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Abstract 

Alzheimer's disease is a neurodegenerative disorder that is characterized by amyloid-beta plaques, 

neurofibrillary tangles, and unregulated reactive oxygen species. The production of reactive 

oxygen species in the brain is exacerbated by an excess of free-metal ions in nervous tissue. Our 

team and others have shown a library of tetra-azamacrocycles to have the ability to scavenge free-

metal ions and quench reactive oxygen species. These macrocyclic ligands have, thus, been 

considered as potential therapeutic agents for combatting Alzheimer’s disease. The ability of a 

neuro-active pharmaceutical to cross the blood-brain barrier is crucial to its pharmacological 

success and has proven to be a significant challenge to date in moving molecules from the bench 

to clinical treatment paradigms. The aim of this work is to enhance the pharmacological potential 

of these macrocyclic ligands. To accomplish this, computational analyses were performed on two 

tetra-azamacrocycles to predict their baseline blood-brain barrier permeability. The structures of 

these macrocycles were then modified with various moieties and analyzed via the same 

computational methods to predict their blood-brain barrier permeability potential. One target 

modification this project is focused on is the attachment of omega-3 fatty acids to these tetra-

azamacrocycles. Omega-3 fatty acids have been shown to have beneficial anti-inflammatory 

properties in vivo and have the ability to assist in transporting molecules across the blood-brain 

barrier. Thus, the inclusion of these moieties to the structure of the Green Group ligands are 

attractive in regard to enhancing their pharmacological potential. To accomplish this attachment, 

the synthetic approach of one of the Green Group’s flagship tetra-azamacrocycles, OHPyN3, had to 

be completely reimagined. New synthetic approaches and protection strategies were employed to 

achieve a suitable intermediate molecule primed for the addition omega-3 fatty acids. These novel 

synthetic methods and subsequent results are discussed in this work herein.  
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Introduction 

I. Characteristics and pharmacological potential of tetra-azamacrocycles  

Tetra-azamacrocycles are multidentate ligands that are of great interest in the field of 

organometallic, bioinorganic, and medicinal chemistry due to their ability to regulate free-

metal ions and reactive oxygen species (ROS).1-3 Tetra-azamacrocycles contain four 

heterocyclic nitrogen atoms that are capable of chelating free metal ions that can exacerbate 

oxidative stress in the brain. A class of macrocyclic ligands that is of interest to the Green 

Group contains a pyridine ring, which confers antioxidant capabilities to these pyrodinophanes 

making it an ideal moiety for reducing oxidative stress (Figure 1).  

 

Figure 1: Green group pyridinophane library (left to right: PyN3, OHPyN3, OHPy2N2) 

highlighting reactivity of each moiety (blue: metal chelating; red: antioxidant; green; radical 

scavenging).   

This moiety is also of importance because it facilitates modification to these pyrodinophanes 

to further enhance the potency of these novel ligands. The synthesis and analysis of various 

tetra-azamacrocycles has been a focus for the Green Research Group for the past ten years.2, 4-

6 Our group and others have shown the effectiveness of these multidentate-ligands in 

alleviating oxidative stress in benchtop and cellular assays and have established their potential 
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to be used as pharmacological molecules for combatting neurodegenerative diseases such as 

Alzheimer’s (AD).7, 8 There are two overarching considerations that must be addressed when 

designing a new pharmaceutical molecule targeting the brain: the molecule must permeate 

through the blood-brain barrier (BBB) and retain its desired pharmacological function. 

Designing a molecule that satisfies both of these demands at the onset of research and 

development can streamline the long and laborious process of drug approval.9-11 Tetra-

azamacrocycles have been shown by this group and others to have the pharmacological 

potential to treat neurodegenerative diseases, but so far have not been analyzed for their ability 

to cross the BBB where they would be biologically active.12 In an effort to enhance the 

pharmacological efficacy of these molecules, the Green Group has turned its attention towards 

methods of delivering these ligands to the brain. 

 

II. Considerations for neuro-active pharmaceuticals 

In order for tetra-azamacrocycles to have the desired effect of chelating free-metal 

ions and rebalancing levels of ROS in the brain, these ligands must have a feasible 

method of entry through the BBB. The BBB is maintained by epithelial cells containing 

gap-junctions that prevent paracellular diffusion of molecules into the brain.13 This 

means that molecules must travel transcellularly through epithelial cells to gain entry 

through the BBB. There are a few well-established mechanisms that facilitate molecular 

transport across the BBB, two of which  include passive diffusion and transport via P-

glycoprotein (Pgp).14 Passive diffusion is the most predominant mechanism of entry 

into the central nervous system (CNS) targeted by medicinal chemists.15 This 

mechanism necessitates that the potential therapeutic candidate be lipophilic enough to 
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cross the lipid membrane of epithelial cells. As a result, in drug design there is an 

emphasis on the lipophilicity of the compound to optimize the ability of pharmaceuticals 

to permeate through lipid membranes.16 However, because passive diffusion is a 

unidirectional, kinetically driven mechanism, the concentration of the dissolved 

potential therapeutic in the blood is important in driving the process.17 This necessitates 

that the molecule in question have physical properties that facilitates its dissolution in 

aqueous solutions. The properties of lipophilicity and hydrophilicity are at odds with 

each other and, thus, require a balance that creates an optimum range of characteristics 

that will facilitate BBB permeation. These discordant properties pose a synthetic 

challenge for pharmaceutical chemists to design therapeutic molecules that fall in an 

optimum range that will facilitate CNS distribution. The need to identify the ideal range 

or combination of physical properties of a potential pharmaceutical has led to the 

development of parameters by which therapeutics can be analyzed for their 

pharmacological efficacy.  

 

III. Analyzing ability of molecules to cross the blood-brain barrier 

There are various parameters that can be used to predict the ability of a molecule to 

cross the BBB.18, 19 Lipinski’s Rule of Five is a well-established set of parameters that 

has been used to assess whether compounds are drug-like; These parameters assess the 

potential of these molecules to be absorbed, permeate through lipid membranes, and be 

pharmacologically active in vitro.20, 21 For a potential pharmaceutical to satisfy 

Lipinski’s parameters and have optimal absorption or permeation through various 

membranes (including the BBB), the molecule must violate as few as possible of the 
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following criteria: no more than five hydrogen bond donors, no more than ten hydrogen 

bond acceptors, a molecular weight of less than 500 daltons, and the calculated 

logarithm of the octanol-water partition coefficient (clogP) of no greater than five.21, 22  

There have been many additions and variations of these criteria to more accurately 

predict the permeability of neuro-active drug; the polar surface area (PSA) is a measure 

of the area that is comprised by nitrogen and oxygen atoms in a molecule and is an 

indication of the extent to which a compound is hydrophilic and polar. Because PSA is 

tied to polarity and to hydrogen bonding capability, PSA has been used as a parameter 

by which to assess potential therapeutics for their ability to cross the BBB. A 

pharmaceutical targeting the CNS would optimally have a PSA of less than 90 Å2.23, 24 

LogBB is the logarithmic ratio between concentration of a compound in the brain and 

in the blood.25 LogBB is a derived from an equation that takes into account the partition 

coefficient and the PSA of a potential pharmaceutical. This value indicates the 

distribution of a molecule within the CNS and thus its ability to cross the BBB. A larger 

value indicates a greater ability to permeate the BBB (a value of greater than 3.0 

indicates that the therapeutic candidate readily permeates the BBB, while a value of less 

than -1.0 indicates poor distribution in the brain).26 An additional parameter that 

provides further insight into the drug-like characteristics of potential new therapeutics 

is the negative logarithm of the effective permeability of a compound (–logPe). This 

parameter is calculated by taking the logarithm of the effective permeability that is 

measured from a Parallel Artificial Membrane Permeability Assay adapted for the 

Blood Brain Barrier (PAMPA-BBB assay). A PAMPA-BBB assay serves to confirm 

the permeability of potential pharmaceuticals in relation to the BBB. Values of less than 
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5.4 indicate a high distribution in the CNS, while values of greater than 5.7 indicate 

poor distribution in the CNS.27
  

The Green Research Group has focused on the bioactivity of tetra-azamacrocycles 

but to date we have an insufficient understanding of their BBB permeability. 

