all of our analyses, we decided to examine the ionized intact phospholipid as 

the precursor ion, and then the 12C or 13C fatty acid as the secondary fragment, because that would 

ensure the species being observed belongs to a lipid containing at least one 13C-labeled acyl chain 

derived from our PG probe.  
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Figure 4.5. Demonstration of MRM using PG containing 13C di-18:1 acyl chains as an example. A 

triple quadrupole mass spectrometer where each quadrupole is represented by Q1, q2, or Q3. In 

Q1, the desired phospholipid species to be fragmented (m/z: 809.4) is filtered. After entering q2, 

the selected phospholipid is then fragmented further. In Q3, the desired secondary fragment (m/z: 

299.2) is filtered and detected as a measure of product ion count. The mass information is then 

corroborated to provide an intensity vs. time plot for the analyte of interest. HILIC is performed 

before this process to enable correlation of the mass data with the retention times of lipid standards. 

Although Waite and co-workers proposed a mechanism of PG to BMP,53-55 the enzymes 

responsible for the proposed intermediates were not definitively established. Attaining an in-depth 

understanding of these mechanisms will highlight enzymes that can potentially be targeted to 

enhance lysosomal BMP populations in an effort to increase cholesterol egress in NPC patients. 

Increased cholesterol efflux from NPC cells has been demonstrated upon treatment with both BMP 

and PG, therefore, both of these lipids are potential therapeutic targets. A lyso-PG intermediate 

was observed upon treatment of cells with radiolabeled PG most likely arising from the hydrolysis 

by PLA2 of the sn-2 position. The sn-1:sn-1’ BMP species was the dominant isomer. Some sn-

3:sn-1’ BMP was observed, but it was determined that this was most likely an intermediate to sn-

1:sn-1’ BMP. Consistent with previously reported results, we observed a direct correlation 
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between increased labeled PG concentrations and labeled lyso-PG concentrations as indicated by 

increases in product ion counts at ~14.75 min and ~15.20 min, respectively, upon incubation with 

labeled PG (Figure 4.6). There appears to be two different isomers that are present in the HILIC-

MS/MS traces. After comparison with standards and discussions with Avanti Polar Lipids, we 

concluded that the earlier eluting species belongs to sn-2 lyso-PG and the later eluting species 

belongs to the sn-1 labeled species. Interestingly, there appears to be a larger amount of sn-2 lyso-

PG produced than the sn-1 lyso-PG. Given that the sn-1 position is more stable, it is surprising to 

see the cellular preference for the sn-2 position. Additionally, it is unclear whether or not the sn-1 

lyso-PG observed arose due to acyl chain migration during the extraction and/or analysis, or 

whether cells preferentially produced sn-1 lyso-PG. 
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Figure 4.6. MRM of 13C lyso-PG formation as a function of 13C di-18:1 PG concentration. The 

precursor ion was 13C labeled lyso-PG (m/z: 527.2) and the product ion was 13C oleic acid (m/z: 

299.2). Two isomers of lyso-PG appeared: one in the sn-2 form (retention time = 14.75 min), and 

one in the sn-1 form (retention time = 15.2 min).  

It was also surprising to us to observe BMP (~11.25 min) containing two 13C-labeled acyl 

chains (~11.25 min) increase as a function of increasing PG concentration (~12.5 min) (Figure 

4.7). This observation opens several different pathways towards de novo BMP synthesis. Waite 

and co-workers proposed that two lyso-PG units act as both an acyl donor and an acyl acceptor to 

install the acyl chain in the second step of the proposed route.53-55 This transformation would result 

in an observed glycerol-sn-glycerophosphate species.55 However, our data suggests that BMP 

formation can occur via an intramolecular transformation where only one phospholipid species is 

involved rather than the transacylation route previously proposed. While it is possible that two 
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labeled lyso-PG species are produced and participate in a donor-acceptor transacylation reaction, 

the 13C lyso-PG population in the cell is expected to be modest such that a bimolecular process 

involving two labeled lyso-PG units would be unlikely. Consequently, our results suggest an 

alternative intramolecular or concerted route that requires further investigation. 

 

Figure 4.7. MRM of 13C di-18:1 labeled PG and BMP. The precursor ions selected were BMP and 

PG (m/z: 809.4), and the product ion selected was 13C oleic acid. 

Next, we decided to monitor labeled cellular acyl-PG as a function of the cellular labeled 

PG concentration. Acyl-PG has been postulated to also be an intermediate during de novo synthesis 

of BMP, although this is not a proposed intermediate in the mechanism by Waite and co-workers. 

Thornburg et al. observed accumulation of acyl-PG in a macrophage-like cell-line leading to the 
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hypothesis that acyl-PG might be involved in BMP synthesis.53 Our observations are consistent 

with previously reported data showing that increased PG concentrations in cells leads to increased 

acyl-PG levels. A single peak was observed for acyl-PG at ~10.30 min (Figure 4.8). The precursor 

ion was intact acyl PG containing two unlabeled acyl chains produced by the cell and one labeled 

13C acyl chain. The secondary fragment was an unlabeled 12C oleyl chain. The position of the acyl 

chains, however, cannot conclusively be determined. On one hand, unsaturated acyl chains are 

usually located on the sn-2 and sn-2’ positions of the glycerol moiety, making acylation of the sn-

2’ position possible. On the other hand, the sn-1 and sn-3’ positions are more stable than the sn-2 

and sn-2’ positions, therefore, acylation of the sn-1 position is also possible. Standards of both the 

sn-2’ and sn-3’ acyl-PG isomers would be required to validate this hypothesis. Unfortunately, the 

control contained an unidentified species at ~10.1 min with the same mass and fragmentation 

pattern as acyl-PG, leading to a slight overlap in signals. However, the positive correlation between 

PG concentration and acyl-PG concentration can still be observed. 
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Figure 4.8. MRM of acyl-PG containing one 13C oleyl chain and two 12C oleyl chains. It should be 

noted that the positions of the labeled and unlabeled acyl chains cannot be determined in this 

experiment. The precursor ion identified was acyl-PG (m/z: 1055.7), and the secondary fragment 

identified was 12C oleic acid (m/z: 281.2). 

