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ABSTRACT OF THE DISSERTATION 

 
 
 
 
 

 

Methods for the synthesis and detection of perfluorinated small molecules 

as tools for chemical biology 

 
 
 

by 
 
 
 

Margeaux Anna Miller 
 

Doctor of Philosophy in Chemistry 
 

University of California, Los Angeles, 2022 
 

Professor Ellen May Sletten, Chair 

 

The ability to study and manipulate living systems in their native environment is a major 

goal in the field of chemical biology. The incorporation of abiotic functionality into naturally-

occurring systems has facilitated the understanding of biomolecule function in vivo, the 

development of new drugs, and the design of biomaterials. Fluorine is an abiotic element that has 

seen broad use in medicinal chemistry. Fluorine’s high electronegativity and non-polarizability 

are further exaggerated in highly fluorinated molecules, like perfluorocarbons. This dissertation 

describes how the use of abiotic perfluorinated molecules can be used to study and manipulate 

biological systems. Highly perfluorinated saturated compounds form an orthogonal fluorous 
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phase, distinct from both water and organic solutions. This property enables the formation of 

perfluorocarbon nanoemulsions, which are droplets of fluorous solvent stabilized by surfactant  

and suspended in water. These stable nanomaterials have been used for oxygen delivery and 

imaging. This dissertation reports on methods for modifying and encapsulating payloads inside 

these fluorous droplets for therapeutic and imaging applications.  

Perfluorinated aromatic compounds are also distinct from their hydrocarbon counterparts 

with an inverted quadrupole moment due to fluorine’s electronegativity. These compounds have 

been used to modify peptides and proteins and enhance protein-protein interactions. Here, we 

designed macrocyclic hosts to bind perfluoroaromatics as an alternative approach to the 

bioorthogonal chemical reporter strategy. 

Chapter One is a review on the role of perfluorocarbons in chemical biology. The unique 

properties of perfluorocarbons are explained as they relate to reactivity, self-assembly, and 

magnetic resonance imaging. Perfluorinated biomolecules, materials, and probes are discussed as 

orthogonal tools to modulate biological systems.   

Chapter Two details a modular method to access branched, short-chain perfluorinated 

tags. These tags are biocompatible, while still providing fluorous solubility to payloads of 

interest. A branched, perfluorinated photosensitizer is prepared and found to be soluble in 

various clinically-relevant fluorous solvents. Encapsulation of this fluorous photosensitizer 

allowed for photodynamic therapy in cells.  

Chapter Three extends the fluorous tags developed in Chapter Two to other payloads for 

perfluorocarbon nanoemulsions. Temporary fluorous solubility of payloads of interest is 

explored through the use of cleavable linkers. By linking a fluorous tag to a coumarin through a 

self-immolative disulfide linker, a fluorous fluorogenic probe is accessed. This probe is used to 
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study payload stability within fluorous nanomaterials in the presence of thiols. A similar linking 

strategy is used to access a fluorous prodrug of small-molecule therapeutic, Gemcitabine.  

Chapter Four details the advances and limitations of the bioorthogonal chemical reporter 

strategy. While most improvements to bioorthogonal chemistry have been through the 

development of faster covalent reactions, non-covalent host-guest chemistry provides an 

alternative approach termed bioorthogonal complexation. Existing hosts can be repurposed for 

some applications of bioorthogonal complexation. Ideal guests for bioorthogonal complexation 

may require the design of new hosts. Abiotic perfluoroaromatics are considered as ideal guests 

for this approach due to their unique electronic character.  

Chapter Five discusses how Whitlock’s naphthalene-based cyclophane is repurposed to 

investigate arene-perfluoroarene interactions in host-guest systems. While this macrocycle did 

not bind perfluoroaromatics strongly, these studies informed the next iteration of hosts for 

perfluoroaromatic guests.  

Chapter Six describes an expanded phenanthrene-based cyclophane, which is designed to 

better accommodate the width of a perfluoroaromatic guest. This host binds pentafluorophenol 

with millimolar binding affinity in organic solvent. Substituents on the perfluoroaryl ring are 

found to further increase the binding affinity by at least an order of magnitude.  

Chapter Seven reports efforts toward the application of the phenanthrene-based host 

system in a multivalent version of bioorthogonal complexation. Various methods to modify the 

phenanthrene host with a conjugation handle are explored, such that phenanthrene host can be 

appended to a multivalent bead. Efforts to synthesize perfluoroaryl-modified mannosamine and 

sialic acid derivatives are described. Preliminary metabolic incorporation studies with these 

derivatives were performed.  
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CHAPTER ONE 
 

Perfluorocarbons in chemical biology 
 

Adapted from: Margeaux A. Miller, Ellen M. Sletten* “Perfluorocarbons in Chemical Biology” 
ChemBioChem 2020, 21, 3451−3462. DOI: 10.1002/cbic.202000297 

 
1.1 Abstract 

 
Perfluorocarbons, saturated carbon chains where all the hydrogen atoms are replaced with 

fluorine, form a separate phase from both organic and aqueous solutions. Though perfluorinated 

compounds are not found in living systems, they can be used to modify biomolecules to confer 

orthogonal behavior within natural systems, such as improved stability, engineered assembly, 

and cell-permeability. Perfluorinated groups also provide handles for purification, mass-

spectrometry, and 19F NMR studies in complex environments. Herein, we describe how the 

unique properties of perfluorocarbons have been employed to understand and manipulate 

biological systems.   

 

1.2 Introduction  

Selectivity in complex biological environments is obtained through the coordination of 

many non-covalent interactions. Biomolecules have evolved such that they can efficiently 

function without interfering with one another.  Complementary protein-substrate pairs have 

facilitated chemically-induced protein dimerization,1 protein-protein interactions,2 and multicolor 

microscopy experiments.3 Natural and synthetic membranes4 form from amphiphilic lipids and 

define boundaries and compartments, mediating the entry and exit of ions and metabolites.5 The 

exquisite specificity of DNA has resulted in an explosion of applications, including controlled 

cell-cell interactions,6 biosensors,7 and advanced nanomachines.8  
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Orthogonality has become an essential tool to allow chemical biologists to engineer 

selectivity in complex environments. Unique chemical handles enable natural systems to be 

probed and/or manipulated.9–11 Abiotic functional groups with selective, covalent reactivity are 

implicated in bioorthogonal chemistries to label, purify, and study biomolecules. Rare amino 

acid sequences confer binding to unnatural fluorophores and probes. In this review, we highlight 

orthogonality imparted by a single element, fluorine, and its implications in chemical biology.   

 

1.3 Properties of fluorine 

Fluorine is rarely found in living systems,12,13 yet has unique characteristics due to its 

high electronegativity, steric profile, and low polarizability. Fluorine has a van der Waals radius 

of 1.47 Å, which is in between the radii of the hydrogen and oxygen nuclei (Figure 1.1A). 

Carbon-fluorine bonds are strong (110 to 130 kcal/mol) with a bond length of 1.3 Å, longer than 

a C-H bond but shorter than a C-O bond (Figure 1.1B). The small size of fluorine, high 

metabolic stability of the C-F bond, and fluorine’s ability to dramatically change the electronics 

of a molecule have had the most widespread impact in the pharmaceutical industry, with 20–25% 

of current pharmaceuticals containing at least one fluorine atom.14,15 The applications of fluorine 

to medicinal chemistry have been extensively reviewed.16–21 The same fundamental properties of 

fluorine that render it prime for pharmaceutical optimization give rise to the distinct properties of 

perfluorocarbons, which we highlight herein. One further advantageous attribute of the fluorine 

atom is that the nucleus is NMR active with spin 1/2 and has 100% natural abundance, rendering 

fluorine an ideal contrast agent for magnetic resonance imaging (MRI).22 Unlike 1H NMR, 19F 

chemical shifts can vary drastically (>350 ppm) making 19F NMR a useful tool for sensing 

changes in conformation and environment.23  
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The effects of fluorine are intensified as the number of fluorine atoms on a carbon chain 

increases. Perfluorocarbons, molecules where all C-H bonds have been replaced by C-F bonds, 

create a separate phase from aqueous and organic solutions, demonstrating complete 

orthogonality to natural compounds. The separation of perfluorocarbons into the fluorous phase 

is attributed to the high electronegativity of fluorine atoms precluding van der Waals interactions 

with neighboring molecules.24,25 Perfluorocarbons would rather form a separate non-interacting 

phase than participate in induced dipole-induced dipole interactions with hydrocarbons or 

induced dipole-dipole interactions with water. Their low propensity for intermolecular 

interactions also explains the decreased boiling points of perfluorocarbons relative to their 

hydrocarbon counterparts (Figure 1.1C). It is important to note that the fluorous phase does not 

arise from enthalpically favorable fluorine-fluorine interactions, but rather the disinclination for 

perfluorinated molecules to interact with all other species.26 

 

Figure 1.1 Characteristics of perfluorocarbons as they relate to the C-F bond. A) Comparing 
hydrogen and fluorine nuclei. B) Comparing the C-H and the C-F bond and the methyl and the 
trifluoromethyl group. C) Comparing hydrocarbons and perfluorocarbons. The larger size of 
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fluorine increases the rotational barrier in perfluorocarbons making them more rigid.27–33 The 
larger size of fluorine also increases the overall surface area of perfluorocarbons making them 
more hydrophobic. The low polarizability of fluorine and C-F bonds leads to few intermolecular 
forces and low boiling points.24,25,34 
 

When perfluorinated amphiphiles are placed in water, another intriguing effect is 

observed. The perfluorinated surfactants self-assemble into micelles and/or vesicles with a ΔG 

that is lower than analogous hydrocarbon surfactants.35 This phenomena, referred to as the 

fluorous effect, originates from the larger size of fluorine as compared to hydrogen (Figure 

1.1C).36 Thus, perfluorinated amphiphiles have more high-energy water molecules associated 

with them than hydrocarbon amphiphiles of the same length. Upon self-assembly, more water 

molecules are released, resulting in an extreme version of the hydrophobic effect.   