Understanding the baseline permeability of these ligands is essential to the assessment 

of the efficacy of these molecules as potential neuro-active pharmaceuticals. The need 

for a greater understanding of the potential availability of these macrocycles in the CNS 

prompted further investigation into the behavior of these multi-dentate ligands. Rapid 

and inexpensive computational studies have been used to predict the properties of 

neuro-active pharmacological candidates, providing insight into the potential 

distribution of these candidates in the CNS.26, 27 A similar computational analysis was 

performed on two tetra-azamacrocycles synthesized by the Green Group that have been 

shown to actively scavenge ROS and chelate free metal ions in solution, OHPyN3 and 

OHPy2N2.7, 8 The focus of the study was to predict the likely distribution of these ligands 

in the brain if they were to be administered orally. The computational analysis of 

potential pharmaceuticals is highly dependent on molecular structure and warrants a 

thorough analysis of all prominent structural contributors of the molecules being 

assessed. Tetra-azamacrocycles are multi-dentate with multiple sites of reactivity. 

These sites of high electron density make them sites of protonation and deprotonation 

and exist in multiple forms in solution. For an accurate assessment of these ligands 

predicted behavior in vivo, they were analyzed based on the following structures: the 

neutral structures of these macrocycles, the structures at their reported pI points (the pH 

at which the species is neutral but contains both positively and negatively charged 
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moieties), and structures at physiological pH (7.4) obtained from previously reported 

potentiometric studies.7, 8  

 

IV. Design and synthetic rationale for fatty acid-appended ligands 

The Green Research Group has turned its focus towards increasing the 

pharmacological potential of these molecules so that they would be viable as neuro-

active drugs. One method of increasing the potential of these ligands to cross the BBB 

is to append a fatty acid chain to the -OH moieties on the pyridinophane (Figure 2). 

 

Figure 2: Proposed omega-3 acids to be appended to the pyridinophane OHPyN3. 

There is evidence to suggest that the addition of an omega-3 fatty acid chain to these 

ligands can increase the permeability of these ligands to the blood brain barrier, thus 

acting as a courier molecule for these ligands.28, 29 In addition, omega-3 fatty acids have 

been shown to have beneficial anti-inflammatory properties in vivo and have the 

potential for a myriad of health benefits.30, 31 Such an appendage has the potential to not 

only alleviate challenges associated with permeability, but also enhance reactivity. 

There are many synthetic limitations that must be considered in conceptualizing the 

attachment of these fatty acids to the hydroxyl moiety of tetra-aza macrocycles. Omega-

3 fatty acids are large and insoluble in aqueous solution making them difficult to be 
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used in synthesis. Since tetra-aza macrocycles have many reactive centers, the selection 

of appropriate protecting groups needs to be considered. Finally, these pyridine-

containing compounds are less reactive than their benzene-containing analogues, thus, 

they warrant further synthetic considerations. This project is focused on the attachment 

of omega-3 fatty acids to one of the Green Group’s flagship tetra-azamacrocycles, 

OHPyN3. To accomplish this attachment, the synthetic strategy of OHPyN3 had to be 

completely reimagined. New synthetic approaches and protection strategies were 

employed to achieve a suitable intermediate primed for the addition omega-3 fatty acids. 

The results of these synthetic procedures are discussed in the next section. Computation 

was used to guide these strategies.  
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Results and Discussion  

I. Computational Analysis of OHPyN3 and OHPy2N2 

OHPyN3 (Figure 3) was analyzed computationally in compliance with the previously 

stated parameters using Molinspiration computational software and a PAMPA-BBB 

assay.32  

 

Figure 3: Three structures of OHPyN3 analyzed via Lipinski computations (from left to 

right: drawn, physiological pH, pI). 

Three structures of OHPyN3 were analyzed via computation: its drawn structure, its 

structure at physiological pH (7.4), and its isoelectric point (pI) to gain a holistic 

understanding of the permeability potential of OHPyN3 (Table 1).  

Table 1: Values (MW, clogP, HBA, HBD, PSA, log BB) for OHPyN3. 

 

The drawn structure of OHPyN3 has no violations of Lipinski’s general parameters but 

its logBB value of -0.961 indicates that OHPyN3 would have a low distribution in the 

Compound MW clogP HBA HBD 

Lipinski 

Violations PSA (Å) logBB 
OHPyN3 222.29 -0.5 5 4 0 69.2 -0.961 
OHPyN3 at pH = 

7.4 223.3 -3.36 4 4 0 73.52 -1.460 
OHPyN3 at pI = 

10.31 224.16 -3.1 4 4 0 76.61 -1.466 

Lipinski's 

Rules & Other 

Parameters ≤ 500 ≤ 5.0 ≤ 10 ≤ 5 ≤ 1 ≤ 90 

> 3.0 (readily); 

< -1.0 (poorly) 
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CNS. If the structure of OHPyN3 at physiological pH (7.4) is assessed in the 

computational analysis, logBB decreases further to -1.460, which is further evidence 

that OHPyN3 will be poorly distributed in the brain at physiological conditions. This 

large decrease in logBB is attributed to the negative magnitude of the calculated 

partition coefficient (clogP).  Protonation constants and contributing resonance 

structures were previously determined for OHPyN3.7 The results of this protonation 

study show that at physiological pH, OHPyN3 is charged (Figure 3). This vastly 

decreases the lipophilicity of the compound.  These results were supported with data 

from a PAMPA-BBB assay that was conducted for OHPyN3 and OHPy2N2 with three 

trials at increasing pH (4.5, 7.4, 10.0) with internal low and high permeable standards 

atenolol and propranolol HCl respectively (Table 2).   

Table 2: PAMPA-BBB Assay Results for OHPyN3 and OHPy2N2 compared with internal 

low and high permeable standards internal references atenolol and propranolol HCl. 

Compound Name pH 

Avg. Pe (10-6 

cm/s) Avg. %Rb Avg. logPe 

Domain, 

nm 
OHPyN3 4.5 < 0.05 1   250 - 350 

  7.4 < 0.01 1     

  10 < 0.01 1     
OHPy2N2 4.5 < 0.01 1   250 - 400 

  7.4 < 0.01 3     

  10 < 0.01 2     

Atenolol 4.5 < 0.05 4   250 - 305 

  7.4 < 0.05 3     

  10 < 0.05 9     

Propranolol HCl 4.5 0.49 17 -6.31 250 - 360 

  7.4 25 27 -4.60   

  10 103 27 -4.03   
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pH – refers to the values in donor compartment. Acceptor had a special buffer at pH = 7.4.  

Pe – effective permeability (x10-6 cm/sec) measured directly from assay. 

pH – refers to the values in donor compartment. Acceptor had a special buffer at pH = 7.4.  

%R – membrane retention.  

Avg. – the value is reported as an average of triplicates.  

The permeability results observed for OHPyN3 was below the detection limit in the acceptor 

compartment. This indicated that the results for OHPyN3 was comparable to the detection limit 

of low permeable standard atenolol in acceptor compartment. The average Pe of OHPyN3 could 

not be accurately recorded so –logPe could not be calculated within any confidence. These 

results indicate that OHPyN3 would be poorly distributed in the brain if OHPyN3 were to be used 

as a therapeutic targeting passive transcellular transport. 

 Two structures of OHPy2N2 were analyzed by the same parameters as OHPyN3. The two 

structures that were assessed are its drawn structure and its structure at physiological pH 

(which is also its pI) (Figure 4). 

 

Figure 4: Two structures of OHPy2N2 analyzed via Lipinski computations (from left to right: 

drawn and physiological pH). 

As seen in Figure 4, at physiological pH, OHPy2N2 is a zwitterion with an overall neutral 

charge.  The dominant resonance structure for OHPy2N2 at physiological pH was previously 
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determined via protonation study of this ligand performed by the Green Group.8 

Table 3: Values (MW, clogP, HBA, HBD, PSA, log BB) for OHPy2N2. 

 

The results of this study are similar to that of OHPyN3 in that they indicate that OHPy2N2 would 

be sub-optimal in its BBB permeability potential (Table 3). OHPy2N2 in its drawn state has no 

violations of Lipinski’s parameters but a computed logBB of -1.140 is obtained and predicts 

that OHPy2N2 would be poorly distributed in the brain. If the structure of OHPy2N2 at 

physiological pH is analyzed, the value of logBB decreases further to -1.663. These results 

were again confirmed by the results of a PAMPA-BBB assay (Table 2); similar to OHPyN3, 

the permeability results observed for OHPy2N2 was below the detection limit in the acceptor 

compartment. The results of the PAMPA-BBB assay for OHPy2N2 indicate a poor potential of 

OHPy2N2 to cross the BBB. These data indicated the need to modify the structure of these 

potential pharmacological macrocycles in order to enhance the pharmokinetic properties of 

these ligands. Lipophilic, non-polar molecules have easy access through phospholipid bilayers 

as there is a direct relationship between lipophilicity and octanol-water partition coefficient. 