Experiments that monitored the movement of labeled acyl chains from one lipid species to 

another to investigate BMP biogenesis from PG have not been conducted before and, therefore, 

gave us the opportunity to report unique observations. Interestingly, we observed both PG and 

BMP species that contained both labeled and unlabeled oleyl chains (Figure 4.9). The precursor 

ions were the in tact phospholipid species PG and BMP at ~12.5 min and ~11.25 min, respectively, 

while the product ion was labeled oleic acid. These observations might arise from fatty acids that 

were cleaved from PG and/or BMP and transferred to a pool of fatty acids used for enzymatic lipid 
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remodeling via surface interactions with lipid droplets (LD) such as those seen between 

lysophosphatidylcholine acyl transferases and LDs composed of phosphatidylcholine in processes 

like the Land’s cycle.60-61  

 

Figure 4.9. MRM of PG and BMP containing mixed acyl chain compositions where one chain is 

labeled with 13C and one chain is 12C. The precursor ions observed were PG and BMP (m/z: 791.4). 

The secondary fragment observed was 13C oleic acid (m/z: 299.2).  

Our lipidomic data idenitifies increases in labeled intermediates such as lyso-PG and acyl-

PG that suggests multiple avenues for BMP biogenesis (Figure 4.10). Waite and co-workers 

provided one potential route towards BMP, however, there may be multiple pathways for the 

synthesis of BMP to maintain lipid homeostasis and proper LE/LY function. The first possible 

route involves a direct intramolecular transacylation to produce BMP from PG. This would involve 
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a transfer of the oleyl acyl chain from the sn-1 to the sn-2’ acyl chain either in a single reaction or 

possibly by a phospholipase A1 hydrolysis and an acylation of the sn-2’ position of the same acyl 

chain with an interconversion of stereochemistry from sn-3 to sn-1 via a coordinated complex of 

enzymes. This route provides two scenarios for the biosynthesis of BMP. The second route 

involves synthesis of BMP via an acyl PG intermediate. This route would begin by acylation, 

possibly by an acyl transferase, immediately onto the sn-2’ position of the headgroup. While the 

sn-3’ position is more thermodynamically stable, the cell normally locates unsaturated acyl chains 

on the secondary position. Two different routes might proceed from this intermediate. The first 

route involves hydrolysis of the sn-1 chain possibly by phospholipase A1, followed by an 

interconversion of stereochemistry to yield BMP. The second process would involve hydrolysis of 

the sn-2 chain, possibly by PLA2, and subsequent transacylation of the sn-1 acyl chain to the sn-2 

position followed by an inversion of stereochemistry to give BMP. The third route we propose is 

most similar to Waite and co-workers involving a lyso-PG intermediate. In this route, PLA2 would 

hydrolyze the sn-2 chain to yield lyso-PG. We propose an alternate sequence of intermediate steps 

involving an acylation of the sn-2’ position by an acyltransferase instead of another lyso-PG donor. 

Finally, an interconversion of stereochemistry from sn-3 to sn-1 followed by a transacylase of the 

sn-2 position would give BMP. Lipidomic experiments involving the unsymmetrically labeled PG 

containing one 13C oleyl chain and one 12C oleyl chain are underway and should shed more light 

on these possibilities. 

  



 

 

226 

 

Figure 4.10. Current hypotheses for the biosynthesis of BMP from PG. Route 1 provides a route 

for intramolecular transacylation, either enzyme mediated or spontaneous. Route 2 provides a 

potential pathway to BMP from an acyl PG intermediate. Either an ester hydrolase (e.g. 

Phospholipase A1) would provide BMP or PLA2 would give BMP upon a transacylase reaction. 

Finally, Route 3 gives BMP via a lyso-PG intermediate. This may occur by a transacylase donor-

acceptor reaction proposed by Waite and co-workers, or possibly by an acyltransferase. It should 

be noted that none of these routes provide a mechanism for stereochemical inversion as the 

unknown enzymes responsible for this are unknown. 

4.3 Future Work: Synthesis of Photoaffinity Probes 

To gain further insights into BMP biogenesis of PG, we are currently investigating the 

synthesis of PG containing photoaffinity probes (PAP) to definitively establish protein binding 

partners of PG and related intermediates. PAPs are photocrosslinking tools that react with ligand 

binding sites upon exposure to UV radiation. They are composed of a photo-crosslinker unit and 

a bioactive unit that binds the target protein. Upon irradiation with UV light, the photoactive 

species degrades into reactive intermediates that interact with the nearest C-H neighbor of the 

interacting biomolecule (Figure 4.11). After cross-linking with proteins, proteomic analysis can 

be used to identify PG bound enzymes.62-63 The first PAP was implemented by Westheimer and 
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co-workers who used a p-nitrophenyl diazoacetate to crosslink a carbene species, generated by the 

spontaneous release of N2 gas from the probe with chymotrypsin.64  

 

Figure 4.11. Workflow of PAPs. PG (orange circle and black tails) containing a photoactive unit 

(blue triangle) interact with their natural protein binding partners. Upon irradiation with UV light, 

the protein cross-links with the PAP and after purification are analyzed via proteomic analysis to 

determine the protein target and binding site. 

The design of PAPs has expanded to predominately encompass benzophenones, aryl azides, 

and diazirines (Figure 4.12). The reactive species are diradicals, nitrenes, and carbenes, 

respectively.65 Of the three classes of PAPs listed, diazirines appear the most attractive as they do 

not suffer the drawbacks of benzophenones and nitrenes.66 Both benzophenones and nitrenes 

contain large aromatic groups and, in the case of benzophenones, a polar carbonyl group that can 

perturb the native biological membrane environment. Since we aim to corroborate the results from 

the proteomic work with the lipidomic experiments, we would like to install the photo-labile 

species onto the hydrophobic alkyl chain. The expected enzymes will not bind acyl chains 

containing large aromatic groups or electronegative atoms as favorably and, therefore, these 

variants might result in misleading data. On the other hand, diazirines are small hydrophobic three-

membered rings that will minimally affect the environment. Additionally, carbenes generated from 

diazirines have shorter lifetimes (low- to mid-picosecond)67-68 than nitrenes from aryl azides (mid-

picosecond to nanosecond)69-70 and diradicals from benzophenones (mid-nanosecond to 
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microsecond),71-72 giving diazirines more selectivity for the binding site of the protein target. While 

shorter reactive lifetimes mean diazirines have lower cross-linking efficiencies (~10%) than the 

more widely used benzophenones (50% or greater), this is less of a concern today than it was 

decades ago because of the advancements of highly sensitive mass spectrometry techniques. 

Compared to aryl azides that generally require lower wavelength light for activation (250 nm – 

400 nm), diazirines require longer wavelengths of light that result in less cell damage.66 Therefore, 

we set out to synthesize PG probes in which the acyl chains were labeled with diazirines.  