As demonstrated by the fluorous phase and the fluorous effect, the unique properties of 

perfluorocarbons can generally be attributed to the high electronegativity and increased size of 

fluorine compared to hydrogen. These simple, yet powerful attributes provide orthogonality in 

complex environments that allow for protein-protein stabilization, self-assembly in membranes, 

enhanced permeability, altered cell surfaces, and biomolecule purification and 

immobilization.37,38 In this review, we primarily describe applications of perfluorocarbons in 

chemical biology as molecules containing CF3 groups or longer perfluorinated chains. We note 

that while trifluoromethyl groups do not strictly fall under the definition of perfluorocarbons, 

multiple CF3 groups on one structure can often convey similar properties to a single, longer 

perfluoroalkyl chain.39–42 Other fluorinated compounds, such as those containing single fluorine 

atoms or sp2 C-F bonds, also have intriguing properties which have been described elsewhere.43–

45 
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1.4 Perfluorination of peptides and proteins  

1.4.1 Incorporation of perfluorinated amino acids  

Hydrophobicity mediates protein folding, formation of protein secondary structure, and 

protein-protein interactions. Perfluorocarbons are known to be even more hydrophobic than their 

hydrocarbon analogues (as discussed above) without significant changes in shape. As such, they 

provide a unique tool for designing and improving structural and functional features of many 

proteins. Fluorination of proteins can be achieved by unnatural amino acid (AA) incorporation or 

protein semi-synthesis. Tirrell, Degrado, Kumar and others have demonstrated that fluorinated 

amino acids can be tolerated by the natural translation machinery. Trifluorovaline 1.1,46,47 

trifluoroleucine 1.2,46,48–50 trifluoroisoleucine 1.3,51 trifluoromethionine 1.4,52–54 and 

hexafluoroleucine 1.555 can be incorporated into proteins in vitro with auxotrophic E. coli 

strains; though 1.1 and 1.5 require engineered hosts that overexpress the appropriate tRNA 

synthetase for efficient incorporation (Figure 1.2). Trifluoroethylglycine 1.6 can be incorporated 

with a mutated isoleucyl-tRNA synthetase.56 Unnatural trifluoromethyl phenylalanine 1.757–59 

and OCF3-phenylalanine 1.860 have been incorporated site-specifically using orthogonal 

tRNA/aminoacyl-tRNA synthetase pairs. Alternatively, fluorinated proteins can be achieved by 

the incorporation of fluorinated amino acids (such as 1.9–1.15) by solid-phase peptide synthesis 

(SPSS) and/or native chemical ligation (NCL).61–69 While AAs with longer fluorinated chains 

(≥C3F7) have been synthesized, their incorporation into peptides through biosynthetic methods 

are less common.70–73  
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Figure 1.2 Selected examples of fluorinated amino acids and their modes of incorporation into 
peptides and proteins. Fluorinated residues can be incorporated using auxotrophic cell lines 
(orange circle) or site-specifically with amber stop codon suppression and an orthogonal 
aminoacyl-tRNA synthetase/tRNA pair (green circle). All the fluorinated amino acids can be 
incorporated via solid-phase peptide synthesis (SPSS) or native chemical ligation (NCL) (blue 
circle).  
 

1.4.2 Chemical methods for perfluorination of peptides and proteins 

Perfluorination of amino acids to alter protein properties and facilitate 19F NMR analysis 

(more details in sections 1.4.3) was originally pioneered via unnatural amino acid incorporation; 
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shifts that could be differentiated by 19F NMR and be used to track proteins in a complex 

mixture.77  

Perfluoroalkyl radicals provide methods to modify amino acids without the need for 

spacers between the fluorinated group and the amino acid. Inspired by the demonstration of 

trifluoromethylation with Langlois reagent 1.20 in cell lysate,78 Davis, Gouverneur, and 

coworkers generated trifluoromethyl radicals under aqueous conditions and labeled aromatic 

amino acids and free cysteine.79 Improved specificity could be achieved in the absence of free 

cysteine and at pH 6 to provide >50% conversion to CF3-tryptophan (Figure 1.3B and C). Using 

fluoroalkylated iodine reagents (i.e. derivatives of Togni’s reagent, 1.21), tryptophan residues 

have also been modified with functionalized perfluoroethyl groups (Figure 1.3D).80 With this 

method, minor modifications of other amino acids or other positions on the indole heterocycle 

are also observed. For cysteine modification, Umemoto’s trifluoromethylation reagent81 and 1.21 

have been explored.82,83 Though perfect selectivity for one amino acid has not yet been achieved, 

others have pursued similar strategies for trifluoromethylation of cysteine, tyrosine84, tryptophan, 

and/or histidine, which have recently been reviewed.85  

These recent advances in fluorination of intact proteins with both classic bioconjugation 

chemistries and reactivity specific to perfluorinated reagents have enabled 19F NMR studies. 

Further advancements are still necessary to improve selectivity; however, once the chemistries 

are optimized, applications toward engineered proteins and assemblies can be pursued.  
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Figure 1.3 Chemical methods for perfluorination of peptides and proteins. A) Classic 
bioconjugation reagents used for addition of trifluoromethyl groups to cysteine and lysine 
residues in proteins. B) Generation of trifluoromethyl radical from Langlois reagent 1.20 under 
aqueous conditions leads to direct protein modification. Major trifluoromethylation occurs on 
tryptophan residues, though minor modification is observed on other aromatic residues and free 
cysteines, if present. C) Table of results from the reaction of an equimolar mixture of five amino 
acids and 1.20, run to 40% conversion to determine residue specificity at different pHs.79  
D) Hypervalent iodine reagents (Togni’s reagent, 1.21) can be used to add functionalized 
perfluoroethyl groups to amino acids, such as cysteine. Tryptophan residues can also be 
perfluorinated in the presence of 1.21 and reducing agent. Modification of tryptophan under 
these conditions occurs primarily at the indole-C2 position with minor modifications on the other 
indole carbons or other aromatic residues.  
 

1.4.3 Perfluorinated proteins studied by 19F NMR  
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multiple, chemically equivalent fluorine atoms (i.e. trifluoromethyl, hexafluoroisopropyl, or 

perfluoro-tert-butyl) enhances the sensitivity of 19F protein NMR experiments. Many have used 

the above protein fluorination methods to monitor protein dynamics and protein-membrane 

interactions by NMR.74–76,86,87 Mehl, Pielak, and coworkers have used site-specific incorporation 

of trifluoromethyl phenylalanine (1.7) to study protein conformation and binding,57 as well as 

detect proteins in E. coli.58 While monofluorinated AAs resulted in broadened fluorine signal 

that was unable to be detected in large proteins, fluorine signal from 1.7 could be detected even 

for proteins up to 100 kDa, demonstrating the need to incorporate perfluorinated groups.  

Protein fluorination can also be used to study protein-small molecule interactions with 19F 

NMR (Figure 1.4).88,89 Changes to protein conformation or hydration upon the introduction of a 

small molecule can be detected, which provides a unique assay for drug discovery. This 

technique, deemed protein-observed 19F NMR (PrOF), is an alternative to the more commonly 

performed ligand-observed 19F NMR methods, which rely on monitoring changes in fluorinated 

small-molecule fragments in the presence of a non-fluorinated protein target.90 PrOF NMR was 

initially demonstrated using a monofluorinated tyrosine, but has since been extended to 

trifluoromethyl groups installed via protein modification as shown in Figure 1.3B.79 By 

modifying lysozyme with CF3 groups, the binding affinity of a known lysozyme inhibitor was 

determined by 19F NMR. With a trifluoromethylated myoglobin, chemical shift changes in the 

presence of various ligands were also observed. The molecular information obtained in PrOF 

NMR makes this approach particularly advantageous for screening small-molecule fragments, 

which can be combined together or modified to invent selective and higher affinity inhibitors for 

interesting protein targets, as has been done for bromodomains.91,92  
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Figure 1.4 Protein-observed 19F NMR (PrOF NMR). This method uses the incorporation of 
fluorinated amino acids to monitor protein conformational changes in the presence of small-
molecule fragments for drug discovery. Proteins with trifluoromethylated tryptophan residues 
have been used in these types of studies.79  
 

1.4.4 Perfluorination stabilizes protein-protein interactions  

Beyond structural 19F NMR studies, fluorination can confer stability in proteins as well as 

drive protein folding and arrangement. Marsh, Kumar, and Tirrell have all investigated the 

effects of incorporation of fluorinated amino acids on protein structure and function.26,46,55 They 

have found that introduction of fluorinated amino acids minimally perturbs secondary and 

tertiary structure. For example, Marsh and coworkers designed a 27-residue peptide, which 

formed a tetrameric antiparallel 4-helix bundle (Figure 1.5). In this design, leucine or 

hexafluoroleucine (1.5) residues would point toward the center of the bundle forming the 

hydrophobic core. The authors found that perfluorination did not disrupt the overall structure, 

and that fluorination provided a stabilizing effect—increasing ∆Gunfold by more than 10 kcal/mol 

when all leucine residues were replaced by 1.5.93,94 The replacement of hydrophobic amino acids 

with their fluorinated analogues can increase protein stability to both chemical and thermal 

denaturation. The stabilizing effect of these replacements can be attributed to the unique ability 
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normally also alters side chain shape (i.e. valine to isoleucine) and thus sterically disrupts 

protein-protein interactions.  

 

Figure 1.5 Understanding thermodynamics of fluorinated proteins and applications. A) 
Substituting fluorinated amino acids for their hydrocarbon counterparts can improve the stability 
of peptide bundles toward chemical denaturants. Both the number and placement of fluorinated 
hexafluoroleucine (hFLeu, 1.5) residues can affect stability. Figure adapted and data from Marsh 
and coworkers.93,94 B) Incorporation of trifluoroleucine 1.2 into different coiled-coiled proteins 
allows for the formation of nanostructures such as fibers and micelles. Fluorination confers 
stability to the fibers95 and lowers the critical micelle concentration (cmc) of the micelles.96   
 

Ultimately, enhanced stability is important in the context of the utility of proteins and 

enzymes. Recently, the Montclare lab has shown that different fluorinated coiled-coil proteins 

(containing 1.2) can self-assemble into robust nanofibers that bind metals or a small molecule95 

or if designed appropriately,  form micelles (Figure 1.5B).96 It is thought that fluorination plays a 

role in the stability of these protein micelles, as the critical micelle concentration (cmc) was 

determined to be smaller than that of a non-fluorinated control. These nanostructures represent 

initial steps toward leveraging fluorination as a tool for responsive biomaterial design.95 Protein 
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fluorination also provides an alternative method to stabilize enzymes against denaturation by 

organic solvent or high temperature for industrial applications and biocatalysis.97  

In a therapeutic context, fluorinated proteins have been shown to retain or to have improved 

activity in comparison to non-fluorinated variants. Tirrell and coworkers reported that a 

fluorinated coiled-coil peptide maintains its ability to bind target DNA similar to its natural 

counterpart.98 Marsh and coworkers have shown that fluorinated antimicrobial peptides can 

retain their activity as therapeutic agents, while gaining improved stability to hydrolysis.99  

While not yet as broadly used as fluorination in small-molecule drug discovery, protein 

fluorination is a strategy for stable nanostructures, catalysts, and therapeutics. 