Thus, it is our hypothesis that we can enhance the pharmokinetic properties of these novel 

ligands by tethering permeability-enhancing, lipophilic molecules to these pyrodinophanes. 

The appendage of lipophilic molecules to the hydroxyl moiety of OHPyN3 is the focus of this 

work. 

Compound MW clogP HBA HBD 

Lipinski 

Violations PSA (Å) logBB 
OHPy2N2 272.31 0.38 6 4 0 90.29 -1.140 
OHPy2N2 at pI = 

7.4 272.31 -2.37 6 4 0 97.44 -1.663 

Lipinski's 

Rules & Other 

Parameters ≤ 500 ≤ 5.0 ≤ 10 ≤ 5 ≤ 1 ≤ 90 

> 3.0 (readily); 

< -1.0 (poorly) 
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II. Computational analysis of fatty acid appended OHPyN3  

To assess the potential benefit of appending omega-3 fatty acids to the pyridoxal 

function of the macrocycle OHPyN3, a follow-up computational study of OHPyN3 

appended by various omega-3 fatty acids (DHA, EPA, and ALA) was conducted via 

the previously stated parameters (Table 4).  

Table 4: Values (MW, clogP, HBA, HBD, PSA, log BB) for OHPyN3 with omega-3 

fatty acid appendages (DHA, EPA, ALA). 

 

As seen in Table 4, clogP increased drastically for all of the proposed fatty acid-

appended OHPyN3 molecules in comparison to unaided OHPyN3. As a direct 

consequence of the increase in the value for clogP, the values of logBB also increased. 

While the values for logBB are still negative, the positive shift in comparison to unaided 

OHPyN3 marks improvement in the BBB permeability potential by an entire order of 

magnitude. While these data need to be supported by a follow-up PAMPA-BBB study, 

these results are promising. However, there are further considerations to be made: as 

the length of the fatty acid increased, the MW and clogP increased past the optimal 

range of orally administered, neuro-active drugs which would inhibit the ligand from 

Compound MW clogP HBA HBD 

Lipinski 

Violations PSA (Å) logBB 
OHPyN3 with 

DHA 532.77 5.44 6 3 2 75.28 -0.148 
OHPyN3 with 

EPA 506.74 5.16 6 3 2 75.28 -0.191 
OHPyN3 with 

ALA 482.71 5.6 6 3 1 75.28 -0.124 

Lipinski's 

Rules & Other 

Parameters ≤ 500 ≤ 5.0 ≤ 10 ≤ 5 ≤ 1 ≤ 90 

> 3.0 (readily); 

< -1.0 (poorly) 
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being compatible with the aqueous phase. The results of this study support the 

hypothesis that appending a fatty acid chain to the macrocycles could increase the 

potential of these ligands to cross the BBB. To accomplish this attachment, the synthetic 

approach of, OHPyN3, had to be completely reimagined. New synthetic approaches and 

protection strategies were employed to achieve a suitable intermediate molecule primed 

for the addition omega-3 fatty acids. 

 

III. Model for fatty acid appendage 

A model reaction was performed to test the feasibility of esterifying a pyridinophane 

where the hydroxyl moiety is positioned para to the pyridine nitrogen (Scheme 1). 

Diethyl chelidamate was used as a model for the pyridinophane of OHPyN3 because of 

its facile solubility in dichloromethane and –OH group being the only potential 

participant in esterification (Scheme 1).  

 

Scheme 1: Model for fatty acid attachment synthetic scheme.  

Commercially available hexanoyl chloride was used as a proxy for a fatty acid because 

of its lipophilic hydrocarbon chain and greater reactivity as compared to hexanoic acid. 

The high-yielding (95%) attachment of hexanoyl chloride to the diethyl chelidamate 

was confirmed via NMR and indicated that ester linkages could be made to pyridoxal 

functionalities. The successful model for of ester appendages served as the synthetic 

basis for the investigation of fatty acid attachment to OHPyN3.  
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IV. SES protection synthetic route 

The attachment of a fatty acid molecule to the hydroxyl moiety of OHPyN3 required 

a change in the synthetic strategy for this pyrodinophane. This required utilizing a 

retrosynthetic approach to determine suitable protecting groups and intermediates in the 

synthesis of OHPyN3 appended with a fatty acid (Figure 5).  

 

Figure 5: Retrosynthetic strategy for the synthesis OHPyN3 appended with an omega-3 

fatty acid where R1 is an omega-3 fatty acid, R2 is the nitrogen protecting group, and R3 

is the pyridoxal protecting group.  

As seen in Figure 5, R3 must be compatible with ligand cyclization and nitrogen 

protection; R2 must also be compatible with ligand cyclization, pyridoxal deprotection, 

and fatty acid attachment. The protecting group for the pyridoxal –OH group was 

chosen to be tetrahydropyran (THP). 2-(trimethylsilyl)ethanesulfonyl (or SES) was 

chosen to be the protecting group for the bottom functionality. The following 

convergent synthetic scheme was proposed to achieve the target molecule appended 

with an omega-3 fatty (Scheme 2). The results of this synthetic route proved to be 

challenging to overcome. As seen in Scheme 2, the intermediates 1-11 were obtained 

in good yield and purity indicating a successful synthetic route towards the target 

molecule. However, there were multiple difficulties in the synthetic steps in this 

pathway. The conversion of the fatty acid, DHA, to DHA-Cl via thionyl chloride proved 

to be unsuccessful as the reaction resulted starting material in the largest concentration 
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indicating an incomplete conversion of DHA to DHA-Cl. This led to difficulties in the 

next step in the attachment of DHA to the SES protected macrocycle.  

 

Scheme 2: Convergent synthesis of fatty acid appended OHPyN3 utilizing THP and SES 

protecting groups.  
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In addition, the deprotection of the SES protecting groups from the three aza centers was 

unsuccessful leading to decomposed macrocycle or partially protected macrocycle. The 

complications with deprotection of the SES macrocycle were too significant to overcome and 

required that a different synthetic route be employed. The results of this synthetic approach 

required that we rework our synthetic strategy and alter the structure of the target molecule.  A 

new synthetic approach required a protecting group other than the SES protecting groups and 

was conducive to the attachment of a fatty acid in an ester linkage with the pyridoxal moiety.   
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V. Computational analysis of fatty acid-appended OHPyNMe3 

The difficulties of the SES protection route necessitated a change to the target molecule. 

In addition, the results of the computational analysis of unaided OHPyN3 indicated the need to 

increase the clogP of OHPyN3 to improve its BBB permeability potential. While the low 

partition coefficient of unaided OHPyN3 is one of the parameters that contributed to the low 

values of logBB for OHPyN3, the high PSA of OHPyN3 (due to its four amino groups and one 

hydroxyl moiety) was also a problematic component of the calculation. A new target molecule 

was proposed to increase the BBB permeability potential of our target molecule as well as 

overcome the synthetic difficulties of the SES protection route. To both protect the four aza 

moieties of OHPyN3 as well as decrease its PSA and hydrogen bond donating capabilities, a 

methylated OHPyN3, OHPyNMe3, was proposed to be used for the attachment of an omega-3 

fatty acid. To assess the potential benefit of appending omega-3 fatty acids to the pyridoxal 

function of OHPyNMe3, a similar computational study of OHPyNMe3 appended by various 

omega-3 fatty acids (DHA, EPA, and ALA) was conducted via the previously stated 

parameters (Table 5). 

Table 5: Values (MW, clogP, HBA, HBD, PSA, log BB) for OHPyNMe3 with omega-

3 fatty acid appendages (DHA, EPA, ALA). 