 

Figure 4.12. Activation and reactive intermediates of benzophenones, aryl azides, and diazirines. 

This figure was adapted from Murale et al.65 

Another factor that needs to be considered when designing PAPs, specifically phospholipid 

PAPs, is the location of the photo-labile species on the acyl chain.73 Precautions should be taken 

to ensure that recognition of the headgroup by whichever protein is interacting with the 

phospholipid is minimally disrupted. For the enzymes that are non-specific towards any single 

headgroup species, such as phospholipase A2,74 labeling the headgroup would not be ideal since 

strong interactions are not present in that region of the molecule, potentially leading to a lower 
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likelihood of cross-linking in this region. Additionally, although diazirines are more hydrophobic 

relative to the aforementioned PAPs, they still contain two nitrogen atoms that can potentially 

participate in hydrogen bonding. Therefore, we want to install the diazirine on the β-carbon of the 

alkyl chain to group the electronegative species as close to each other as possible. It is synthetically 

convenient to place the label on the terminal end of the acyl chain. However, this is arguably the 

worst position for the label since it will disrupt the normal behavior of the lipid chain in the 

membrane. For example, 2D NMR experiments have revealed the terminal methyl groups of acyl 

chains in phospholipids not only interact deep within the hydrophobic lipid bilayer, but they also 

sample the lipid surface.75 Placing a polar group at the end of the acyl chain might disrupt this 

behavior. Additionally Lindner et al. synthesized azide modified phosphatidylcholine (PC) probes 

where the azide was located either in the middle of the acyl chain, or on the terminal methyl group. 

PC probes that contains azides present on the terminal methyl group revealed unusual and unstable 

liposome formation while the other PC probes gave stable and extrudable liposomes further 

supporting the hypothesis that the location of the probe can affect the lipid’s properties.76 

4.4 Supporting Information 

4.4.1 General Information 

Commercial reagents for labeled PG synthesis were used as purchased from TCI Chemicals 

and MilliporeSigma. Organic solvents used were reagent grade purchased from Fisher Scientific. 

Dry solvents were purified using a Glass Contour Solvent System from Pure Process Technology, 

LLC, with Fisher HPLC grade DCM, Aldrich anhydrous DMF, and Fisher HPLC/ACS grade THF. 

Reactions were monitored by thin-layer chromatography using silica gel 60 F254 plates (Merck). 

UV light (254 nm) and staining with aqueous KMnO4 was used to visualize the developed 
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chromatograms. Flash chromatography was performed using a Biotage SP4 A2A0 with RediSep 

Rf silica flash columns (12 g, 60 mg-1.2 g sample size) and collected in 9 mL fraction volumes or 

performed via manual silica column chromatography using silica gel 60 (MilliporeSigma, 

0.040−0.063 MM). Compounds purified via automatic flash chromatography are accompanied 

with a gradient table in the Supplementary Material. All 1H, 13C and 31P NMR spectra were 

recorded on a Bruker-AV-III-500-HD instrument. Chemical shifts (δ) are reported in parts per 

million relative to CDCl3 (
1H NMR residual peak at δ =7.26 ppm, 13C NMR residual peak at δ = 

77.0  ppm) and coupling constants (J) are given in Hz. As a general note for NMR characterization, 

protons in 1H NMR were coupled to 13C resulting in a doubling of peaks corresponding to the 13C 

oleyl chain. A 1H and 13C NMR of 13C oleic acid is provided as a reference. High resolution mass 

measurements were acquired on an Agilent 6550 iFunnel LC/Q-TOF mass spectrometer (Agilent 

Technologies). Compounds 1-4 were synthesized according to previously reported methods in 

Chapter 3. Gradient tables for flash purification on a Biotage instrument are also referenced to 

Chapter 3. 

4.4.2 Cell and Liposome Preparation 

HeLa (ATTC #CCL-2) were cultured in DMEM (Gibco) supplemented with 10% (v/v) 

inactivated fetal bovine serum (Atlanta Biologicals), and 1% penicillin-streptomycin solution 

(Gibco). The liposomes were prepared by transferring the 13C di-labeled 18:1/18:1 PG in 

chloroform to a sterile glass vessel and evaporating the solvent using a stream of nitrogen gas for 

40 min. The lipid film was then dispersed in sterile PBS to obtain a 5 mM concentration. After 

hydrating the lipid film for 1 h on ice and following vortexing for 5 min, the multivesicular 

liposomes were then sonicated for 40 min at 4°C under nitrogen gas to make small unilamellar 

liposomes using a Branson sonifier set at duty cycle 70 and output control 3. They were then 
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centrifuged at 16,000 x g for 30 min to remove titanium particles and multilamellar liposomes. 

Cells were treated with liposomes when they reached 70-80% confluency. Prior to treatment, 

medium was replaced with fresh medium. Cells were incubated for 24 h at 37 °C with increasing 

concentrations (25, 50, or 100 uM) of di-18:1(13C) PG. Following incubation, cells were washed 

with sterile PBS, harvested using Trypsin-EDTA, and twice resuspended in PBS and spun at 2000 

rpm for 5 minutes at RT.  Cell pellets were snap frozen on dry ice/acetone and stored at -80 °C. 

4.4.3 HILIC/MS-MS Analysis 

Sample preparation followed the procedure described by Vosse, et al. In summary, cell pellets 

were suspended in 0.2 mL water containing 0.1% NH4Ac. Transfer to a 15 mL Falcon tube. 1.5 

mL of methanol and 5 mL MTBE was added and shaken for 1 hour at room temperature. An 

additional 1.5 mL water was then added and shaken for 10 more minutes. The mixture was 

centrifuged at 1,430 x g for 5 minutes. The lipids were located in the upper phase. The lipid phase 

was transfered to a new 15 mL Falcon tube where it was Speedvac dried at room temperature. The 

dried lipids were reconstituted in 1 mL MTBE (750 µL): MeOH (250 µL) and diluted in a 1:20 

(50 µL sample: 950 µL buffer) ration in 97% ACN:3% NH4Ac (35 mM) and pH adjusted to 5.75. 