 

1.5 Enhanced membrane and cell permeability with fluorous tags 

1.5.1 Perfluorination facilitates self-assembly in membranes 

Given that the replacement of hydrophobic amino acids with their fluorinated 

counterparts can enhance the stability of proteins in solution, others have looked to how 

fluorination of amino acids can be used to drive the formation of protein assemblies within 

membranes. Perfluorocarbons are the key to designing orthogonal protein assemblies as their 

hydrophobicity allows for partitioning into the membrane, and their lipophobicity allows for 

separation from natural hydrocarbon lipids. Kumar and coworkers have shown that rationally 

designed fluorinated peptides can insert into vesicle bilayers100 or micelles101 and self-assemble 

to form larger defined complexes driven by the unfavorable interactions of the fluorinated side 

chains with natural lipids.  

Adding perfluorocarbons to membranes can also be achieved through the addition of 

fluorinated lipids. Kumar and coworkers demonstrated that the orthogonality of fluorinated lipids 
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to hydrocarbon lipids allows for the formation of distinct perfluorocarbon domains in supported 

lipid bilayers (Figure 1.6A).102 The affinity of perfluorocarbons for membranes can also be used 

to display molecules of interest on membrane surfaces to study how ligand clustering affects 

cell-surface interactions and alters cell adhesion.103  

 

1.5.2 Fluorinated lipids and tags for cellular internalization 

An extension of self-assembly and clustering of fluorinated lipids within membranes is 

the formation of artificial lipid rafts. Lipid rafts are rigid microdomains, generally formed via 

cholesterol enrichment. The formation of lipid rafts has been connected to enhancing 

endocytosis.104,105 Given the tendency of fluorinated lipids to form rigid, phase-separated 

domains in the presence of hydrocarbon lipids (Figure 1.6A), Kumar and coworkers postulated 

that artificial fluorinated lipids could be used to form domains within biological membranes and 

enhance internalization into cells.102,106 

Cells incubated with partially fluorinated phospholipids bearing a biotin or fluorophore 

head group were more readily taken up than their hydrocarbon counterparts in an energy 

dependent manner (Figure 1.6B). To demonstrate how this strategy could be utilized for 

delivering cargo into cells, partially fluorinated phospholipids with a biotin headgroup 1.22 were 

prepared and shown to more readily carry FITC-labeled avidin into the cytosol than the 

hydrocarbon analogue.106  

Fluorinated tags have also been conjugated to oligonucleotides to facilitate their 

internalization into cells.107 In some cases, it is thought that fluorination leads to self-assembly 

prior to internalization and that larger fluorinated oligonucleotide aggregates are preferentially 
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endocytosed rather than internalized by lipid-raft mediated mechanisms or passive 

diffusion.108,109 

 

1.5.3 Fluorinated activators of cell-penetrating peptides  

Perfluorinated fatty acids (ionic amphiphiles) have been employed in concert with cell-

penetrating peptides (CPPs) to promote cellular internalization (Figure 1.6C). Perfluorocarbon 

fatty acids like 1.23, which readily embed in cell membranes, are more basic than their 

hydrocarbon counterparts. Clustered perfluorinated acid 1.23 interacts with positively charged 

arginine residues to minimize charge repulsion and deliver fluorescently-labeled, cationic CPPs 

(i.e. 1.24) into cells more effectively than their non-fluorinated counterparts.110 

 

Figure 1.6 Use of fluorinated amphiphiles for cellular internalization. A) Fluorinated 
amphiphiles tend to aggregate together in membranes. B) Fluorinated phospholipids modified 
with biotin first cluster together in membranes. Addition of FITC-avidin allows for the 
internalization of avidin cargo into the cytosol (FITC = fluorescein isothiocyanate).106 C) 
Perfluorinated carboxylic acids (like 1.23) assemble in membranes. Due to charge repulsion, the 
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perfluorinated acids preferentially associate with arginine-containing, cationic peptides rather 
than remain aggregated together, facilitating the entry of these payloads into the cytosol.110 
 

1.5.4 Transfection agents and protein delivery  

The enhanced uptake of fluorinated chains has made perfluorocarbons valuable 

components in the design of delivery vehicles. Cationic polymers are commonly employed to 

encapsulate negatively charged DNA and siRNA. Two of the common issues with the use of 

cationic polymers and amphiphiles for gene delivery are inefficient transfection and cytotoxicity 

of the material due to excessive positive charge.111 The implementation of perfluorocarbon 

containing polymers and lipids to encapsulate nucleic acids mitigates both of those problems due 

to perfluorocarbons’ affinity for membranes112 and presumably, fluorine’s electronegativity 

altering the pKa of cationic polymers.113,114  

In the formulation of the delivery vehicle, cationic fluorinated polymers pack tightly 

around nucleic acids since fluorinated chains preferentially associate with each other and not the 

nucleic acids. Good packing improves the stability of these materials in vivo and requires lower 

polymer to DNA charge ratios than cationic hydrocarbon polymers.115 Highly stable materials, 

which are not excessively cationic, result in decreased cytotoxicity. For example, when a G5 

PAMAM dendrimer is more than 50% fluorinated, efficient DNA and siRNA delivery can be 

achieved with minimal cytotoxicity when compared to a commercial transfection agent 

Lipofectamine 2000.116  

More recently, charged fluorinated tags have also been used to encapsulate proteins for 

delivery to the cytosol. In 2018, Cheng and coworkers prepared a library of fluorinated and 

alkylated polymers from branched poly(ethyleneimine). In the presence of protein, these 

amphiphiles complex with proteins and assemble into uniform nanoparticles, which deliver 
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protein into cells more effectively than a non-fluorinated polymer control.117 Protein cargo has 

also been encapsulated inside perfluorocarbon nanoemulsions using non-covalent fluorous tags 

that electrostatically interact with the protein surface to disperse protein inside the 

perfluorocarbon core of nanoemulsions. In the presence of ultrasound, perfluorocarbons can 

undergo a liquid-to-gas phase transition causing the emulsions to rupture and release their 

protein cargo.118 

 

1.6 Perfluorinated artificial cell surfaces 

While many have found the addition of fluorine atoms to proteins and lipids to be 

advantageous, perfluorination of one of the other major classes of biomolecules—

carbohydrates—has been less explored. Carbohydrates on cell surfaces are well known to play 

important roles in cell recognition, binding events, adhesion, and viral infections. Abnormal 

glycosylation can be implicated in tumor progression and metathesis. Given the hydrophobic and 

lipophobic nature of perfluorocarbons, cell-surface fluorination could provide a means to disrupt 

normal interactions of carbohydrates and lectins. The Kumar laboratory has explored the effects 

of cell-surface fluorination and introduced unnatural perfluorinated carbohydrates by hijacking 

the sialic acid biosynthetic and salvage pathways, common approaches to introduce unnatural 

functionality into cell-surface glycans (Figure 1.7). Mannosamine derivatives can be converted 

to their corresponding sialic acid analogues through the sialic acid biosynthetic pathway, while 

unnatural sialic acids can be incorporated into cellular glycoproteins through the salvage 

pathway. In the latter case, there are fewer enzymatic steps that must be traversed, leading to 

higher levels of incorporation. 
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Kumar and coworkers prepared a library of fluorinated unnatural mannosamine (F-

ManNAc, 1.25) and sialic acid derivatives (F-Neu5Ac, 1.26), which were then incubated with 

mammalian cell lines.119 Fluorinated acetylated mannosamine derivatives with trifluoromethyl 

groups were metabolically incorporated and comprised 18% (1.25a) and 63% (1.25b) of the total 

membrane sialic acids respectively; however, longer fluoroalkyl groups on the mannosamine 

(1.25c-e) were not well tolerated. To incorporate longer chains, sialic acid derivative 1.26 was 

tested and resulted in 7% incorporation of C2F5 groups (1.26d). The metabolic incorporation of 

compounds 1.25 and 1.26 into the glycocalyx allowed for the display of 107-108 CF3 groups on 

the cell surface. Cells modified with trifluoromethyl groups showed less adherence to fibronectin 

and selectins, demonstrating that fluorination can be used to modulate cell adhesion.120,121 The 

orthogonality of perfluorocarbons provides a tool for engineering new adhesion interactions 

between cells, biomolecules of interest, and unnatural surfaces. 

 

Figure 1.7 Incorporation of unnatural fluorinated carbohydrates. A) Metabolic incorporation of 
fluorinated monosaccharides through hijacking the sialic acid biosynthetic and salvage pathways. 
B) After incubation with mannosamine derivative 1.25 (F-ManNAc) or sialic acid derivative 
1.26 (F-Neu5Ac), the percent of total sialic acid was obtained by acid hydrolysis of cell-surface 
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sialic acids, derivatizing with fluorogenic 1,2-diamino-4,5-methylene-dioxybenzene (DMB), and 
HPLC analysis. Data shown are for incorporation in HL60 cells.119  
 

1.7 Perfluorination for purification and immobilization 

The ability of perfluorocarbons to self-associate has been utilized in synthetic chemistry 

as a way to quickly purify products and recycle catalysts and reagents since the 1990s when 

fluorous biphasic catalysis was introduced by Horvath.122 In this approach, a molecule of interest 

(i.e. an expensive metal catalyst) can be modified with a fluorinated tag or ligand such that it can 

be easily recovered from a reaction mixture by liquid fluorous extraction or by separation on 

fluorous silica gel (fluorous solid phase extraction = FSPE).123,124 Compounds with fluorous tags 

interact with fluorous silica gel and can be separated from both non-fluorinated and 

differentially-fluorinated components of a mixture by washing with different solvent systems. 