 

Compound MW clogP HBA HBD 

Lipinski 

Violations PSA (Å) logBB 
OHPyNMe3 with 

DHA 574.42 7.44 6 0 2 48.38 0.554 
OHPyNMe3 with 

EPA 548.82 6.92 6 0 2 48.38 0.475 
OHPyNMe3 with 

ALA 524.41 6.73 6 0 2 48.38 0.446 

Lipinski's 

Rules & Other 

Parameters ≤ 500 ≤ 5.0 ≤ 10 ≤ 5 ≤ 1 ≤ 90 

> 3.0 (readily); 

< -1.0 (poorly) 
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As seen in Table 5, clogP increased drastically for all of the proposed fatty acid-appended 

OHPyNMe3 molecules in comparison to unappended, unmethylated OHPyN3. As a direct 

consequence of the increase in the value for clogP, the values of logBB also increased. In 

contrast to the proposed fatty acid appended OHPyN3 molecules, the logBB of the fatty acid 

appended OHPyNMe3 molecules increased to positive values. This indicates an even greater 

increase in the permeability potential of these target molecules in comparison to the previously 

proposed library. The positive values of logBB indicate that the new proposed library of fatty 

acid appended ligands have the potential to cross the BBB. While these data need to be 

supported by a follow-up PAMPA-BBB assay, the results are a promising and warrant a second 

change to our synthetic approach. The results of the synthesis of the fatty acid appended 

OHPyNMe3 are discussed further in this work. 

 

VI. Fatty acid-appended OHPyNMe3 synthesis 

The synthetic results of the SES protection route guided the methods for the synthetic 

pathway of OHPyNMe3 and the subsequent attachment of the omega-3 fatty acid, DHA. The 

successful synthetic procedures for the top portion of the macrocycle (intermediates 1 – 5) 

from the SES protection route allowed for those same procedures to be used in the synthetic 

strategy of OHPyNMe3 (Scheme 2). However, due to the unsuccessful deprotection attempts 

of the SES from the 3 aza centers in the macrocycle, a new different protection strategy had to 

be utilized for 1,4,7-triazaheptane in preparation for cyclization. 2-nitrobenzenesulfonyl 

(Ns) groups were chosen to be the method of protection for the 3 aza centers of 1,4,7-

triazaheptane via a modified procedure based on the work of Nicak et al. and used 

successfully by the Green group for cyclization strategies (Scheme 3).33  
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As seen in Scheme 3, after the successful cyclization leading to the THP, Ns protected 

OHPyN3, the macrocycle was deprotected utilizing a one-step reaction that resulted in 

OHPyN3∙3HCl containing inorganic salts. OHPyN3∙3HCl could then be utilized for a 

methylation reaction utilizing the Eischweiler-Clarke mechanism which leads to methylation 

only at the nitrogen centers of the macrocycle. This prevents the possibility of methylation 

occurring at the free hydroxyl group. The successful Eischweiler-Clarke reaction led to the 

formation of OHPyNMe3 which was further purified with cold isopropanol washes to remove 

sodium formate salts, followed by an extraction with CH2Cl2 to yield the clean methylated 

macrocycle.  

The attachment of the DHA to the methylated macrocycle was then attempted as the 

nitrogens were protected and the only possible reacting center would be the pyridine –OH. The 

synthesis of docosahexaenoyl chloride was based on a modified procedure proposed by 

Kamenecka et al.34 This group had shown in the past that it was possible to convert a fatty acid 

such as DHA to the corresponding chloride which could then be used immediately to make a 

amide. In this particular method, we sought to use this method to make a covalent ester linkage 

with the pyridoxal moiety on OHPyNMe3.   
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Scheme 3: Convergent synthesis for fatty acid appended OHPyNMe3 utilizing THP and Ns 

protecting groups. 

The crude DHA-Cl was immediately used to react with OHPyNMe3 to generate the DHA 

appended OHPyNMe3. This reaction was conducted in acetonitrile overnight to yield a crude 

oil. The crude mixture was concentrated and purified with extraction with CH2Cl2. Upon 
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examination of the NMR of the concentrated organic phase, it was determined that there was 

no OHPyNMe3 in resulting crude oil. The OHPyNMe3 remained in the aqueous layer after the 

extraction with no fatty acid appendage. The failure to isolate of DHA appended OHPyNMe3 

could be the result of species in the reaction flask that led to the hydrolysis of the DHA-Cl. 

The presence of water or NaOH that remained from the basification of OHPyNMe3 in the step 

prior to the attachment of the fatty acid could lead to the hydrolysis of the fatty acyl chloride. 

For future attempts of attachment of a fatty acyl chloride to OHPyNMe3, it is recommended 

that the basification of OHPyNMe3 is accomplished with K2CO3 so that if there is residual base 

in the reaction, it would not lead to the hydrolysis of the acyl chloride. These results indicate a 

need to modify the last steps in the attachment of the fatty acid to the macrocycle.   
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Experimental 

I. General experimental notes 

General Methods. All reagent and solvents were obtained from commercial sources and 

used as received unless noted otherwise. All reactions were carried out under inert atmosphere. 

Deionized ultrapure water was obtained from a four-stage Millipore filter system and used to 

prepare all solutions. 1H NMR spectra were recorded at 400 MHz on a Bruker Avance 

spectrometer using deuterated solvents, and spectra were referenced using TMS as a reference 

in CDCl3 (in parts per million e.g., TMS 𝛿 = 0.00 ppm) and the corresponding residual solvent 

resonance (in parts per million; e.g., H2O, 𝛿 = 4.79 ppm). For proper identification of the NMR 

signals, the following abbreviations were used: s = singlet, d = doublet, t = triplet, q = quartet, 

and m = multiplet. When noted, purification of the compounds was accomplished with column 

chromatography using silica gel (porosity 60 Å, particle size 40-63 μm). Thin Layer 

Chromatography (TLC) plates were developed using iodine or UV light (λ = 254 nm) when 

possible. 

 

II. PAMPA-BBB assay 

PAMPA-BBB experiments of compounds were conducted via a PAMPA Evolution96TM 

instrument (commercial assay by Pion, Inc.). The permeability of each compound was 

determined in buffers of varying pH of 4.5, 7.4, and 10.0. In PAMPA, a sandwich is formed 

such that each composite well is divided into two chambers, separated by a 125 μm microfilter 

disc (0.45 μm pores), coated with Pion BBB-1 phospholipid mixture. At the start of the test, 

the drug-free acceptor compartment was filled with acceptor buffer (BSB) containing a 

chemical scavenger. The proprietary chemical scavenger mimics sink conditions due to 



 24 

binding compounds to the brain tissue and effectively eliminates ABL in the acceptor 

compartment. The aqueous solutions of studied compounds were created by diluting and 

thoroughly mixing 3 μL of DMSO stock in 600 μL of Prisma HT buffer. The reference solution 

is identical to the donor at time zero, so that any surface adsorption effects from the plastic 

ware is compensated. The PAMPA sandwich was assembled and allowed to incubate for 20 ± 

5 hours. The sandwich was then separated, and both the donor and receiver compartments were 

assayed for the amount of drug present by comparison with the UV spectrum obtained from 

reference standards. Mass balance was used to determine the amount of material remaining in 

the membrane filter and on the plastic (%R). Sample powders of OHPyN3 and OHPy2N2 pre-

weighed in glass vials were brought to the room temperature at the day of the experiment. The 

samples were diluted with organic solvent DMSO to prepare stock solutions at concentration 

~20mM. The stock solution for OHPyN3 appeared slightly turbid. Solution was vortexed and 

sonicated for few minutes to insure a homogeneous particles distribution and was introduced 

in the experiment. The stock solution for OHPy2N2 appeared clear; no precipitation was 

observed at room temperature. The stock solutions were further diluted with buffers at pH 

values 4.5, 7.4 and 10.0 producing the aqueous samples` solutions at concentrations ~100 μM. 

The amount of DMSO in the resulting solution was <0.5% (v/v). After permeation, the 

sandwich is disassembled and the UV spectra are scanned from 190 nm to 500 nm. The 

spectrum of a reference solution is used to determine the relative concentration in both the 

donor and acceptor. The permeability coefficients are then calculated from these relative 

concentrations.  
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III. Computational analysis methods 

Computational analyses were conducted utilizing a MolinspirationTM software that predicts 

properties of a molecule based on the structure inputted into the program. LogBB was 

calculated according to methods previously reported by Dr. Mi Hee Lim and coworkers (logBB 

= -0.0148 x PSA + 0.152 x clogP + 0.13).27 The values obtained for logBB were utilized to 

predict whether or not the given target molecule would be found in the CNS.  