Samples were then submitted for HPLC-MS analysis. Samples were quantitated for acyl-PG, BMP, 

PG, and lyso-PG by HPLC/MS-MS.  Separations were performed on an Agilent Rapid Res 1200 

HPLC system using an iHILIC-Fusion (2.1 x 150 mm, 3.5 μm) column (Nest Group P/N 

110.152.0310).  Mobile phase A was water NH4Ac 35 mM, pH 5.75 and mobile phase B was 

acetonitrile. Initial conditions were 3:97 A:B, held for 0.5 min, followed by a linear gradient to 

25:75 at 26.5 minutes, followed by a linear gradient to 40:60 at 27 minutes, followed by a hold to 

33 min. Column re-equilibration was performed by returning to 3:97 A:B at 35 minutes and held 

until 45 minutes.  Column flow rate was 0.3 mL/min. Analytes were quantified by MS/MS utilizing 



 

 

232 

an Agilent 6460 triple quadrupole mass spectrometer with negative electrospray ionization (ESI).  

Quantitation was based on Multiple Reaction Monitoring (MRM) (Table 4.1).  

Table 4.1. Precursor and product ions measured for each lipid species upon HILIC/MS-MS 

analysis. The isotopes of carbon listed are for each carbon on the respective chain. For example, 

the BMP/PG mono-labeled compound contains one fully labeled 13C and one 12C oleyl chain.  

 

4.4.4 Synthesis of (S)-3-((4-methoxybenzyl)oxy)propane-1,2-diyl dioleate (5a). 

In an oven dried 100 mL three-neck round bottom flask was placed 4 (0.79 g, 1.7 mmol) and 

oleic acid (0.500 g, 1.7 mmol). The contents of the flask were treated with three cycles of 

vacuum/Ar and the flask was equipped with an Ar balloon and dry DCM (15 mL) was added. A 

solution of DCC (0.52 g, 2.5 mmol) and DMAP (0.31 g, 2.5 mmol) in dry DCM (15 mL) was 

prepared in a separate 100 mL round bottom flask equipped with an Ar balloon. This solution was 

transferred to the three-neck reaction flask via a cannula and stirred at 20 °C for 16 h. The formed 

salt was removed by vacuum filtration through a coarse glass frit containing Celite and the 

resulting filtrate was collected and concentrated under reduced pressure. To the crude product was 

added a minimal amount of hexane and the mixture was sonicated to dissolve the solid. The 

resulting solution was purified on a 4 cm diameter, 32 cm long manual silica gel column 

(hexane:EtOAc) to yield the desired product as a clear colorless oil in 79 % yield. The use of a 

Compound Group Precursor Ion Product Ion Polarity

Acyl-PG Unlabeled (
12

C/
12

C/
12

C, 18:1/18:1/18:1) 1037.7 281.2 Negative

Acyl-PG Labeled (
13

C/
12

C/
12

C, 18:1/18:1/18:1) 1055.7 281.2 Negative

BMP/PG unlabeled (Standards) (
12

C/
12

C, 18:1/18:1) 773.4 281.2 Negative

 BMP/PG di-labeled (
13

C/
13

C, 18:1/18:1) 809.4 299.2 Negative

 BMP/PG mono-labeled (
13

C/
12

C, 18:1/18:1) 791.4 299.2 Negative

Lyso-PG (Standard) (
12

C, 18:1) 509.2 281.2 Negative

Lyso-PG labeled (
13

C, 18:1) 527.2 299.2 Negative
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shorter column resulted in co-elution of oleic acid. A Biotage method was also developed for this 

procedure (hexane:EtOAc) (Refer to Table 3.10 for gradient); Rf=0.63 (hexane:EtOAc, 8:2); 1H 

NMR (500 MHz, CDCl3) δ 7.25 – 7.20 (m, 2H), 6.91 – 6.83 (m, 2H), 5.57 – 5.42 (m, 1H), 5.39 – 

5.29 (m, 2H), 5.26 – 5.15 (m, 2H), 4.52 – 4.41 (m, 2H), 4.32 (dd, J = 11.9, 3.8 Hz, 1H), 4.17 (dd, 

J = 11.9, 6.5 Hz, 1H), 3.80 (s, 3H), 3.55 (dd, J = 5.2, 1.9 Hz, 2H), 2.44 (tt, J = 7.5, 4.0 Hz, 1H), 

2.27 (dd, J = 8.0, 7.2 Hz, 2H), 2.22 – 2.09 (m, 3H), 2.06 – 1.96 (m, 4H), 1.88 (s, 2H), 1.57 (s, 4H), 

1.53 – 1.35 (m, 11H), 1.35 – 1.23 (m, 21H), 1.23 – 1.06 (m, 10H), 1.06 – 0.93 (m, 2H), 0.88 (t, J 

= 6.9 Hz, 3H), 0.75 (tdd, J = 7.4, 5.5, 4.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 173.6, 173.4, 

173.2, 172.9, 159.3, 130.6, 130.6, 130.3, 130.1, 130.0, 129.8, 129.7, 129.6, 129.4, 129.3, 129.1, 

129.1, 113.8, 77.3, 77.0, 76.8, 73.0, 70.0, 67.9, 62.7, 55.3, 34.7, 34.4, 34.2, 34.1, 33.9, 32.2, 32.0, 

32.0, 31.9, 31.8, 31.7, 31.7, 31.6, 31.5, 30.1, 30.0, 29.9, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 

29.4, 29.3, 29.2, 29.2, 29.1, 29.0, 28.9, 28.9, 28.7, 27.5, 27.3, 27.2, 27.1, 27.0, 26.9, 25.3, 25.2, 

25.1, 25.0, 24.9, 24.8, 24.7, 24.7, 24.6, 24.5, 23.0, 22.7, 22.4, 14.3, 14.1, 14.0. 

4.4.5 Synthesis of (S)-1-((4-Methoxybenzyl)oxy)-3-(palmitoyloxy)propan-2-yl oleate (5b). 

In an oven dried 100 mL three-neck round bottom flask was placed 3 (0.34 g, 1.6 mmol) and 

oleic acid (1.0 g, 3.3 mmol). The contents of the flask were treated with three cycles of vacuum/Ar 

and the flask was equipped with an Ar balloon and dry DCM (15 mL) was added. A solution of 

DCC (0.76 g, 3.7 mmol) and DMAP (0.45 g, 3.7 mmol) in dry DCM (15 mL) was prepared in a 

separate 100 mL round bottom flask equipped with an Ar balloon. This solution was transferred 

to the three-neck reaction flask via a cannula and stirred at 20 °C for 16 h. The formed salt was 

removed by vacuum filtration through a coarse glass frit containing Celite and the resulting filtrate 

was collected and concentrated under reduced pressure. To the crude product was added a minimal 

amount of hexane and the mixture was sonicated to dissolve the solid. The resulting solution was 
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purified on a 4 cm diameter, 32 cm long manual silica gel column (hexane:EtOAc) to yield the 

desired product as a clear colorless oil in 87 % yield. The use of a shorter column resulted in co-

elution of oleic acid. A Biotage method was also developed for this procedure (hexane:EtOAc) 