This idea was quickly extended to the purification and/or enrichment of other small molecules 

and biomolecules, including peptides, oligonucleotides, and carbohydrates.125 Strategies for 

“capping” unreacted intermediates during peptide synthesis or tagging the desired product (or an 

undesired reagent) with fluorous chains allows for the simple removal of the tagged component 

by fluorous extraction (liquid or solid-phase) or even by centrifugation.126–128  

 

1.7.1 Small-molecule library synthesis  

Fluorous tags can aide in drug discovery through the preparation of large compound 

libraries. In 2001, Curran and coworkers introduced the concept of “fluorous mixture synthesis” 

(Figure 1.8A).123,129 This strategy relies on the separation of compounds by their fluorous content 

on fluorous silica gel. In fluorous mixture synthesis, each substrate is modified with a different 

fluorous tag (i.e. C4F9, C6F12, C8F17, etc. or a mixture of these tags). The fluorinated substrates 
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are then mixed together for a series of synthetic steps. The final compounds can be “unmixed” 

using FSPE and the tags can be removed in a deprotection step. The fluorous tag serves not only 

as a tool to separate the final products, but also as a barcode as the fluorous chain length relates 

to the retention time on the fluorous column and, thus, the identity of the initial substrate. 

Fluorous mixture synthesis has been employed to access stereoisomer libraries of macrolactones, 

oligoisoprenoids, and macrosphelides as well as a large number of natural product analogues.130–

133  

Fluorous tags have also been used to simplify purifications in diversity-oriented synthesis 

(DOS).134 Initial substrates were modified with a fluorous tag and used in a variety of 

transformations. After each step, the fluorous-tagged product was separated from the reagents 

simply by FSPE, avoiding column chromatography over multiple steps. In comparative studies 

between “homogenous” DOS with fluorous tags and “heterogenous” DOS with traditional solid-

supports, it was found that the fluorous-tag strategies were preferred due to the ease and speed of 

purification with FSPE.135  

 

1.7.2 Proteomics with fluorous tags  

In proteomics and molecular biology, researchers often use separation and enrichment 

techniques to accurately detect, identify, and quantify proteins and post-translational 

modifications. Traditional techniques include biotin tags for detection with avidin resins and 

oligohistidine peptides (His-tags) for Ni-NTA affinity chromatography. In 2005, Peters and 

coworkers applied a fluorous tagging strategy to proteomics (Figure 1.8B). Upon protein (or cell 

lysate) digest, peptides were tagged with fluorous chains. Cysteines were detected with fluorous 

iodoacetamides (1.27), amines were tagged with fluorous NHS esters (1.28), and O-
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phosphorylation could be detected by b-elimination and Michael addition with a fluorous thiol 

(1.29).136 Mixtures of tagged and untagged peptides were loaded onto a FSPE cartridge, isolated, 

and analyzed by mass spec. It was found that enrichment could be obtained based on differing 

fluorine content (i.e. two fluorous tags in one peptide), allowing for separation of peptides with 

multiple tagged residues or post-translational modifications.  

Compared to biotin-based reagents, fluorous-tagged peptide fragments were easily 

removed from columns with fluorous-tagged silica facilitating product recovery. These fluorous 

tags are also inert and stable under mass spec analysis as no fragmentation is observed leading to 

less complicated tandem mass spec MS/MS analysis. This approach has been extended to the 

enrichment of peptides with other side chain functionalities and small-molecule metabolites by 

using perfluoroalkyl chains with different functional handles,137 many of which are now 

commercially available or have additional functionality, such as photo-crosslinkers.138,139 

Fluorous tags installed through direct radical trifluoromethylation of proteins can also be used 

for mass spectrometry protein profiling applications.140,141 Recently, non-covalent fluorous-

tagging has been explored for isolating proteins, however this has yet to be demonstrated in a 

complex biological environment.142  

 

1.7.3 Fluorous microarrays 

 Another area where fluorous tags associating with fluorinated solid supports has been 

leveraged is the creation of microarrays (Figure 1.8C). Generally, microarrays require covalent 

modification of the surface with molecules of interest. 143,144  However, Pohl and coworkers 

found that fluorous tagged carbohydrates could be patterned onto a fluorinated glass slide, 

eliminating the need for the installation of functional handles onto slides. When exposed to a 
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fluorescently labeled lectin, the authors observed selective binding even with repeated washes 

with detergent-containing buffer, demonstrating the robustness of the fluorous-derived 

microarray.  

 Since this initial report, fluorous microarrays have been used to present DNA and 

proteins. These works have explicitly demonstrated minimal non-specific binding on fluorous 

microarrays.145,146 Fluorous-tagged DNA can be used for micropatterning in a reversible manner 

through five cycles of immobilization and removal.145 Peptides can be presented for protease 

screening; careful design of the linker between the peptide and the fluorous tag leads to 

negligible enzyme inhibition.147 Similarly, small molecules have been displayed to identify 

histone deacetylase inhibitors.148  

 Crude cell-lysates containing enzymes of interest can be assessed by treating fluorous-

tagged enzyme substrates immobilized on a fluorous surface. Cellular material can be washed 

away such that only fluorous-tagged substrates and products are retained on the surface. Using 

nanostructure-initiator mass spectrometry (NIMS), which is a soft desorption and ionization 

method, a ratio between substrates and products can be measured. The non-covalent nature of 

fluorous microarray formation is thought to provide flexibility to the immobilized substrates, 

enhancing enzyme activity when compared to covalent surface attachment and also allows for 

ionization of the substrates.149,150 Kiessling and coworkers have generalized the NIMS platform 

to less promiscuous enzymes with a clickable variant where the initial substrates are modified 

with an azide. Post enzymatic reaction, substrates and products are treated with perfluorinated 

terminal alkynes and then immobilized. With this enzyme-activity assay, P450 mutants can be 

screened for the oxidation of small terpenes.151 In the future, one could envision combing 

fluorous tag library synthesis (section 1.7.1) with fluorous microarrays, where instead of 
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removing the fluorous tags from the final compounds, the compounds could be directly displayed 

on a microarray for target identification or enzyme activity determination by NIMS. 

 

Figure 1.8 Fluorous-mediated purification, immobilization, and characterization. A) Fluorous 
mixture synthesis. Substrates (S) modified with fluorous tags of different chain lengths can be 
mixed for reaction sequences to form fluorous-tagged products (P), which can be unmixed by 
solid-phase fluorous extraction. B) Fluorous tagging of proteins and separation of fluorous-
tagged peptide fragments by FSPE. C) Fluorous microarrays for immobilization of fluorous-
tagged carbohydrates and studying carbohydrate-binding proteins.  
 

1.8 Perfluorinated MRI tags and probes 

Given the utility of perfluorocarbons for 19F NMR, they are also promising molecules for 

magnetic resonance imaging (MRI) applications. The high sensitivity of fluorine to magnetic 

resonance provides opportunities for multiplexing and responsive probes. Additionally, the 
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absence of fluorine from biological tissue makes for little background signal. Ideally, highly 

symmetric perfluorocarbons (perfluoro-15-crown-5-ether 1.30, PERFECTA 1.31, etc.) with 

many chemically equivalent nuclei can be leveraged for greater signal (Figure 1.9A). 152 

However, perfluoro-15-crown-ether and PERFECTA are insoluble in water, necessitating their 

formulation within nanomaterials, such as emulsions, for imaging applications in cellulo and in 

vivo. The use of fluorinated nanomaterials for medical imaging has been reviewed extensively 

elsewhere.153 

Complementary to this work, we describe recent examples of small-molecule fluorinated 

tags, which can be used to probe cellular environments by MRI. The Pomerantz group has 

devised a solution to have high signal from fluorinated molecules that are still aqueous soluble. 

Disordered peptide 1.32 with trifluoro-acetylated lysines among multiple unmodified lysines was 

synthesized (Figure 1.9B).154 In designing a highly disordered peptide without significant 

secondary structure, resonance degeneracy of the fluorine nuclei was achieved, providing thirty 

approximately equivalent fluorine atoms without significant line broadening. The placement of 

many lysine residues within this peptide conferred water solubility to the probe. The fluorinated 

oligo(lysine) peptide could then be conjugated to BSA without observing significant signal 

broadening that is typical for large biomolecules. Minimal signal broadening was attributed to 

the conformational flexibility of the fluorinated side chains appended to the peptide. This work 

suggests that high signal 19F MRI probes can be obtained with fluorinated molecules of high 

structural flexibility and disorder, as an alternative to high symmetry. Ultimately for these probes 

to be applicable in animal models, further gain of signal could be obtained by using different 

fluorinated AAs with perfluoro-tert-butyl groups or multiple disordered peptides could be 

conjugated to a protein or nanomaterial.  
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The high sensitivity of the fluorine nuclei to its environment has also been capitalized on 

by the Que group. Que and coworkers have shown that fluorinated redox-sensitive metal 

complexes can be employed to study changes in biological environments, like enzyme activity, 

redox events, and the presence of reactive species or ions (Figure 1.9C).155 A known copper PET 

probe was modified to alter the ligand scaffold by fluorination to access 1.33.156 In this system, 

paramagnetic d9 Cu2+ shortens the spin-spin relaxation time (T2) of nearby 19F nuclei, weakening 

the signal of the fluorine nuclei providing an “off” state for the probe. In a hypoxic environment, 

Cu2+ is reduced to diamagnetic d10 Cu+, resulting in a lengthening of T2 and turning the 19F signal 

“on”. Ligand dissociation upon copper reduction also results in signal “turn on”. Increasing the 

number of equivalent fluorine atoms in the probe improves the signal intensity (1.33 to 1.34). In 

addition, altering the distance between the copper center and the fluorine atoms with ethylene 

glycol linkers (1.34, n = 1-4), improves aqueous solubility and modulates the Cu2+/ Cu+ reduction 

potential—improving sensitivity and selectivity for hypoxia.157  

By choosing different paramagnetic/diamagnetic metals (i.e. Co2+ to Co3+, etc.) and 

changing the fluorinated ligand scaffolds (1.35), the Que group has also been able to monitor 

reactive oxygen species, cysteine presence, and peroxidase activity by 19F MRI.158 Careful 

understanding and improved ability to design stimuli-responsive probes will enable new 

opportunities to bring chemical biology tools to an array of biological systems.  
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Figure 1.9 Fluorinated molecules for 19F MRI. A) Perfluorocarbons with many chemically 
equivalent fluorine atoms for increased 19F MRI signal when formulated as nanoemulsions. B) 
Disordered peptide used by Pomerantz and coworkers to achieve degenerate fluorine signal by 
NMR and MRI. C) Examples of metal-coordinated fluorinated probes reported by Que and 
coworkers.  
 