  

IV. Synthetic procedure for Diethyl 4-(hexanoyloxy)-2,6-

pyridinedicarboxylate 

Synthesis of diethyl 4-(hexanoyloxy)-2,6-pyridinedicarboxylate (1). Diethyl 

chelidamate (2.01 g, 8.41 mmol), K2CO3 (1.39 g, 10.0 mmol), and CH2Cl2 (50 mL) was added 

to a two-neck 250-mL round-bottomed flask. Hexanoyl chloride (1.13 g, 8.37 mmol) was 

added dropwise to the reaction mixture and stirred. A condenser was placed on the top of the 

flask and the reaction mixture was refluxed. After 40 h, the flask was cooled to room 

temperature and the solvent was removed under reduced pressure. Water (50 mL) was added 

to the flask and the mixture was extracted with EtOAc (50 mL × 5). The organic extracts were 

combined, dried over anhydrous Na2SO4, and concentrated under reduced pressure to obtain 

the 1 (2.74 g, 8.00 mmol, 95%) as a tan oil, which solidified after 2 days on standing. NMR 

(CDCl3, 𝛿/ppm): 1H (400 MHz) 8.03 (s, 2H), 4.45 (q, 4H J = 7.2 Hz), 2.58 (t, 2H, J = 7.6 Hz), 

1.73 (quintet, 2H, J = 7.4 Hz), 1.46-1.28 (m, 10H), 0.89 (t, 3H, J = 7.1 Hz); 13C (CDCl3, 101 

MHz) 170.5, 164.0, 159.3, 150. 5, 121.1, 62.5, 34.2, 31.1, 24.3, 22.2, 14.2, 13.8.  
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V. Synthetic procedure for DHA attached SES protected OHPyN3 

Synthesis of diethyl 4-hydroxy-2,6-pyridinedicarboxylate (2). Chelidamic acid (1) (20.4 

g, 0.111 mol) was added to a 500-mL round-bottom flask with 200 mL of abs. EtOH. The flask 

was then cooled to 0° C.  Thionyl chloride (SOCl2) (23.7 mL, 0.327 mol) was added dropwise 

to the reaction flask with an addition funnel. After complete addition, the reaction mixture was 

refluxed at 80° C for 4 h. The oil bath was removed and the reaction was continued at rt 

overnight. The mixture was concentrated using a water aspirator pump and the resulting dark 

brown oil was rinsed with toluene (2 x 100 mL) and the solvents were removed using rotary 

evaporation. Na2CO3 and water (40 mL) were added to the resulting oil. Diethyl ether (40 mL) 

was added to the oil to promote crystallization. The resulting crystals were isolated by vacuum 

filtration. The isolated solid crystals were then dissolved in CHCl3. The resulting mixture was 

placed on top of a silica gel column and washed with CHCl3. The fractions containing the 

product were collected and the solvent was evaporated to obtain 2 as a white solid (19.7 g, 82.3 

mmol, 74%). NMR (CDCl3, 𝛿/ppm): 1H (400 MHz) 7.16 (s, 2H), 4.49 (q, 4H, J = 8.0 Hz), 1.71 

(br s, 1H, OH), 1.45 (t, 6H, J = 4.0 Hz). 

Synthesis of diethyl 4-[(tetrahydro-2H-pyran-2-yl) oxy]-2,6-pyridinedicarboxylate 

(3). 2 (5.04 g, 21.1 mmol) and CH2Cl2 (70 mL) was added to a 3 neck 250 mL round-bottom 

flask. 3,4-dihydro-2H-pyran (7.87 mL, 86.1 mmol) and p-toluenesulfonate (PPTS) (0.529 g, 

2.11 mmol) was added and the mixture was refluxed. After 16 h, the mixture was cooled and 

washed with brine (2 × 20 mL) followed by water (2 × 20 mL). The organic fractions were 

dried (Na2SO4). The solvent was then evaporated under reduced pressure to yield a tan oil. 

This oil was dried overnight using oil pump vacuum to obtain a white precipitate. The resulting 

crude solid was purified by flash column chromatography (Rf = 0.24, SiO2, CH2Cl2:EtOAc = 
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15:1 with 1% triethylamine). The product containing fractions were collected and the solvent 

was removed under reduced pressure. Hexane was added to the resulting yellow oil and a white 

solid formed upon sonication. The mixture was cooled to -35 °C to facilitate precipitation. The 

precipitate was isolated by vacuum filtration and dried using oil pump vacuum to obtain 3 as 

a white solid (5.06 g, 15.6 mmol, 74%). NMR (CDCl3, 𝛿/ppm): 1H (400 MHz) 7.94 (s, 2H), 

5.71 (t, 1H, J = 2.8 Hz), 4.49 (q, 4H, J = 8.0 Hz), 3.80 (td, 1H, J = 11.2, 2.8 Hz), 3.69 (dtd, 1H, 

J = 11.6, 4.8, 1.6 Hz), 2.08 – 1.66 (m, 6H), 1.48 (t, 6H, J = 7.2 Hz). 

Synthesis of 4-[(tetrahydro-2H-pyran-2-yl) oxy]-2,6-pyridinedimethanol (4). 3 (5.05 

g, 15.6 mmol) and abs. EtOH (50 mL) was added to a 250-mL round-bottom flask and the 

mixture was cooled to 0 °C. Sodium borohydride (3.10 g, 81.9 mmol) was added to the reaction 

mixture in portions. The resulting reaction mixture was stirred at 0 °C for 1 h and 25°C for 2 

h. The condenser was placed on the top of flask and the mixture was refluxed overnight. The 

mixture was cooled and the solvent was evaporated under reduced pressure to obtain a waxy 

solid. Acetone (60 mL) was added and the mixture was refluxed for 1 h. The mixture was 

cooled and the solvent was evaporated under reduced pressure. A solution of K2CO3 (16 g in 

45 mL of water) was added to the residue and the mixture was refluxed for 2 h. The solvent 

was then concentrated under reduced pressure and brine (15 mL) was added to the residue. The 

mixture was extracted with chloroform (3 × 45 mL). The organic layers were combined and 

dried over anhydrous Na2SO4 and then concentrated under reduced pressure to give a light 

yellow solid, which was dried overnight using oil pump vacuum to obtain a sticky white solid. 

The solid was washed with hexanes and dried to obtain 4 as a white solid (1.70 g, 7.10 mmol, 

46%). NMR (MeOD, 𝛿/ppm): 1H (400 MHz) 7.10 (s, 2H), 5.66 (t, 1H, J = 2.8 Hz), 4.63 (s, 

4H), 3.83 (td, 1H, J = 10.6, 3.2 Hz), 3.65 (dtd, 1H, J = 11.2, 4.4, 1.2 Hz), 2.10 – 1.42 (m, 6H). 
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Synthesis of 4-[(tetrahydro-2H-pyran-2-yl )oxy]-2,6-pyridinedimethyl ditosylate (5). 

4 (1.68 g, 7.04 mmol) was vigorously stirred in a mixture of CH2Cl2 and 40% aqueous KOH 

solution (40 mL of each) at 0 °C. Tosyl chloride (2.96 g, 15.5 mmol) was added to the flask in 

one portion. The resulting reaction mixture was stirred for 1 h at 0 °C and then at room 

temperature for 4 h. The mixture was then washed into a separatory funnel with water and 

CH2Cl2 (80 mL of each). The resulting mixture was then extracted. The aqueous phase was 

then shaken with CH2Cl2 (3 × 80 mL). The combined organic phases were dried over 

anhydrous Na2SO4 and the solvent was evaporated under reduced pressure to yield a colorless 

oil. Anhydrous MeOH was added to the crude product and the mixture was then sonicated for 

10 minutes to yield 5 as a white precipitate which was then filtered and dried under vacuum 

(2.65 g, 4.84 mmol, 69%). NMR (CDCl3, 𝛿/ppm): 1H (400 MHz) 7.82 (d, 4H, J = 8.0 Hz), 

7.35 (d, 4H, J = 8.0 Hz), 6.98 (s, 2H), 5.51 (t, 1H, J = 2.8 Hz), 5.00 (s, 4H), 3.75 (td, 1H, J = 

11.2, 2.8 Hz), 3.64 (dtd, 1H, J = 10.8, 4.0, 1.6 Hz), 2.46 (s, 6H), 2.06 – 1.63 (m, 6H). 