(Refer to Table 3.10 for gradient); Rf=0.63 (hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 

7.25 – 7.21 (m, 2H), 6.89 – 6.85 (m, 2H), 5.56 – 5.40 (m, 2H), 5.28 – 5.14 (m, 3H), 4.52 – 4.40 

(m, 2H), 4.33 (ddd, J = 11.9, 3.8, 2.7 Hz, 1H), 4.17 (ddd, J = 11.9, 6.4, 3.2 Hz, 1H), 3.80 (s, 3H), 

3.55 (dd, J = 5.2, 1.9 Hz, 2H), 2.41 (dtq, J = 18.8, 7.5, 3.8 Hz, 2H), 2.15 (ddt, J = 19.9, 8.3, 4.4 

Hz, 6H), 1.96 – 1.81 (m, 4H), 1.80 – 1.65 (m, 2H), 1.54 – 1.29 (m, 23H), 1.29 – 1.05 (m, 21H), 

1.00 (tdd, J = 7.4, 5.5, 4.4 Hz, 3H), 0.75 (tdd, J = 7.4, 5.5, 4.5 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 173.6, 173.3, 173.2, 172.9, 159.3, 130.6, 130.6, 130.3, 130.1, 130.0, 129.8, 129.7, 129.6, 

129.4, 129.3, 129.1, 129.1, 113.8, 77.3, 77.0, 76.8, 73.0, 70.0, 67.9, 65.7, 65.6, 65.4, 62.7, 55.3, 

34.7, 34.5, 34.4, 34.2, 34.0, 33.9, 33.7, 32.2, 32.1, 32.0, 32.0, 31.9, 31.8, 31.7, 31.7, 31.6, 31.5, 

30.1, 30.0, 29.9, 29.9, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 29.2, 29.2, 29.1, 29.0, 28.9, 

28.8, 28.7, 27.7, 27.5, 27.3, 27.2, 27.1, 27.0, 27.0, 26.9, 26.9, 26.7, 26.4, 26.3, 25.3, 25.2, 25.1, 

25.0, 24.9, 24.8, 24.7, 24.7, 24.6, 24.6, 24.5, 23.0, 22.7, 22.4, 14.3, 14.0. 

4.4.6 Synthesis of (S)-3-Hydroxypropane-1,2-diyl dioleate (6a). 

In a 100 mL round bottom flask was placed 5a (0.9 mmol, 0.664 g) and DCM/H2O (15 mL, 5% 

H2O). Following the addition of DDQ (0.30 g, 1.3 mmol), the reaction flask was completely 

wrapped in aluminum foil and stirred at 20 °C for 1 h. The reaction mixture turned from dark 

green to a dark shade of red. The mixture was diluted with DCM and vacuum filtered through a 

coarse glass frit with Celite. The collected filtrate was washed with saturated NaHCO3 solution 

(40 mL), swirling gently to mix. The organic layer was washed again with NaHCO3 (80 mL) and 

swirled vigorously to mix. Again, the organic layer was washed with NaHCO3 (2 × 100 mL), this 
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time shaken to combine. The resulting organic solution was dried with anhydrous Na2SO4 before 

concentration under reduced pressure. The crude product was purified on a Biotage flash 

purification system (hexane:EtOAc) to yield the desired product as a clear colorless oil in a 55% 

yield (Refer to Table 3.11 for gradient); Rf=0.36 (hexane:EtOAc, 8:2); 1H NMR (500 MHz, 

CDCl3) δ 5.55 – 5.42 (m, 1H), 5.39 – 5.31 (m, 2H), 5.26 – 5.14 (m, 1H), 5.11 – 5.03 (m, 1H), 

4.36 – 4.20 (m, 2H), 3.72 (q, J = 3.6 Hz, 2H), 2.46 (tq, J = 7.5, 3.7 Hz, 1H), 2.32 (t, J = 7.6 Hz, 

2H), 2.21 (tq, J = 7.5, 3.7 Hz, 1H), 2.14 (d, J = 11.2 Hz, 2H), 2.06 – 1.96 (m, 5H), 1.94 – 1.83 

(m, 2H), 1.76 (dt, J = 8.3, 4.1 Hz, 1H), 1.67 – 1.56 (m, 2H), 1.55 – 1.35 (m, 10H), 1.35 – 1.23 

(m, 20H), 1.23 – 1.06 (m, 9H), 1.05 – 0.95 (m, 2H), 0.88 (t, J = 6.9 Hz, 3H), 0.75 (tdd, J = 7.4, 

5.5, 4.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 174.1, 174.0, 173.8, 173.6, 173.2, 130.6, 130.6, 

130.3, 130.1, 130.0, 129.8, 129.7, 129.6, 129.4, 129.1, 77.3, 77.0, 76.8, 72.1, 62.0, 61.6, 34.6, 

34.5, 34.4, 34.2, 34.1, 33.9, 33.7, 32.2, 32.1, 32.0, 32.0, 31.9, 31.8, 31.8, 31.7, 31.6, 31.5, 30.1, 

30.0, 30.0, 29.9, 29.9, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 29.1, 29.0, 29.0, 

28.9, 28.8, 28.7, 28.6, 27.5, 27.5, 27.3, 27.2, 27.2, 27.1, 27.0, 26.9, 26.9, 26.8, 26.6, 25.3, 25.2, 

25.1, 25.0, 24.9, 24.9, 24.7, 24.7, 24.6, 24.5, 23.0, 22.7, 22.4, 14.3, 14.1, 14.0. 