1.9 Conclusions and Outlook 

In the past decade, many have explored how abiotic, hydro- and lipophobic fluorocarbons 

can be integrated with naturally occurring systems. Both seemingly small (CF3) and larger 

changes (CnF2n+1) can alter self-assembly, improve biomolecule stability, and facilitate cellular 

entry. Perfluorinated groups can interact with or be incorporated into all four classes of 

biomolecules. Tools to design and access fluorinated proteins have been developed, and their 
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structures and high stability have been extensively explored. These fundamental studies provide 

the basis for new applications of highly stable fluorinated proteins in the therapeutic realm. With 

careful engineering one could also use fluorination to design better stabilized coiled-coil protein 

interactions that function as improved peptide tags for protein labeling.159,160  

Though not explicitly perfluorocarbons, linear multivicinal fluoroalkanes described by 

Gilmour and Carreira have been demonstrated to behave orthogonally to their all-hydrocarbon 

analogues.161–164 Similarly, Janus all-cis perfluorocyclohexyl rings described by Glorius and 

O’Hagan are highly polar, resulting in interesting supramolecular assemblies.165–167 These motifs 

could be further pursued for their effects on lipid membranes and in peptide and protein 

structure.  

Direct perfluorination of biomolecules has been explored, though excellent selectivity 

remains difficult. Given their increased hydrophobicity, perhaps extended perfluoroalkyl 

radicals168,169 could improve chemoselectivity or be harnessed for selective labeling of 

hydrophobic proteins and membrane-bound protein domains, which has been difficult with 

current radical protein-modifying techniques.141 Fluorous tagging has been explored for 

proteomics and microarray formation, spanning a range of biomolecules and small molecules. 

New fluorous-tagging strategies are poised to be used as an orthogonal handle, alongside more 

traditional chemistries, for multiplexed proteomics and microarray formation.170 

19F NMR and MRI techniques have enabled researchers to study the conformational 

dynamics of many isolated proteins as well as identify small-molecule binders. In the future, 

simple and direct methods for RNA perfluorination could extend 19F NMR discovery techniques 

to small-molecule binders of RNA.171–173 Responsive fluorinated probes containing paramagnetic 

metals facilitate the study of redox changes in cellular environments by 19F NMR. Continued 
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development of tags and probes with enhanced fluorine signal, like the perfluoro-tert-butyl 

group, could facilitate further 19F NMR studies in mammalian cells and animals.174  

Looking forward, the significant work towards incorporating perfluorinated groups into 

proteins, peptides, carbohydrates, and lipids should facilitate new tools for manipulating and 

studying biological systems in research labs and in clinical settings. Perfluorination could be a 

tool for subcellular localization of proteins and increase membrane affinity as palmitoylation 

does175,176 or to help therapeutic biomolecules and diagnostics permeate the hydrophobic blood-

brain barrier.18,177–180 Beyond directing events in cellulo and in vivo, perfluorination could 

provide exciting opportunities for interfacing biological systems with unnatural hydrophobic 

materials as well.  
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CHAPTER TWO 
 

A general approach to biocompatible branched fluorous tags for increased solubility in 
perfluorocarbon solvents 

 
Adapted from: Margeaux A. Miller, Ellen M. Sletten* “A general approach to biocompatible 

branched fluorous tags for increased solubility in perfluorocarbon solvents” Org. Lett. 2018, 20, 
6850−6854. DOI: 10.1021/acs.orglett.8b02976 

 
2.1 Abstract 
 

A modular, cost-effective route to a library of branched fluorous tags with two short, 

biocompatible, fluorinated chains (C6F13) is reported. These branched fluorous tags provide high 

fluorous content without the use of long-chain linear perfluorocarbons (e.g. perfluorooctanoic 

acid), which have rising health concerns due to their bioaccumulation. By attaching these tags to 

a porphyrin, it is demonstrated that high solubility can be achieved in fluorous solvents that are 

readily cleared from mammals. This work enhances the biocompatibility of perfluorocarbon 

nanoemulsions for photodynamic therapy. 

 
2.2 Introduction  
 

Perfluorocarbons, molecules where all the hydrogen atoms are replaced with fluorine 

atoms, are an unnatural class of compounds with distinct characteristics due to the size and 

electronegativity of fluorine.1 The inert nature and non-polarizability of perfluorinated materials 

have been widely realized through the success of poly(tetrafluoroethylene) as a non-stick 

coating.2,3 The high gas content of perfluorocarbons, coupled with their low boiling points and 

metabolic stability, were exploited for oxygen delivery using perfluorocarbon nanoemulsions in 

the 1980s.4 The synthetic chemistry community was introduced to the orthogonality of 

perfluorocarbons in 1994 as a means to efficiently recycle catalysts.5 This work coined the term 

“fluorous” and initiated the field of fluorous phase chemistry where perfluorinated tags were 
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appended to organic compounds to facilitate purification by fluorous extraction. The use of 

fluorous tags has since been extended to biological applications to streamline proteomics,6 

display bioactive molecules on microarrays,7–9 improve transport into cells,10,11 and encapsulate 

chromophores inside perfluorocarbon nanoemulsions.12,13  

Given the broad applications of perfluorinated compounds, the molecular requirements 

for obtaining fluorous phase solubility have been extensively explored. Strategies to solubilize 

compounds in perfluorocarbon include increasing the weight percent fluorine (wt% F, ideally to 

above 60%) through the addition of fluorous tags.14 Initially, C8F17 tags were determined to have 

the appropriate balance of synthetic ease and fluorous character.15 However, concerns regarding 

the environmental persistence of long-chain perfluorinated compounds (C7 or greater, e.g. 

perfluorooctanoic acid) prevent the use of C8F17 chains as fluorous solubilizing groups.16,17 For 

the full potential of the fluorous phase to be realized, methods to render molecules soluble in 

perfluorocarbon with C6F13 fluorous tags or shorter are necessary.  

Branched tags are a promising approach to employ short fluorous segments, yet still 

obtain high wt% F. Furthermore, branched alkyl chains have been shown to improve the 

solubility of planar aromatic compounds in organic solution,18,19 indicating that branched tags 

may impart superior fluorous solubility at lower wt% F.  

Previously reported strategies to access branched C6F13 tags include malonate 

alkylation,20,21 Grignard addition,22,23 and sequential iodo-ene/elimination reactions24,25 (Figure 

2.1A). Perfluorinated tert-butyl groups have also been investigated as biocompatible fluorous 

tags through the addition of perfluoro-tert-butoxide.26,27 Collectively, these approaches have 

validated the use of short fluorous segments to impart solubility in perfluorocarbons; yet, there 

remains no tag that can easily be appended to compounds with a variety of different chemistries.  
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Figure 2.1 Approaches to branched fluorous tags. (A) Existing approaches. (B) Our approach 
from ethyl cyanoacetate 2.1 leading to multiple functional handles in minimal steps. 
 

To showcase the general utility of these tags, we prepared a highly fluorous-soluble 

porphyrin. We compared the porphyrin containing branched C6F13 chains to one containing linear 

C8F17 chains. Leveraging the absorbance and emission of porphyrins, we determined that the 

branched fluorous tags resulted in an increased fluorous partition coefficient, solubility in an 

array of perfluorocarbons, and superior retention in droplets of fluorous solvent (e.g. 

perfluorocarbon nanoemulsions). Efficient encapsulation of porphyrins in perfluorocarbon 

nanoemulsions is of particular interest for applications in photomedicine.  The combination of 

enhanced solubility imparted by branched fluorous tags and the removal of persistent fluorinated 

chains increases the biocompatibility of perfluorocarbon (PFC) nanoemulsions for photodynamic 

therapy.  

2.3 Discussion and results 

In efforts to develop a general strategy for the preparation of biocompatible branched 

fluorous tags, we looked to employ readily available starting materials that could be converted to 

multiple functional handles in a few, simple steps. We envisioned that alkylation chemistry 

would be the most efficient to install two fluorous chains in one pot. We targeted 

(perfluorohexyl)ethyl iodide 2.2 as the fluorous starting material due to its low cost and high 
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wt% F. Previously, malonate esters have been employed for direct addition of two fluorous 

chains via alkylation; however, (perfluoroalkyl)propyl iodides were necessary (Figure 2.1A). Our 

attempts to doubly alkylate malonate esters with (perfluorohexyl)ethyl iodide resulted in 

monoaddition at mild temperatures and elimination at elevated temperatures (Table 2.1). 

Looking to increase the reactivity of the nucleophile, we found that ethyl cyanoacetate 2.1 could 

be successfully dialkylated with 2.2 to provide 2.3 in 90% yield, with less than 1% of fluoride 

elimination observed (Scheme 2.1A).31 

 

Table 2.1 Dialkylation and monoalkylation of different nucleophiles: ethyl cyanoacetate 2.1, 
dimethylmalonate, and diethylmalonate. Percent conversion to alkylated products and 
elimination side products were determined by crude NMR using 1,3,5-trimethoxybenzene as an 
external standard for 1H NMR. a Determined by 19F NMR. 

 
The ethyl cyanoacetate provided increased reactivity as well as two separate functional 

groups that could be transformed into branched fluorous tags with different functional handles 

(Scheme 2.1B). In one step from 2.3, we could access nitrile tag 2.4 through Krapcho 

decarboxylation. The nitrile could be reduced to the primary amine 2.5 or aldehyde 2.6, 

demonstrating the immediate modularity of this approach.  Concurrently, a sequential 

saponification and decyanation provided branched carboxylic acid tag 2.7 in 89% yield.  The 

acid can be readily reduced to the corresponding alcohol 2.8. From primary alcohol 2.8, we 
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prepared tosylate 2.9, which can be displaced with azide or thioacetate to give 2.10 and 2.11, 

respectively. Tags 2.4, 2.6, 2.10, and 2.11 represent popular chemical handles for click 

chemistries,32,33 facilitating the simple installation of fluorous content. 

 

Scheme 2.1 Synthesis of fluorous tags. (A) Synthesis of modular building block 2.3.  
(B) Synthesis of a library of branched fluorous tags from 2.3. 