Synthesis of sodium 2-(trimethylsilyl) ethanesulfonate (7). Vinyltrimethylsilane 

(6) (38 mL, 26 g, 260 mmol), methanol (100 mL), and tert-butyl perbenzoate (0.99 mL, 

1.0 g, 5.2 mmol) was added to a three-neck 500-mL round-bottom flask. To this, a 

solution of NaHSO3 (52.0 g, 500 mmol) in water (100 mL) was added. The flask was 

equipped with a reflux condenser, and the resulting suspension was heated in an oil bath 

at 50 °C under nitrogen for 48 h. The suspension was concentrated under reduced 

pressure using rotary evaporation followed by azeotropic removal of the residual water 

with methanol (2 × 35 mL). Methanol (300 mL) was added to the resulting white solid, 

and the resulting suspension was stirred vigorously for 10 min. The mixture was filtered 

through a pad of Celite into a 500-mL, round-bottomed flask, and the filtrate was 
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concentrated on a rotary evaporator. The filter cake was resuspended in 300 mL of 

methanol and stirred vigorously for 10 min, filtered into the vessel containing the 

original filtrate, and further concentrated. The preceding operations were repeated again 

on the filter cake. After the final concentration of the combined filtrates, the resulting 

white solid was dried to yield 7 containing salts (47.8 g, 0.234 mmol, 90% yield). NMR 

(DMSO-d6, 𝛿/ppm): 1H (400 MHz) 3.34 (broad s, OH), 2.32 (AA’XX’, 2H, JAA’ = 14.2 

Hz, JAX’ = 13.8 Hz, JXX’ = 13.5 Hz, JAX = 4.0 Hz), 0.81 (AA’XX’, 2H, JAA’ = 14.2 Hz, 

JAX’ = 13.8 Hz, JXX’ = 13.6 Hz, JAX = 4.0 Hz), -0.03 (s, 9H). 13C{1H} (101 MHz) 46.5, 

11.9, -1.8. 

Synthesis of 2-(trimethylsilyl) ethanesulfonyl chloride (8). Sulfuryl chloride (4.6 

mL) was added dropwise via an addition funnel to a solution of triphenylphosphine 

(PPh3) (13.5 g) in CH2Cl2 (20 mL) at 0° C. After the solution was stirred for 10 minutes, 

a sample of 7 (5.6 g, 27.4 mmol) was added in portions. After the reaction was run for 

an additional 30 minutes at 0° C, the ice bath was removed and the resulting yellow 

solution was stirred for 24 hr. The resulting mixture was then added dropwise via an 

addition funnel to a 500-mL round-bottom flask containing 100 mL of pentanes with 

vigorous stirring. After 20 minutes of stirring, the suspension was diluted with an 

additional 100 mL of pentanes. The resulting solution was filtered through a 5.5 cm pad 

of silica packed with pentanes. The filter cake was washed with a solution of 5% diethyl 

ether in pentane (1 L). The filtrate was then concentrated under reduced pressure to 

yield the crude product which was a yellow oil. The oil was then put in the freezer (-20° 

C) to yield solid crystals of 8 (4.68 g, 23.3 mmol, 85% yield). NMR (CDCl3, 𝛿/ppm): 1H 

(400 MHz) 3.61 (broad s, OH), 1.31 (AA’XX’, 2H, JAX’ = 14.3 Hz, JAA’ = JXX’ = 13.8 Hz, JAX 
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= 3.9 Hz), 0.81 (AA’XX’, 2H, JAX’ = 14.3 Hz, JAA’ = JXX’ = 13.8 Hz, JAX = 3.9 Hz), 0.12 (s, 

9H). 13C{1H} (101 MHz) 63.5, 12.0, -1.9.  

Synthesis of 1,4,7-tris[2-(trimethylsilyl) ethanesulfonyl]-1,4,7-triazaheptane (9). A 

500-mL round bottom flask was charged with triethylamine (5.22 mL, 0.052 mmol), 

diethylenetriamine (0.69 mL, 0.006 mmol), and CH2Cl2 (20 mL). The mixture was stirred at 

−20 °C (1:3 NaCl/ice). A solution of 8 (5.72 g, 0.029 mmol) in CH2Cl2 (15 mL) at −20 °C was 

added dropwise to this reaction mixture over ca. 10 min, and the reaction temperature was 

maintained at −20 °C. After 3 h, the reaction mixture was poured into water (30 mL). The 

resulting solution was extracted with CH2Cl2 (3 × 30 mL). The organic phases were combined, 

washed with brine (30 mL), and dried using anhydrous Na2SO4. The solvent was evaporated 

using rotary evaporation and the residue was purified using silica gel column chromatography 

(CH2Cl2:EtOAc = 9:1). The product containing fractions was combined and the sample was 

concentrated to obtain a viscous yellow oil. Hexanes (20 mL) were added, and the mixture was 

kept at −35 °C for 1 h during which a white precipitate formed. The mixture was filtered to 

obtain 9 as a white solid (1.029 g, 0.002 mol, 27%). NMR (CDCl3, 𝛿/ppm): 1H (400 MHz) 

5.10 (t, 2H), 3.45 (m, 4H), 3.38 (m, 4H), 3.10-2.90 (m, 6H), 1.04 (m, 6H), 0.08 (m, 28H). 

Synthesis of SES, THP-protected OHPyN3 (9). 8 (1.427 g, 2.39 mmol) and Cs2CO3 

(2.34 g, 7.17 mmol) were combined in 30 mL of DMF. A solution of 5 (1.309 g, 2.39 

mmol) in 30 mL of DMF was added dropwise. The reaction mixture was stirred at room 

temperature for 24 h. The solvent was removed under reduced pressure using rotary 

evaporation, and the residue was transferred to a separatory funnel with CH2Cl2 (70 mL) 

and water (70 mL). The aqueous solution was extracted with CH2Cl2 (2 × 70 mL). The 

combined organic extracts were washed with brine (70 mL), dried over anhydrous 
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Na2SO4, filtered, and concentrated under reduced pressure. The resulting yellow oil was 

purified by column chromatography (SiO2, CH2Cl2:EtOAc = 20:1 with 1% TEA, Rf = 

0.8) to yield 9 as a white solid (63% yield). NMR (CDCl3, 𝛿/ppm): 1H (400 MHz) 7.10 

(s, 2H), 5.57 (t, 1H, J = 2.8 Hz), 4.44 (m, 4H), 3.77 (td, 1H, J = 11.0, 2.8 Hz), 3.68-3.60 

(m, 1H), 3.60-3.45 (m, 4H), 3.12 (broad s, 4H), 2.97 (AA’XX’, 4H, JAX’ = 14.2 Hz, JAX 

= 3.8 Hz, JAA’ = JXX’), 2.82 (AA’XX’, 2H, JAX’ = 14.1 Hz, JAX = 3.9 Hz, JAA’ = JXX’), 

2.03-1.83 (m, 3H), 1.03 (AA’XX’, 4H, JAX’ = 14.2 Hz, JAX = 3.8 Hz, JAA’ = JXX’), 0.92 

(AA’XX’, 2H, JAX’ = 14.1 Hz, JAX = 3.9 Hz, JAA’ = JXX’), 0.07 (s, 18H), 0.01 (s, 9H). 

13C{1H} (101 MHz) 165.5, 157.1, 111.7, 96.1, 62.2, 55.4, 49.4, 48.5, 47.4, 47.2, 29.7, 

24.8, 18.2, 10.3, 10.2, -1.96. 

Synthesis of SES-protected OHPyN3 (10). 9 (1.00 g, 1.25 mmol) was dissolved in a 

mixture of CH2Cl2 (50 mL) and MeOH (50 mL). PPTS (0.31 g, 1.25 mmol) was added in one 

portion and the resulting solution was refluxed under nitrogen for 18 h. The solvents were 

evaporated under reduced pressure and the resulting colorless oil was washed into a separatory 

funnel with CH2Cl2 (60 mL). The organic phase was washed with 150 mL of H2O:brine 

mixture (1:1). The aqueous phase was then extracted with CH2Cl2 (2 × 60 mL). The organic 

fractions were combined and dried with anhydrous Na2SO4. The solvent was then evaporated 

under reduced pressure using rotary evaporation. The resulting off-white foamy solid was 

purified by column chromatography (SiO2, CH2Cl2:EtOAc = 2:1, Rf ~ 0.7) yielding colorless 

oil which solidified under vacuum overnight, to form 10 as white crystalline solid (94% yield). 