(S)-1-Hydroxy-3-(palmitoyloxy)propan-2-yl oleate (6b). Clear oil in 57% yield; Rf=0.36 

(Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.58 – 5.43 (m, 2H), 5.27 – 5.15 (m, 2H), 

5.12 – 5.02 (m, 1H), 4.36 – 4.17 (m, 2H), 3.73 (dd, J = 5.0, 1.8 Hz, 2H), 2.46 (ddp, J = 11.4, 7.5, 

3.8 Hz, 2H), 2.20 (dtt, J = 10.3, 6.5, 3.3 Hz, 2H), 2.13 (s, 4H), 1.75 (s, 4H), 1.57 – 1.30 (m, 23H), 

1.30 – 1.06 (m, 21H), 1.00 (tdd, J = 7.4, 5.5, 4.5 Hz, 3H), 0.75 (tdd, J = 7.4, 5.6, 4.5 Hz, 3H). 13C 

NMR (126 MHz, CDCl3) δ 174.0, 173.6, 173.5, 173.2, 130.6, 130.6, 130.3, 130.1, 130.0, 129.8, 

129.7, 129.6, 129.4, 129.1, 129.1, 77.3, 77.0, 76.8, 72.1, 65.7, 65.6, 65.5, 65.4, 62.0, 61.6, 34.6, 

34.5, 34.4, 34.2, 34.0, 33.9, 33.7, 32.2, 32.1, 32.0, 32.0, 31.9, 31.8, 31.7, 31.7, 31.6, 31.5, 30.1, 
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30.0, 29.9, 29.9, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 29.0, 29.0, 28.9, 

28.8, 28.6, 27.5, 27.4, 27.3, 27.2, 27.2, 27.1, 27.0, 26.9, 26.9, 26.8, 26.7, 26.6, 26.4, 25.2, 25.2, 

25.0, 24.9, 24.8, 24.7, 24.7, 24.6, 24.6, 24.4, 23.0, 22.7, 22.4, 14.3, 14.0. 

4.4.7 Synthesis of (R)-2,3-Bis(oleoyloxy)propyl phosphonate (7a).  

In an oven dried 10 mL, 2-neck round bottom flask equipped with a stir bar was placed alcohol 6b 

(0.23 mmol, 0.15 g). The flask was then dried using Schlenk techniques followed by the attachment 

of an Ar balloon. The starting material was then dissolved in dry pyridine (4 mL) and the solution 

was cooled to 0 °C in an ice bath. Diphenyl phosphite (0.27 mL, 1.4 mmol) was added dropwise 

and the solution was stirred for 1 h. The solution was then allowed to warm to room temperature 

where a 1:1 H2O:Et3N solution (5 mL) was added to the round bottom flask where it was stirred 

for an additional 1 h. The pyridine was removed from the solution under reduced pressure by 

azeotropically drying 3 times with toluene. The crude oil was then dissolved with DCM (30 mL) 

and washed with saturated NaHCO3 (3 x 15 mL) where it was dried with anhydrous Na2SO4 and 

concentrated under reduced pressure. The product was purified using a silica gel column to yield 

a white semi-solid in 95% yield (gradient from 10:0 to 9.5:0.5 CHCl3:MeOH containing 0.5% 

Et3N); Rf=0.23 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.48 (s, 1H), 5.39 – 5.28 (m, 

2H), 5.21 (q, J = 5.0 Hz, 2H), 4.35 (dd, J = 11.9, 4.0 Hz, 1H), 4.17 (dd, J = 11.9, 6.2 Hz, 1H), 4.09 

(dt, J = 8.6, 4.8 Hz, 2H), 3.10 (qd, J = 7.3, 4.8 Hz, 7H), 2.51 – 2.38 (m, 1H), 2.29 (dd, J = 8.0, 7.2 

Hz, 2H), 2.23 – 2.16 (m, 1H), 2.13 (s, 2H), 2.05 – 1.96 (m, 3H), 1.88 (s, 2H), 1.65 – 1.54 (m, 2H), 

1.38 (t, J = 7.3 Hz, 21H), 1.35 – 1.22 (m, 19H), 1.16 (d, J = 17.1 Hz, 9H), 1.04 – 0.95 (m, 2H), 

0.92 – 0.83 (m, 3H), 0.75 (tdd, J = 7.4, 5.6, 4.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 173.6, 

173.2, 172.7, 130.6, 130.3, 130.0, 130.0, 129.8, 129.7, 129.6, 129.1, 120.2, 115.4, 77.3, 77.0, 76.8, 

65.8, 65.5, 45.8, 34.6, 34.4, 34.3, 34.1, 34.0, 33.8, 32.2, 32.0, 32.0, 31.9, 31.8, 31.7, 31.7, 31.6, 
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30.1, 30.0, 29.9, 29.8, 29.8, 29.5, 29.5, 29.4, 29.2, 29.2, 29.1, 29.0, 27.5, 27.3, 27.2, 27.1, 27.0, 

27.0, 26.9, 26.9, 25.1, 25.0, 24.9, 24.9, 24.8, 24.6, 24.6, 24.5, 23.0, 22.7, 22.4, 14.3, 14.1, 14.0, 

8.6, 1.0. 31P NMR (203 MHz, CDCl3) δ 5.80. 

(R)-2-(Oleoyloxy)-3-(palmitoyloxy)propyl phosphonate (7b). White semi-solid in 92% 

yield; Rf=0.23 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.49 (d, J = 7.7 Hz, 2H), 5.31 

– 5.03 (m, 3H), 4.36 (ddd, J = 11.9, 3.8, 2.7 Hz, 1H), 4.16 (ddd, J = 11.9, 6.3, 3.2 Hz, 1H), 4.06 – 

3.99 (m, 2H), 3.07 (qd, J = 7.4, 4.6 Hz, 7H), 2.47 – 2.37 (m, 2H), 2.21 – 2.07 (m, 6H), 1.77 – 1.67 

(m, 2H), 1.50 – 1.36 (m, 21H), 1.35 (t, J = 7.3 Hz, 15H), 1.24 – 1.08 (m, 20H), 1.00 (tdd, J = 7.4, 

5.5, 4.4 Hz, 3H), 0.75 (tdd, J = 7.3, 5.5, 4.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.6, 173.2, 

173.1, 172.7, 130.6, 130.5, 130.3, 130.0, 130.0, 129.8, 129.7, 129.6, 129.4, 129.3, 129.1, 129.1, 

77.3, 77.0, 76.8, 65.8, 65.5, 65.5, 62.4, 45.7, 34.6, 34.4, 34.3, 34.1, 34.0, 33.9, 33.7, 32.2, 32.1, 

32.0, 32.0, 31.9, 31.8, 31.7, 31.7, 31.6, 31.5, 30.1, 30.0, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 

29.5, 29.4, 29.2, 29.2, 29.1, 29.0, 29.0, 28.9, 28.7, 27.5, 27.3, 27.2, 27.1, 27.0, 27.0, 26.9, 26.9, 

26.7, 26.4, 25.1, 25.0, 24.9, 24.9, 24.8, 24.7, 24.6, 24.5, 24.4, 23.0, 22.7, 22.4, 14.3, 14.0, 8.6. 31P 

NMR (203 MHz, CDCl3) δ 4.48. 