 
To evaluate the ability of the branched fluorous tags to solubilize organic compounds in 

perfluorocarbon solvents, we performed a nucleophilic aromatic substitution reaction with 2.11 

and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin 2.12 to yield 2.13 with 51 wt% F.34 We 

compared 2.13 to previously reported 2.14,35 which contained linear C8F17 tags and 46 wt% F 

(Figure 2.2B). We determined the fluorous partition coefficient (P)14,36 of 2.13 and 2.14 by 

subjecting each to a 1:1 mixture of perfluoro(methylcyclohexane) (C7F14):toluene (PhMe) and 

quantifying the amount in each layer by UV-Vis spectroscopy.37 Branched fluorous porphyrin 

2.13 had a P = 24 (96:4 in C7F14:PhMe) whereas porphyrin 2.14 has a P = 1.7 (63:37 in 
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C7F14:PhMe). This striking difference suggests that branching and increased wt% F are acting 

synergistically to enhance fluorous solubility. Another avenue to assay the fluorous character of 

the tagged molecules is to evaluate their tendency to remain in the core of PFC nanoemulsions 

(Figure 2.2C) as the aqueous suspension of droplets is continually partitioned against 1-octanol.12 

Previously, we have shown that 2.14 displays some leaching into the 1-octanol.13  When we 

performed the identical assay with 2.13, we found that 50% less porphyrin escaped the droplets 

(Figure 2.2D), corroborating the partition coefficient results and demonstrating the efficacy of 

the branched fluorous tags.  

The ability for branched fluorous porphyrin 2.13 to remain inside perfluorocarbon 

nanoemulsions in the presence of aqueous and lipophilic media is of particular interest for 

applications in photodynamic therapy. Photodynamic therapy is a clinically approved treatment 

for skin, esophageal, and lung cancers.38–40 This procedure requires three components: a 

photosensitizer, molecular oxygen, and light. We recently reported that enhanced photodynamic 

therapy could be achieved when perfluorocarbon nanoemulsions containing 2.14, acting as a 

photosensitizer, were irradiated with light.13 These nanoemulsions were composed of a mixture 

of 7:3 perfluorodecalin 2.15:perfluorotripropylamine 2.16, analogous to the previously FDA-

approved formulation for oxygen delivery. Thus, with this system we are able to deliver both 

oxygen and photosensitizer simultaneously.  
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Figure 2.2 Synthesis and evaluation of branched fluorous porphyrin. (A) Branched 2.13 and 
linear 2.14 fluorous porphyrins prepared from 2.12. (B) Fluorous partition coefficient in toluene 
(upper phase) and perfluoro(methylcyclohexane) (lower phase). (C) Preparation of PFC 
nanoemulsions containing branched 2.13 and linear 2.14 fluorous porphyrin. Both porphyrins 
were dissolved in separate 7:3 mixtures of PFD 2.15:PFTPA 2.16 (10 vol%) and combined with 
Pluronic F-68 (2.8 wt%) in phosphate buffered saline. Sonication (35% amp, 90 s, 0 °C) of the 
mixture provided PFC nanoemulsions. (D) Leaching of porphyrin 2.13 (red, diamond) or 2.14 
(blue, circle) from the fluorous interior of PFC nanoemulsions into 1-octanol over time. Error 
bars represent the standard deviation of 3 replicates. (E) Structures of fluorous solvents 
previously employed as the core of PFC nanoemulsions and solubility of porphyrins 2.13 and 
2.14 in each solvent. 
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compared to 2.14 in the readily cleared solvents of perfluorodecalin (PFD, 2.15), perfluorooctyl 

bromide (PFOB, 2.17), and perfluoro(tert-butylcyclohexane) (PFt-BuCy, 2.18).43 We found that 

2.13 was more soluble than 2.14 in all cases (Figure 2.2E), facilitating the preparation of emulsions 

for photodynamic therapy from these solvents. 

    Finally, we performed photodynamic therapy with more biocompatible 

perfluorocarbon nanoemulsions (Figure 2.6A). We prepared droplets of PFD 2.15, PFOB 2.17, 

PFt-BuCy 2.18, and 7:3 PFD 2.15:PFTPA 2.16 (20 wt% fluorous solvent) containing 2.13 

stabilized by Pluronic F-68 (2.8 wt%) in phosphate buffered saline (PBS) (Scheme 2.2). As a 

control, we also prepared droplets without 2.13 (Figure 2.3 and 2.4) and droplets containing 2.14 

for efficiency comparison (Figure 2.5). All emulsions were 160–190 nm in size with 

polydispersities of 0.06-0.07 (Figure 2.3).  

Scheme 2.2 Perfluorocarbon nanoemulsion formation using Pluronic F-68 as a surfactant. 
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Figure 2.3 Characterization of PFC nanoemulsions without photosensitizer. (A) Initial size 
distribution of PFC nanoemulsions composed of different fluorous solvents. Emulsions were 
prepared by sonicating a solution of 2.8 wt% Pluronic F-68 in phosphate buffered saline (PBS) 
with 10 vol% fluorous solvent (7:3 PFD 2.15:PFTPA 2.16, PFD 2.15, PFOB 2.17, or PFt-BuCy 
2.18). (B) Dynamic light scattering data for the PFC nanoemulsions stabilized by Pluronic F-68. 
Data is an average of three replicate measurements. 
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Figure 2.4 Photodynamic therapy with empty perfluorocarbon nanoemulsions composed of 
different fluorous solvents without photosensitizer. Light treatment (420 nm LED, 8.5 mW/cm2) 
is indicated as follows: grey = 0 min, light blue = 10 min, dark blue = 30 min. (A) Cell viability 
with emulsions composed of different fluorous solvents (7:3 PFD 2.15: PFTPA 2.16, PFD 2.15, 
PFOB 2.17, PFt-BuCy 2.18) and no photosensitizer. Error bars represent the standard deviation 
of 3 replicate samples. (B) Histograms for A375 cell viability flow cytometry data. 
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Figure 2.5 Cell viability comparison of photodynamic therapy efficiency of linear porphyrin 
2.14 and branched porphyrin 2.13. For comparison, emulsions composed of 7:3 PFD 2.15: 
PFTPA 2.16 were employed as linear porphyrin 2.14 was not readily soluble in the other 
fluorous solvents. We found that linear porphyrin 2.14 and branched porphyrin 2.13 were 
similarly effective at inducing cell death when irradiated, suggesting that the branched tags do 
not affect the ability of porphyrin 2.13 to sensitize oxygen. Light treatment (420 nm LED, 8.5 
mW/cm2) is indicated as follows: grey = 0 min, light blue = 10 min, dark blue = 30 min. Error 
bars represent the standard deviation of 2 replicate samples. 

We incubated each of the emulsions with A375 melanoma cells for 3 hours, at which 

point, excess emulsions were washed away and the cells underwent light treatment for 0, 10, or 

30 min. The degree of cell death was quantified by immediate treatment with propidium iodide 

and analysis by flow cytometry. We found that all emulsions containing branched porphyrin 2.13 

displayed no dark toxicity and equivalent levels of cell death, greatly expanding the fluorous 

solvents that can be employed for photodynamic therapy with perfluorocarbon nanoemulsions 

(Figure 2.6B and 2.7). Ultimately, we envision that optimized versions of these nanomaterials 

can be systemically administered and accumulate at disease sites for light mediated therapies. 

0

10

20

30

40

50

60

70

80

90

100

no treatment empty emulsions linear porphyrin 2.14 branched porphyrin 2.13

C
el
lv
ia
bi
lit
y
(%
)

Treatment

0 min
10min
30min



 60 

 

Figure 2.6 (A) Photodynamic therapy with perfluorocarbon nanoemulsions containing 2.13 (0.5 
mM). Cells were incubated with PFC emulsions containing 2.13, washed via centrifugation, and 
irradiated (420 nm, 8.5 mW/cm2) for 0 min (grey), 10 min (light blue), or 30 min (dark blue). (B) 
Flow cytometry analysis after light treatment. After incubation, washing, and light treatment, 
cells were stained with propidium iodide and analyzed by flow cytometry to determine the 
degree of cell death. Dead cells were characterized as exhibiting fluorescence >102 (Figure 2.7). 
Error bars represent the standard deviation of 3 replicate samples. 
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Figure 2.7 Histograms for flow cytometry data in Figure 2.6B. Light treatment (420 nm LED, 
8.5 mW/cm2) is indicated as follows: grey = 0 min, light blue = 10 min, dark blue = 30 min. 

 

2.4 Conclusion 

In summary, we have developed a route to a library of biocompatible branched fluorous 

tags with two C6F13 chains. These tags are derived from ethyl cyanoacetate 2.1 and 

(perfluorohexyl)ethyl iodide 2.2 to provide modular building block 2.3 with two functional 

handles and high fluorous content. We converted 2.3 to eight branched fluorous tags with distinct 

functionalities, including azides, aldehydes, and thiols for standard click chemistries. We 

employed the thiol tag for nucleophilic aromatic substitution to prepare fluorous porphyrin 2.13. 

We demonstrate that 2.13 is more soluble in fluorous solvent than its linear counterpart 2.14, 

facilitating the incorporation of 2.13 into stable perfluorocarbon nanoemulsions. The high 

solubility of 2.13 in readily cleared, volatile fluorous solvents allowed for photodynamic therapy 

to be carried out with PFC nanoemulsions composed of clinically relevant fluorous solvents. 
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Looking forward, the simple, modular synthesis of branched fluorous tags from readily available 

starting materials will provide the community with biocompatible methods to impart fluorous 

content to molecules and materials, allowing the unique properties of perfluorocarbons to 

continue to be exploited.   

 

2.5 Experimental procedures 

Chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific, 

Acros Organics, Synquest, or TCI and used without purification unless noted otherwise. 

Anhydrous DMSO was obtained from a Sure-SealTM bottle (Aldrich). Anhydrous and 

deoxygenated solvents DCM, MeOH, THF, and DMF were dispensed from a Grubb’s-type 

Phoenix Solvent Drying System. Anhydrous, but oxygenated Et2O was prepared by drying over 

4 Å molecular sieves for at least 3 days. Thin layer chromatography was performed using Silica 

Gel 60 F254 (EMD Millipore) plates. Flash chromatography was executed with technical grade 

silica gel with 60 Å pores and 40–63 µm mesh particle size (Sorbtech Technologies). Solvent 

was removed under reduced pressure with a Büchi Rotovapor with a Welch self-cleaning dry 

vacuum pump and further dried with a Welch DuoSeal pump. Bath sonication was performed 

using a Branson 3800 ultrasonic cleaner. Emulsions were prepared using a QSonica (Q125) 

sonicator. Masses for analytical measurements were taken on a Sartorius MSE6.6S-000-DM 

Cubis Micro Balance. Size and surface charge were measured with Malvern Zetasizer Nano 

instrument. All 1H, 13C, and 19F NMR spectra are reported in ppm and relative to residual solvent 

signals (1H and 13C). Spectra were obtained on Bruker AV-300, AV-400, DRX-500, or AV-500 

instruments and processed with MestReNova software. Mass spectra (electron impact (EI), 

electrospray ionization (ESI), and matrix assisted laser desorption ionization (MALDI)) were 
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collected on either an Agilent 7890B-7250 Quadrupole Time-of-Flight GC/MS, Thermo 

Scientific Q ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM with Dionex UltiMate 3000 

RSLCnano System, or Bruker Ultraflex MALDI TOF-TOF.  