NMR (CDCl3, 𝛿/ppm): 1H (400 MHz) 7.19 (s, 2H), 4.72 (s, 4H), 3.74 (m, 4H), 3.51 (m, 4H), 

3.10 (AA’XX’, 4H, JAA’ = JXX’ = 14.3 Hz, JAX’ = 14.2 Hz, JAX = 3.8 Hz), 2.87 (AA’XX’, 2H, 

JAX’ = 13.9 Hz, JAX = 3.8 Hz, JAA’ = JXX’), 1.05 (AA’XX’, 4H, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 
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JAA’ = JXX’), 0.93 (AA’XX’, 2H, JAX’ = 14.1 Hz, JAX = 3.9 Hz, JAA’ = JXX’), 0.07 (s, 18H), 0.04 

(s, 9H). 13C{1H} (101 MHz) 173.2, 150.8, 111.1, 56.0, 52.6, 45.9, 41.4, 9.6, 8.8, -2.1, -2.2. 

Synthesis of docosahexaenoyl chloride (11). A 50-mL Schlenk flask was charged with 

SOCl2 (0.2 mL, 2.64 mmol), CH2Cl2 (5 mL), and stirred. The flask was cooled to 0 °C and cis-

4,7,10,13,16,19-Docosahexaenoic acid (DHA) (0.318 g, 0.001 mmol) was added dropwise. 

The mixture was stirred for 2 h at 0 °C. The excess thionyl chloride was removed under vacuum 

at room temperature to obtain 11 as a tan oil. It was upon analyzing the resulting NMR, it was 

determined that 11 was not fully synthesized and instead the oil reflected starting material. 

This indicated that this synthetic pathway could not be used to synthesize DHA-Cl. 

Synthesis of DHA appended, SES-protected OHPyN3 (12). A solution of 10 (0.436 

g, 0.600 mmol) in CH2Cl2 (15 mL) was added to a 100-mL round-bottom and stirred at 

0 °C. Triethylamine (0.45 mL, 0.003 mol) was added to the flask followed by dropwise 

addition of 11 (0.23 g, 0.700 mmol) in CH2Cl2 (5 mL). The ice bath was removed, and 

the mixture was stirred for 16 h at room temperature. The solvents were removed and 

the crude mixture. CH2Cl2 was added and the mixture was washed with NaHCO3 (2 × 

25 mL), brine (25 mL), and H2O (2 × 25 mL). It was at this step that it was determined 

by a co-worker in the laboratory that the SES group could not be removed from the 

macrocycle successfully. Thus, this synthetic step was not characterized and this 

pathway was abandoned as a synthetic route towards achieving a fatty acid appended 

macrocycle.  
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VI. Synthetic procedure for fatty acid-appended OHPyNMe3 

Synthesis of diethyl 4-hydroxy-2,6-pyridinedicarboxylate to 4-[(tetrahydro-2H-

pyran-2-yl) oxy]-2,6-pyridinedimethyl ditosylate (2 – 5). The synthetic methods for 

intermediates 2 – 5 are the same as was previously reported in the synthetic procedure for DHA 

appended, SES-protected OHPyN3.  

Synthesis of 1,4,7-Tris(2-nitrobenzenesulfonyl)-1,4,7-triazaheptane (7). A three-

necked round-bottom flask was charged with 2-nitrobenzenesulfonyl chloride (25.10 g, 0.113 

mol) in CH2Cl2 (300 mL) and stirred. Diethylenetriamine (6) (3.8 mL, 0.035 mol) and 

triethylamine (8.3 mL, 0.060 mmol) in CH2Cl2 (100 mL) were added dropwise to this mixture. 

The mixture was stirred at room temperature for 20 h. The solvent was concentrated using 

rotary evaporation to obtain an orange mixture, which was washed with sat, aqueous NaHCO3. 

The organic layer was extracted with H2O (3 × 75 mL), dried over anhydrous Na2SO4, and the 

solvent was removed under reduced pressure to yield an orange foam. The crude product was 

recrystallized from CH2Cl2/CHCl3 (9:1) to give 7 as an off-white solid (21.87 g, 0.033 mmol, 

95%). NMR (DMSO-d6, 𝛿/ppm): 1H (400 MHz) 3.04 (t, 4H), 3.36 (t, 4H), 7.77 (m, 12 H). 

13C{1H} (101 MHz): 42.0, 48.6, 125.2, 125.3, 130.1, 130.3, 131.7, 133.0, 133.3, 133.4, 134.8, 

135.4, 148.2. 

 Synthesis of THP, Ns-protected OHPyN3 (8). 5 (2.30 g, 4.12 mmol) was added to a 250-

mL round-bottom flask with anhydrous DMF (60 mL). This resulting solution was added 

dropwise to a mixture of 7 (2.90 g, 4.39 mmol) and Cs2CO3 (5.77 g, 17.7 mmol) in anhydrous 

DMF (60 mL) in a 3-neck 250 mL round-bottom flask. The mixture was stirred at room 

temperature overnight. Toluene (5 × 200 mL) was added and the solvents were removed using 

rotary evaporation. CH2Cl2 (125 mL) was added and the mixture was washed 0.1 M NaOH (1 
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× 125 mL) and with water (2 × 125 mL). The organic phase was then separated and was washed 

again with 15% brine (1 × 125 mL). The organic layer was separated and dried over anhydrous 

Na2SO4. The organic layer was concentrated using rotary evaporation to yield a yellow oil. 

Ethyl acetate (3 × 100 mL) was added to the oil and was removed using rotary evaporation to 

yield a yellow solid. The resulting solid was then vacuum filtered and rinsed with 0.1 M NaOH 

(30 mL), water (30 mL), and diethyl ether (30 mL). The resulting solid was placed dried under 

vacuum overnight to obtain 8 as a yellow solid (3.09 g, 3.59 mmol, 87%). NMR (CDCl3, 

𝛿/ppm): 1H (400 MHz) 8.09 – 8.02 (m, 3H), 7.75 – 7.60 (m, 9H), 7.11 (s, 2H), 5.55 (t, 1H, J = 

2.8), 4.54 (s, 4H), 3.79 (td, 1H, J = 11.2, 2.8 Hz), 3.67 (dtd, 1H, J = 11.6, 4.44, 0.8 Hz), 3.56 

– 3.22 (br m, 8H), 2.04 – 1.63 (m, 6H). 

Synthesis of OHPyN3∙3HCl (9). 8 (3.09 g, 3.59 mmol) and K2CO3 (5.12 g, 30.7 

mmol) in DMF (50 mL) was added to a two-neck, 250-mL round-bottom flask. 

Thiophenol (1.52 mL, 1.64 g, 14.8 mmol) was added dropwise to this flask with a 

syringe. The mixture was stirred at room temperature overnight. Toluene (5 × 100 mL) 

was added to the mixture and the solvent was evaporated under reduced pressure 

resulting in a dark red oil. The oil was acidified with 1 M HCl (200 mL). This resulting 

aqueous solution was extracted with CH2Cl2 (3 × 100 mL). The aqueous phase was 

isolated and basified to a pH of 12 with cc. NaOH solution (4 mL). This solvent was 

removed from the basic aqueous phase via rotary evaporation to obtain a solid residue. 

Anhydrous MeOH (50 mL) was added to the solid residue and the mixture was vacuum 

filtered. The filter cake was washed with anhydrous MeOH (3 × 20 mL). The solvent 

was removed from the combined filtrate to yield a viscous oil. Anhydrous MeOH (10 

mL), cc. HCl (4 mL), and diethyl ether (100 mL) were added to the oil and a white 
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precipitate formed. The resulting mixture was vacuum filtered and the solid was dried 

overnight using oil pump vacuum to yield 9 as a light-yellow powder containing 

inorganic salts (2.52 g). NMR (DMSO-d6, 𝛿/ppm): 1H (400 MHz) 6.92 (s, 2H), 4.47 (s, 

4H), 3.40 (s, 4H), 3.29 (s, 4H). 

Synthesis of OHPyNMe3 (10). 9 (0.595 g, 1.79 mmol) was added to a 10-mL round-

bottom flask. To this, a mixture of 37% formaldehyde (2.08 mL, 27.9 mmol), and formic 

acid (1.28 mL, 27.9 mmol) was added dropwise while the mixture was stirred at 0ºC. 

The mixture was stirred for 30 minutes at 0ºC, 1 h at RT, 3 h at 80ºC, and 2.5 h at 95ºC. 

To this reaction mixture, cc NaOH (10 mL) was added resulting in a solution with a pH 

of 14. The solvent was evaporated via rotary evaporation, yielding a brown solid 

containing inorganic salts. Cold isopropanol (40 mL) was added to the solid and the 

flask was sonicated for 15 min. The mixture was then cooled in the freezer for 10 min. 