4.4.8 Synthesis of (2R)-3-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)propane-1,2-

dioleyl phosphonate (8a). 

To an oven dried 10 mL 2-neck round bottom flask equipped with a stir bar was placed 8a 

(0.175 g, 0.22 mmol). The flask was cycled 3 times with vacuum/Ar, and an was balloon attached. 

Dry pyridine (5 mL) followed by solketal (0.035 mL, 0.27 mmol) was then added. The reaction 

temperature was lowered to 0 °C via an ice bath and pivaloyl chloride (0.13 mL, 1.1 mmol) was 

subsequently added dropwise to the reaction. The solution changed from transparent to a colorful 

violet. The reaction was stirred for 1 h and then warmed slowly to room temperature. Pyridine was 
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then stripped from the solution azeotropically with toluene under reduced pressure. The crude oil 

was then redissolved in DCM (30 mL) and the solution was washed with saturated NaHCO3 (2 x 

10 mL). The organic layer was then dried with anhydrous Na2SO4 and concentrated under reduced 

pressure. The crude product was then purified on a silica gel column to yield a colorless oil in 85% 

yield (gradient of 100:0 to 98:2 DCM 

:MeOH); Rf=0.34 (Hexane:EtOAc, 8:2); 1H NMR (500 MHz, CDCl3) δ 5.49 (s, 1H), 5.41 

– 5.29 (m, 2H), 5.24 (d, J = 4.7 Hz, 1H), 4.40 – 3.97 (m, 6H), 3.86 – 3.64 (m, 2H), 2.41 – 2.26 (m, 

5H), 2.21 (s, 1H), 2.13 (s, 2H), 2.01 (q, J = 6.4 Hz, 4H), 1.88 (s, 2H), 1.62 (d, J = 9.3 Hz, 2H), 

1.52 – 1.35 (m, 14H), 1.35 – 1.23 (m, 21H), 1.23 – 1.07 (m, 11H), 1.04 – 0.97 (m, 2H), 0.88 (t, J 

= 6.9 Hz, 3H), 0.79 – 0.72 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 174.1, 173.7, 173.2, 173.0, 

172.8, 172.5, 130.6, 130.1, 130.0, 129.8, 129.7, 129.6, 129.4, 129.1, 77.3, 77.0, 76.8, 65.7, 65.4, 

34.7, 34.5, 34.5, 34.4, 34.2, 34.2, 34.0, 33.9, 33.7, 32.2, 32.0, 31.9, 31.7, 31.7, 31.6, 30.1, 29.8, 

29.7, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 29.0, 29.0, 27.5, 27.2, 27.2, 27.0, 26.9, 25.2, 24.8, 

24.6, 23.0, 22.7, 22.4, 14.3, 14.1, 14.0. 13C NMR (126 MHz, CDCl3) δ 174.1, 173.7, 173.2, 173.0, 

172.8, 172.5, 130.6, 130.1, 130.0, 129.8, 129.7, 129.6, 129.4, 129.1, 77.3, 77.0, 76.8, 65.7, 65.4, 

34.7, 34.5, 34.5, 34.4, 34.2, 34.2, 34.0, 33.9, 33.7, 32.2, 32.0, 31.9, 31.7, 31.7, 31.6, 30.1, 29.8, 

29.7, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 29.0, 29.0, 27.5, 27.2, 27.2, 27.0, 26.9, 25.2, 24.8, 

24.6, 23.0, 22.7, 22.4, 14.3, 14.1, 14.0. 31P NMR (203 MHz, CDCl3) δ 8.62, 8.51. 

(2R)-1-(((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)methoxy)(hydroxy)-3-(palmitoyloxy)propan-2-

oleyl phosphonate (8b). Clear oil in 72% yield; Rf=0.35 (Hexane:EtOAc, 8:2); 1H NMR (500 

MHz, CDCl3) δ 5.49 (d, J = 4.1 Hz, 2H), 5.31 – 5.03 (m, 3H), 4.43 – 3.94 (m, 9H), 3.90 – 3.62 (m, 

2H), 2.45 (s, 2H), 2.19 (d, J = 14.1 Hz, 2H), 2.13 (s, 4H), 1.88 (s, 4H), 1.53 – 1.33 (m, 29H), 1.23 

– 1.08 (m, 23H), 1.05 – 0.95 (m, 3H), 0.75 (tdd, J = 7.4, 5.6, 4.5 Hz, 3H). 13C NMR (126 MHz, 
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CDCl3) δ 174.0, 173.6, 173.5, 173.4, 173.2, 173.0, 173.0, 172.6, 172.5, 130.6, 130.6, 130.3, 130.1, 

130.0, 129.8, 129.7, 129.6, 129.4, 129.1, 129.1, 77.3, 77.0, 76.8, 65.8, 64.1, 34.6, 34.5, 34.4, 34.4, 

34.2, 34.2, 34.1, 34.0, 33.9, 33.8, 33.7, 33.6, 32.2, 32.1, 32.0, 32.0, 31.9, 31.8, 31.7, 31.7, 31.6, 

31.5, 30.1, 30.0, 29.9, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 29.2, 29.1, 29.0, 

28.9, 28.8, 28.7, 27.5, 27.3, 27.2, 27.1, 27.0, 26.9, 26.7, 25.2, 25.1, 24.9, 24.8, 24.6, 24.6, 24.5, 

23.0, 22.7, 22.4, 14.3, 14.0. 31P NMR (203 MHz, CDCl3) δ 8.63, 8.52. 

Synthesis of (2R)-3-((((S)-2,3-dihydroxypropoxy)(hydroxy)phosphoryl)oxy)propane-

1,2-diyl dioleate (9a). 

To a 10 mL round bottom flask was added H-phosphonate 8a (0.150 g, 0.18 mmol). A 9:1 v/v of 

H2O/Pyr. (5 mL) was added to flask and the temperature was lowered to 0 °C. I2 (0.14 g, 0.55 

mmol) was then added, and the reaction warmed to 24 °C with stirring for 3 h. The pyridine was 

then removed from the solution by azeotropically drying three times with toluene. The resulting 

oil was then diluted with 45 mL of DCM and washed with a solution of saturated Na2SO3 (2 x 10 

mL) and once with brine (10 mL). The organic layer was then dried with anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was then purified on a manual silica gel 

column (gradient of 98:2 CHCl3:MeOH to 65:25:4 CHCl3:MeOH:H2O as parts, not percentages) 

(Refer to Table 3.4 for gradient). Fractions were collected in 13 x 100 mm cell culture tubes in 72 

mL intervals between each change in mobile phase composition (9 mL/fraction). Product appeared 

from fractions 25 – 32. The isolated product was concentrated under reduced pressure in a 20 mL 

scintillation vial and then CHCl3 (5 mL) was added to dissolve the oil. After cooling the solution 

to 0 °C in an ice bath, MeOH (0.1 mL) and TFA (0.5 mL dropwise) were added to the reaction 

mixture. The reaction was allowed to stir for 30 min at room temperature. Saturated NaHCO3 was 

then added, and the solution was diluted with CHCl3 (30 mL). The mixture was transferred to a 
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separatory funnel where MeOH (20 mL) and then H2O (10 mL) was added followed by shaking. 