 

2.5.1 General photophysics procedures 

Absorbance spectra were collected on a JASCO V-770 UV-Visible/NIR 

spectrophotometer with a 4000 nm/min scan rate after blanking with the appropriate solvent. 

Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster Series 

fluorometer. Quartz cuvettes (1 cm) were used for absorbance and photoluminescence 

measurements unless otherwise noted. All irradiation was performed with THORLabs M420L3 

(420 nm) LED with SM1P25-A lens. Power was supplied with a KORAD KD3005D Digital-

control DC Power Supply: 0-30V, 0-5A. Samples were placed 18 cm from the lens and kept in 

the center of the light. Power densities were measured with a FieldMate Laser Power Meter + 

Iris. 

 

2.5.2 General nanoemulsion formation procedures 

Emulsions were prepared by predissolving 2.13 or 2.14 (for amounts see individual figure 

procedures) in fluorous solvent (10 vol%, 20 µL) in an S33 Eppendorf tube. Pluronic F-68 was 

predissolved in PBS pH 7.4 (28 mg/mL), and this solution (200 µL, 2.8 wt%) was added to the 

fluorous solvent. The mixture was sonicated at 35% amplitude for 90 seconds at 0 °C on a 

QSonica (Q125) sonicator. Sonication was performed by lowering the probe directly at the 

liquid-liquid interface of the two immiscible solvents, resulting in emulsions of sizes shown in 

Figure 2.3 without filtration. 
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2.5.3 General cell culture procedures 

A375 cells were purchased from ATCC. A375 cells were cultured in Dulbecco’s 

Modified Eagle Media (Life Technologies, cat# 11995073) supplemented with 10% fetal bovine 

serum (Corning, lot# 35016109) and 1% penicillin-streptomycin (Life Technologies, cat# 

15070063). Cells were washed with PBS, or PBS supplemented with 1% fetal bovine serum 

(FACS buffer). Cells were incubated at 37 ˚C, 5% CO2, during treatments and throughout 

culturing, in HERACell 150i CO2 incubators. Cells were pelleted through use of Sorvall ST 40R 

centrifuge. All cell work was performed in 1300 Series A2 biosafety cabinets.  

For cell viability experiments: following incubation, cells were washed three times by 

centrifugation (526xg, 3 min, 4 ˚C). Propidium iodide solution (1 µL of 0.25 mg/mL in DI H2O) 

was added to each well. Cells were transferred to FACS tubes with a final volume of 300 µL 

FACS buffer (PBS + 1% FBS). Cells were incubated on ice for 15 minutes prior to flow 

cytometry measurement. Propidium iodide fluorescence was measured on FL2 channel. Data 

was analyzed by splitting the population at 102 as a live/dead line. Flow cytometry was 

performed on a BDBiosciences FACSCalibur equipped with 488 nm and 635 nm lasers. 

Abbreviations: DCM = dichloromethane; DMF = dimethylformamide; DMSO = 

dimethylsulfoxide; EtOH = ethanol; EtOAc = ethyl acetate; Et2O = diethyl ether; FACS = 

phosphate buffered saline supplemented with 1% fetal bovine serum; MeOH = methanol; PBS = 

phosphate buffered saline; PFD = perfluorodecalin; PFTPA = perfluorotripropylamine; PFOB = 

perfluorooctylbromide; PFt-BuCy = perfluoro(tert-butylcyclohexane); TEA = triethylamine.  
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2.5.4 Synthetic experimental procedures 

2,2-bis((perfluorohexyl)ethyl) ethyl cyanoacetate (2.3). To perfluorohexyl ethyl iodide (0.65 

mL, 2.6 mmol, 2.1 equiv), was added ethyl cyanoacetate (135 µL, 1.27 mmol, 1.0 equiv), freshly 

powdered and flame dried K2CO3 (388 mg, 2.80 mmol, 2.2 equiv), and anhydrous DMF (1.8 mL, 

0.70 M). The vial was sealed under nitrogen and stirred at rt. Note: if the reactants begin to 

solidify, the mixture can be warmed to 30 °C without formation of significant byproducts. After 

72 h, the reaction mixture was evaporated to dryness. The resulting solids were dissolved in 

acetone and absorbed onto SiO2. The crude product was purified by column chromatography 

(silica gel, 98% ® 95% ® 90% pentane/Et2O) to afford 2.3 as a white solid (922 mg, 1.14 

mmol, 90%). Rf  = 0.8 in 20% EtOAc/hexanes. 1H NMR (400 MHz, CDCl3): δ 4.36 (q, J = 7.1 

Hz, 2H), 2.49 – 2.08 (m, 8H), 1.36 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 167.0, 

117.1, 64.1, 47.7, 28.3, 27.6 (t, JCF = 22.1 Hz), 14.1. 19F NMR (376 MHz, CDCl3): δ -80.7 (t, J = 

9.8 Hz, 6F), -114.2 (m, 4F), -122.0 (m, 4F), -122.7 (m, 4F), -123.2 (m, 4F), -126.1 (m, 4F). 

HRMS (ESI) calcd. for C21H13F26NO2Cl- [M + Cl]-: 840.0225; found 840.0221.  

 

2,2-bis((perfluorohexyl)ethyl)ethylnitrile (2.4). To 2.3 (307 mg, 0.382 mmol, 1.0 equiv), was 

added lithium chloride (56 mg, 1.3 mmol, 3.5 equiv), DMSO (3.0 mL, 0.13 M), and H2O (1.0 

mL). The reaction mixture was heated to 160 °C and stirred for 12 h. The reaction mixture was 

allowed to cool to room temperature, and product crashes out of solution. The crude product was 

rinsed with water, dissolved in EtOAc, and evaporated to dryness. The crude product was 

dissolved in EtOAc, absorbed onto SiO2, and purified by column chromatography (silica gel, 

97% ® 95% hexanes/EtOAc) to afford 2.4 as a white solid (201 mg, 0.274 mmol, 72%). Rf = 0.3 

in 10% DCM/hexanes. 1H NMR (500 MHz, CDCl3): δ 2.78 (sep, J = 5.0 Hz, 1H), 2.52 – 2.18 
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(m, 4H), 2.07 – 1.91 (m, 4H). 13C NMR (126 MHz, CDCl3): δ 119.8–108.0 (m, CFn peaks), 

119.3 (CN), 30.8, 28.7 (t, JCF = 22.6 Hz), 23.6. 19F NMR (376 MHz, CDCl3): δ -80.8 (t, J = 9.9 

Hz, 6F), -112.7 – -115.9 (m, 4F), -121.8 (bs, 4F), -122.8 (bs, 4F), -123.3 (bs, 4F), -126.1 (bs, 4F). 

HRMS (EI) calcd. for C18H8F25N+ [M – HF]+: 713.0252; found 713.0256.   

 

2,2-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)ethylamine (2.5). To nitrile 2.4 (96 mg, 0.13 

mmol, 1.0 equiv) was added dry Et2O (5.5 mL, 0.02 M) under nitrogen. Nitrile 2.4 was stirred 

until it was fully dissolved, and then cooled to 0 °C. Lithium aluminum hydride (1.0 M in THF, 

0.26 mmol, 2.0 equiv) was added. After 1 h, the reaction was let warm to room temperature and 

stirred for 5 h. The reaction was quenched by dropwise addition of H2O with stirring, and then 

extracted with EtOAc, dried (MgSO4), filtered, and evaporated to dryness. The crude mixture 

was evaporated onto SiO2 from EtOAc and purified by column chromatography (silica gel, 100% 

DCM®1% MeOH/DCM® 5% MeOH/DCM (all with 1% TEA)) to provide the product 2.5 as a 

yellow oil (29 mg, 0.04 mmol, 30%). Rf  = 0.5 in 10% MeOH/DCM. 1H NMR (500 MHz, 

MeOD-d4): δ 2.65 (d, J = 5.5 Hz, 2H), 2.28 – 2.15 (m, 4H), 1.79 – 1.48 (m, 5H). 13C NMR (126 

MHz, MeOD-d4): δ 122.2 – 109.8 (CFn), 44.6, 40.3, 29.02 (t, JCF = 22.1 Hz), 22.42. 19F NMR 

(282 MHz, MeOD-d4): δ -83.9 – -84.1 (m, 6F), -116.7 – -117.4 (m, 4F), -124.5 (bs, 4F), -125.4 

(bs, 4F), -126.0 (bs, 4F), -127.9 – -130.4 (m, 4F). HRMS (ESI) calcd. for C18H14F26N+ [M + H]+: 

738.0706; found 738.0684.  

 

2,2-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-1-ethanal (2.6). To nitrile 2.4 (30 mg, 0.04 

mmol, 1.0 equiv) dissolved in dry Et2O (2.0 mL, 0.02 M) at  -78 °C, DIBAL-H (1.0 M in 

Hexanes, 0.09 mmol, 2.3 equiv) was added dropwise. After 2 h, additional DIBAL-H (45 µL, 1.2 
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equiv) was added, and the reaction was stirred for 2 h more at -78 °C. EtOAc (2 mL) was added 

slowly, then a saturated aq Rochelle salt solution (2 mL) was added, and the mixture was stirred 

at room temperature until there were two clear layers (~ 1 h). The aqueous layer was extracted 

with additional EtOAc (2 x 3 mL). The combined organic layers were dried (MgSO4), filtered, 

and concentrated. The crude mixture was dissolved in EtOAc (2 mL) and stirred with 1 M HCl 

(2 mL) to hydrolyze any remaining imine. The organic layer was separated, evaporated onto 

SiO2, and purified by column chromatography (silica gel, 3% DCM/hexanes® 5% 

DCM/hexanes ® 10% DCM/hexanes). This procedure yielded the aldehyde 2.6 as a white solid 

(14 mg, 0.02 mmol, 47% yield). Rf  = 0.5 in 20% DCM/hexanes. 1H NMR (500 MHz, CDCl3): δ 

9.68 (d, J = 1.6 Hz, 1H), 2.56 – 2.42 (m, 1H), 2.24 – 1.99 (m, 6H), 1.86 – 1.73 (m, 2H). 13C 

NMR (126 MHz, CDCl3): δ 201.6, 49.6, 28.2 (t, JCF = 22.4 Hz), 19.2. 19F NMR (376 MHz, 

CDCl3) δ -80.8 (t, J = 10.0 Hz, 6F), -114.6 (bs, 4F), -121.9 (bs, 4F), -122.8 (bs, 4F), -123.4 (bs, 

4F), -126.0 – -126.3 (m, 4F). HRMS (ESI) calcd. for C18H9F26O- (M – H)-: 735.0244; found 

735.0239. 