The solution was filtered via vacuum filtration. The inorganic salts on the filter were 

washed with cold isopropanol (3 × 5 mL). The solvent of the resulting filtrate was 

evaporated using rotary evaporation to yield a yellow solid with impurities. The solution 

was then extracted with CH2Cl2 and 0.1M NaOH (3 × 30 mL). The solvent of the organic 

phase was then evaporated with rotary evaporation to yield a light-yellow oil. It was 

initially thought that not all of the product was recovered, so the oil was recombined 

with the aqueous phase and the aqueous phase was evaporated under reduced to yield a 

mixture. Acetone (30 mL) was added to the mixture and the resulting mixture was 

filtered via vacuum filtration. The presence of aqueous NaOH in the solution with 

acetone led the conversion acetone into diacetone alcohol so this procedural step cannot 

be used in the future. The solvent of the resulting filtrate was removed via rotary 
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evaporation. The resulting mixture was then extracted with CH2Cl2 and 0.1 M HCl. This 

step was shown to be unnecessary as it was determined that the initial yellow oil 

following the first extraction was the clean product. The aqueous phase was evaporated 

to yield 10 as a yellow oil (0.330 g, 0.883 mmol, 49.3%). NMR (DMSO-d6, 𝛿/ppm): 1H 

(400 MHz) 6.79 (s, 2H), 4.46 (s, 4H), 3.30 (m, 4H), 3.01 (s, 6H), 2.30 (m, 4H), 2.25 (m, 

4H).   

Synthesis of Docosahexaenoyl chloride (11). The synthesis of docosahexaenoyl 

chloride was based on a modified procedure proposed by Kamenecka et al.34 

Docosahexaenoic acid (0.284 mL, 0.268 g, 0.817 mmol) and CH2Cl2 (15 mL) was added 

to a 50-mL round-bottom flask and stirred at 0ºC. To this mixture, oxalyl chloride (0.080 

mL, 0.124 g, 0.979 mmol) was added. One drop of catalytic DMF was added while the 

reaction was stirred at 0ºC. The ice bath was removed and the reaction was stirred for 2 

h at RT. The solvent was then removed under reduced pressure via rotary evaporation 

to yield 11 as a crude residue which was then utilized immediately for the next step in 

the synthetic pathway. Because this intermediate could not be characterized due to the 

reactivity of the DHA-Cl, it was undetermined if this reaction was successful.  

Synthesis of DHA appended OHPyNMe3 (12). 10 (0.180 g, 0.680 mmol) and K2CO3 

(0.565 g, 4.09 mmol) was added to a 50-mL round-bottom flask and dissolved in acetonitrile 

(20 mL) and stirred at RT. To this mixture, a solution of 11 in acetonitrile (10 mL) was added 

and stirred at RT for 16 h. The solvent was then removed under reduced pressure via rotary 

evaporation. The resulting oil was then extracted with CH2Cl2 and H2O (5 × 50 mL). The 

organic phase was then extracted once more with CH2Cl2 and saturated NaCl (5 × 50 mL). The 

organic phase was then dried over anhydrous NaSO4. The solvent was then removed under 
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reduced pressure via rotary evaporation to yield a dark brown oil. Upon analysis of the NMR, 

it was observed that the organic phase contained only DHA and not the attached macrocycle. 

These results indicated the need to append DHA to OHPyNMe3 through a different synthetic 

procedure.  
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Conclusions 

As a result of the efforts of this project, a new ligand, OHPyNMe3, was synthesized 

and subsequently characterized utilizing novel synthetic procedures that improved yields 

and purities of intermediates. The ability of this ligand to form ester and ether linkages 

opens the possibility of further modification of OHPyNMe3 with various natural molecules 

that can increase the BBB permeability of these molecules. In this specific project, an ester 

linkage was attempted to be synthesized on the pyridoxal moiety of OHPyNMe3 with the 

omega-3 fatty acid, DHA. The results of a computational analysis of this fatty acid 

appended ligand show promising predictions that this molecule could have the potential to 

be found in the CNS where this potential pharmaceutical would be active in combatting 

neurodegenerative diseases such as AD. The synthetic hurdles to accomplishing this ester 

appendage have proved to be difficult to overcome. Attempts to esterify the pyridoxal 

function of OHPyNMe3 have been unsuccessful to date. The results of a model reaction 

indicate that a pyridoxal moiety can be esterified. Future work on this synthetic pathway 

should focus on different methods of successfully converting the omega-3 fatty acid to the 

corresponding fatty acid chloride. If this can be successfully synthesized and characterized, 

it should be possible to successfully esterify the pyridoxal moiety of OHPyNMe3. The 

subsequent esterification should be achieved if the only possible reactive center towards 

the acyl chloride is the pyridoxal function. Care should be made to ensure anhydrous 

conditions to prevent hydrolysis of the acyl chloride. A different solvent other than 

acetonitrile, such as DMF, could be utilized for this final attachment. Once this target 

molecule is successfully synthesized, further studies will need to be conducted in vitro to 

assess the permeability of DHA appended OHPyNMe3. The results of this work indicate a 
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need for further investigation into the attachment of various biologically relevant molecules 

to OHPyNMe3. 

 

 

  



 40 

Supplementary Appendix 

 

Scheme S1: Synthetic pathway of diethyl 4-(hexanoyloxy)-2,6-pyridinedicarboxylate. 
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Scheme S2: Synthetic pathway of SES protected, fatty acid attached OHPyN3. 
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Scheme S3: Synthetic pathway of fatty acid appended OHPyNMe3. 
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Figure S1: 1H NMR of diethyl 4-(hexanoyloxy)-2,6-pyridinedicarboxylate in CDCl3 at 

25°C. 
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Figure S2: 13C NMR of diethyl 4-(hexanoyloxy)-2,6-pyridinedicarboxylate in CDCl3 at 

25°C. 
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Figure S3: 1H NMR of diethyl 4-hydroxy-2,6-pyridinedicarboxylate (2) in CDCl3 at 25°C. 
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Figure S4: 1H NMR of diethyl 4-[(tetrahydro-2H-pyran-2-yl) oxy]-2,6-

pyridinedicarboxylate (3) in CDCl3 at 25°C. 
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Figure S5: 1H NMR of 4-[(tetrahydro-2H-pyran-2-yl) oxy]-2,6-pyridinedimethanol (4) in 

MeOD at 25°C. 
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Figure S6: 1H NMR of 4-[(tetrahydro-2H-pyran-2-yl) oxy]-2,6-pyridinedimethyl 

ditosylate (5) in CDCl3 at 25°C. 
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Figure S7: 1H NMR of sodium 2-(trimethylsilyl) ethanesulfonate (7) in DMSO at 25°C. 
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Figure S8: 13C NMR of sodium 2-(trimethylsilyl) ethanesulfonate (7) in DMSO at 25°C. 
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Figure S9: 1H NMR of 2-(trimethylsilyl) ethanesulfonyl chloride (8) in CDCl3 at 25°C. 
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Figure S10: 13C NMR of 2-(trimethylsilyl) ethanesulfonyl chloride (8) in CDCl3 at 25°C. 
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Figure S11: 1H NMR of Synthesis of 1,4,7-tris[2-(trimethylsilyl) ethanesulfonyl]-1,4,7-

triazaheptane (9) in CDCl3 at 25°C. 
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Figure S12: 1H NMR of THP, SES Protected OHPyN3 (10) in CDCl3 at 25°C. 
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Figure S13: 13C NMR of THP, SES Protected OHPyN3 (10) in CDCl3 at 25°C. 
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Figure S14: 1H NMR of SES Protected OHPyN3 (11) in CDCl3 at 25°C. 
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Figure S15: 13C NMR of SES Protected OHPyN3 (11) in CDCl3 at 25°C. 
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Figure S16: 1H NMR of 1,4,7-Tris(2-nitrobenzenesulfonyl)-1,4,7-triazaheptane (7) in 

DMSO-d6 at 25°C. 
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Figure S17: 1H NMR of THP, Ns-protected OHPyN3 (8) in CDCl3 at 25°C. 
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Figure S18: 13C NMR of THP, Ns-protected OHPyN3 (8) in CDCl3 at 25°C. 
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Figure S19: 1H NMR of OHPyN3∙HCl (9) in DMSO at 25°C. 
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Figure S20: 1H NMR of OHPyNMe3 (10) in DMSO at 25°C. 
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