The organic layer was collected, dried with anhydrous Na2SO4, and concentrated under reduced 

pressure. The crude product was then purified using a gradient of 98:2 CHCl3:MeOH to 65:25:4 

CHCl3:MeOH:H2O to yield a white semi-solid in 68% yield; Rf=0.46 (CHCl3:MeOH:H2O, 65:25:4 

as parts, not percentages);  1H NMR (500 MHz, CDCl3) δ 5.48 (s, 1H), 5.39 – 5.27 (m, 2H), 5.20 

(d, J = 18.9 Hz, 2H), 4.37 (d, J = 11.4 Hz, 1H), 4.14 (dd, J = 11.5, 6.7 Hz, 1H), 3.92 (d, J = 25.3 

Hz, 4H), 3.76 – 3.57 (m, 2H), 2.43 (s, 1H), 2.28 (t, J = 7.6 Hz, 2H), 2.18 (s, 1H), 2.13 (s, 2H), 2.00 

(q, J = 6.7 Hz, 3H), 1.88 (s, 2H), 1.57 (q, J = 7.2 Hz, 2H), 1.51 – 1.35 (m, 9H), 1.35 – 1.22 (m, 

19H), 1.22 – 1.06 (m, 9H), 1.03 – 0.96 (m, 2H), 0.88 (t, J = 6.8 Hz, 3H), 0.75 (tt, J = 7.4, 3.6 Hz, 

1H). 13C NMR (126 MHz, CDCl3) δ 173.9, 173.4, 130.6, 130.2, 130.0, 129.9, 129.8, 129.7, 129.6, 

129.4, 129.1, 129.0, 77.3, 77.0, 76.8, 34.6, 34.3, 34.2, 33.9, 33.7, 32.2, 32.1, 32.0, 32.0, 31.9, 31.8, 

31.8, 31.7, 31.6, 31.5, 30.1, 30.0, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.4, 29.3, 29.2, 29.1, 29.1, 

29.0, 28.9, 28.8, 28.7, 27.5, 27.4, 27.3, 27.2, 27.0, 26.9, 25.2, 25.0, 24.9, 24.8, 24.7, 24.6, 24.5, 

23.0, 22.7, 22.4, 14.3, 14.1, 14.0. 31P NMR (203 MHz, CDCl3) δ -0.64. 

(2R)-1-((((S)-2,3-Dihydroxypropoxy)(hydroxy)phosphoryl)oxy)-3-(palmitoyloxy)propan-2-

yl oleate (9b). A white semi-solid in 70% yield; Rf = 0.46 (CHCl3:MeOH:H2O, 65:25:4 as parts, 

not percentages). 1H NMR (500 MHz, CDCl3) δ 5.45 (dt, J = 9.8, 4.6 Hz, 2H), 5.16 (dtt, J = 11.7, 

8.8, 4.0 Hz, 3H), 4.32 (dt, J = 12.2, 2.8 Hz, 1H), 4.15 – 4.03 (m, 1H), 3.92 (dq, J = 20.0, 7.6 Hz, 

5H), 3.75 – 3.55 (m, 2H), 2.50 (s, 4H), 2.39 (p, J = 5.7 Hz, 2H), 2.12 (ddd, J = 16.0, 8.0, 4.3 Hz, 

6H), 1.67 (s, 2H), 1.54 – 1.26 (m, 22H), 1.26 – 1.02 (m, 21H), 0.96 (ddd, J = 9.9, 8.2, 6.1 Hz, 3H), 

0.76 – 0.65 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 174.3, 174.1, 173.8, 173.7, 130.6, 130.5, 

130.3, 130.2, 130.0, 129.9, 129.9, 129.8, 129.7, 129.6, 129.6, 129.3, 129.2, 129.0, 129.0, 77.3, 

77.1, 76.8, 70.4, 63.8, 62.6, 49.8, 49.6, 49.4, 49.3, 49.1, 36.8, 34.5, 34.3, 34.2, 34.0, 33.9, 33.7, 
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33.6, 32.2, 32.0, 32.0, 31.9, 31.9, 31.7, 31.7, 31.6, 31.6, 31.5, 30.0, 30.0, 29.9, 29.8, 29.7, 29.6, 

29.5, 29.4, 29.4, 29.2, 29.2, 29.1, 29.0, 28.8, 28.6, 27.4, 27.3, 27.2, 27.1, 27.0, 26.8, 26.3, 25.0, 

24.9, 24.8, 24.7, 24.5, 24.4, 24.3, 22.9, 22.6, 22.3, 14.2, 14.0, 13.9. 31P NMR (203 MHz, CDCl3) 

δ -3.19. 



 

 

242 

4.4.9 NMR of All Compounds. Red Indicates 13C label. 

 

 

Figure 4.13. 1H and 13C NMR of 13C Oleic Acid.



 

 

243 

 

 

Figure 4.14. 1H and 13C NMR of 5a.  
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Figure 4.15. 1H and 13C NMR of 6a.  
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Figure 4.16. 1H, 13C, and 31P NMR of 13C 7a. 
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Figure 4.16 continued. 

  



 

 

247 

 

 

Figure 4.17. 1H, 13C, and 31P NMR of 13C 8a. 
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Figure 4.17 continued. 

  



 

 

249 

 

 

Figure 4.18. 1H, 13C, and 31P NMR of 13C 9a. 
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Figure 4.18 continued. 
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Figure 4.19. 1H and 13C NMR of 5b. 
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Figure 4.20. 1H and 13C NMR of 6b. 
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Figure 4.21. 1H,13C, and 31P NMR of 7b.  
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Figure 4.21 continued. 
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Figure 4.22. 1H,13C, 31P NMR of 8b. 
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Figure 4.22 continued. 
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Figure 4.23. 1H,13C, 31P NMR of 9b. 
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Figure 4.23 continued. 
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