 

2,2-bis((perfluorohexyl)ethyl)-1-carboxylic acid (2.7). To ethyl cyanoacetate 2.3 (1.39 g, 1.73 

mmol, 1.00 equiv.) and powdered KOH (297 mg, 5.29 mmol, 3.1 equiv), absolute ethanol (21 

mL, 0.08 M) and H2O (21 mL, 0.08 M) were added. The reaction was heated to 80 °C. After 3 h, 

1 M HCl (~20 mL) was added, and the mixture was extracted with Et2O (3 x 60 mL). The 

organics were washed with brine, dried (MgSO4), and evaporated to dryness to yield branched 

fluorous cyanoacid as a white solid (1.26 g, 1.61 mmol, 93% crude yield). Branched fluorous 

cyanoacid (938 mg, 1.20 mmol) suspended in conc. HCl (27 mL, 0.04 M) was stirred and heated 

to 100 °C for 2 h, then cooled to 0 °C, and conc. H2SO4 (27 mL, 0.04 M) was added slowly. The 
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reaction mixture was heated to 160 °C. Note: reaction is connected to a base trap before venting 

into a fume hood. After 14 h, the reaction was stopped, diluted with H2O, and extracted with 

Et2O (4 x 50 mL). The organics were dried (MgSO4), filtered, and concentrated to yield 2.7 as an 

off-white solid (832 mg, 1.11 mmol, 92%). From 2.3, the two step yield is 89%. Rf = 0.05 in 

30% Et2O/pentane (streaks). 1H NMR (500 MHz, MeOD-d4): δ 2.55 (sep, J = 5.0 Hz, 1H), 2.32 – 

2.17 (m, 4H), 1.99 – 1.79 (m, 4H). 13C NMR (101 MHz, MeOD-d4): δ 177.2, 44.5, 29.6 (t, JCF = 

22.6 Hz), 23.7. 19F NMR (376 MHz, MeOD-d4): δ -82.5 (tt, J = 10.2, 2.7 Hz, 6F), -114.9 – -

116.4 (m, 4F), -123.0 (bs, 4F), -123.9 (bs, 4F), -124.6 (bs, 4F), -127.3 – -127.4 (m, 4F). HRMS 

(ESI) calcd. for C18H9F26O2- [M – H]-: 751.0193; found 751.0183.  

 

2,2-bis((perfluorohexyl)ethyl)-1-ethanol (2.8). To lithium aluminum hydride (1.0 M in THF, 

3.6 mmol, 2.4 equiv) in Et2O (15 mL), was added branched fluorous carboxylic acid 2.7 (1.11 g, 

1.47 mmol, 1.00 equiv) in Et2O (15 mL) slowly under nitrogen. After 3.5 h, the reaction was 

quenched by slow addition of H2O and saturated NaHCO3, and then extracted with Et2O (4 x 20 

mL). The organics were dried (MgSO4), filtered, and concentrated. Crude reaction mixture was 

absorbed onto SiO2 and purified by flash column chromatography (silica gel, 15% Et2O/pentane) 

to provide the product 2.8 as a colorless oil (981 mg, 1.33 mmol, 90%). Rf  = 0.4 in 30% 

Et2O/pentane. 1H NMR (500 MHz, CDCl3): δ 3.64 (apparent t, J = 4.3 Hz, 2H), 2.29 – 1.99 (m, 

4H), 1.78 – 1.62 (m, 5H), 1.44 (t, J = 4.6 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 120.8 – 106.3 

(CFn), 64.4, 39.1, 28.6 (t, JCF = 22.4 Hz), 21.6. 19F NMR (376 MHz, CDCl3): δ -80.9 (tt, J = 

10.0, 5.2 Hz, 6F), -114.6 – -114.7 (m, 4F), -122.0 (bs, 4F), -122.9 (bs, 4F), -123.5 (bs, 4F), -

126.2 – -126.3 (m, 4F). HRMS (ESI) calcd. for C18H12F26OCl- [M + Cl]-: 773.0167; found 773. 

0165.  

2,2-bis((perfluorohexyl)ethyl)-1-ethyl tosylate (2.9). Tosylate 2.9 was synthesized using a 
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procedure adapted from Yoshida, et. al.44 To alcohol 2.8 (453 mg, 0.614 mmol, 1.00 equiv), was 

added DCM (3 mL, 0.2 M), triethylamine (0.21 mL, 1.53 mmol, 2.49 equiv), and trimethylamine 

hydrochloride (60 mg, 0.61 mmol, 1.0 equiv). The reaction mixture was stirred vigorously, 

cooled to 0 °C, and tosyl chloride (175 mg, 0.921 mmol, 1.50 equiv) was added in DCM (1.9 

mL). The reaction was let warm to room temperature and stirred for 12 h. The organics were 

washed with H2O (2x) and brine (2x), dried (MgSO4), filtered, and evaporated to dryness. The 

crude product was evaporated onto silica from DCM and purified by column chromatography 

(silica gel, 50% toluene/hexanes) to afford 2.9 as a white solid (481 mg, 0.539 mmol, 88%). Rf = 

0.2 in 10% EtOAc/hexanes.1H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 

8.0 Hz, 2H), 3.98 (d, J = 4.5 Hz, 2H), 2.45 (s, 3H), 2.04 – 1.95 (m, 4H), 1.83 – 1.76 (m, 1H), 

1.66 – 1.62 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 145.5, 132.5, 130.2, 128.0, 70.3, 36.7, 28.1 

(t, JCF = 22.4 Hz), 21.7, 21.5. 19F NMR (376 MHz, CDCl3) δ -80.8 (t, J = 10.0 Hz, 6F), -114.5 – -

114.6 (m, 4F), -121.9 (bs, 4F), -122.8 (bs, 4F), -123.4 (bs, 4F), -126.0 – -126.2 (m, 4F). HRMS 

(EI) calcd. for C25H18F26O3S+ [M]+: 892.0561; found 892.0560.  

 

2,2-bis((perfluorohexyl)ethyl)-1-ethyl azide (2.10). To tosylate 2.9 (60 mg, 0.07 mmol, 1.0 

equiv.) was added sodium azide (11 mg, 0.17 mmol, 2.5 equiv) and DMF (3 mL, 0.02 M). The 

mixture was heated to 80 °C. After 12 h, the reaction mixture was evaporated to dryness. The 

crude product was taken up in DCM and filtered, to provide the product 2.10 as a colorless oil 

(47 mg, 0.060 mmol, 92%). Rf = 0.6 in 10% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 

3.38 (d, J = 4.2 Hz, 2H), 2.19 – 2.05 (m, 4H), 1.74 – 1.64 (m, 5H). 13C NMR (101 MHz, CDCl3): 

δ 54.1, 37.1, 28.3 (t, JCF = 22.6 Hz), 22.3.19F NMR (282 MHz, CDCl3): δ -80.7 – -80.8 (m, 6F), -

114.4 – -114.6 (m, 4F), -121.9 (bs, 4F), -122.9 (bs, 4F), -123.4 (bs, 4F), -126.1 – -126.2 (m, 4F). 



 70 

HRMS (EI) calcd. for C18H11F26N+ [M – N2]+: 735.0471; found 735.0491.  

 

2,2-bis((perfluorohexyl)ethyl)-1-ethanethiol (2.11). To tosylate 2.9 (169 mg, 0.190 mmol, 1.00 

equiv), was added DMF (5.6 mL, 0.03 M) and potassium thioacetate (38 mg, 0.33 mmol, 1.7 

equiv). The reaction was heated to 80 °C and stirred for 4 h. The reaction mixture was 

evaporated to dryness, taken up in DCM, filtered, and concentrated to yield an off-white solid 

(135 mg, 0.169 mmol, 90% crude yield). Branched fluorous thioacetate (122 mg, 0.150 mmol) 

was dissolved in MeOH (1.0 mL, 0.2 M) and under nitrogen, acetyl chloride (80 µL, 1.0 mmol, 

7.5 equiv) was added dropwise. The reaction mixture was stirred at 65 °C for 5.5 h, and then 

evaporated to dryness. The crude product was absorbed onto silica and purified by column 

chromatography (silica gel, 1% Et2O/pentane ® 5% Et2O/pentane) to afford the product 2.11 as 

a colorless oil (105 mg, 0.139 mmol, 91% ). The two step yield from 2.9 is 82%. Rf  = 0.6 in 

10% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 2.60 (dd, J = 8.2, 4.7 Hz, 2H), 2.17 – 1.99 

(m, 4H), 1.82 – 1.65 (m, 5H), 1.26 (t, J = 8.2 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 39.0, 28.3 

(t, JCF = 22.3 Hz), 27.5, 22.7. 19F NMR (376 MHz, CDCl3): δ -80.8 (t, J = 10.0 Hz, 6F), -114.4 – 

-114.5 (m, 4F), -121.9 (bs, 4F), -122.9 (bs, 4F), -123.4 (bs, 4F), -126.1 – -126.2 (m, 4F). HRMS 

(EI) calcd. for C18H12F26S+ [M]+: 754.0245; found 754.0262.  

 

5,10,15,20-tetrakis(4-(2,2-bis(perfluorohexylethyl)ethyl-thio)-2,3,5,6-

tetrafluorophenyl)porpyrin (2.13). Procedure was adapted from Tüxen, et. al.45 Branched thiol 

11 (104 mg, 0.138 mmol, 10.0 equiv) was dissolved in DMF (2.0 mL), EtOAc (0.5 mL), and 

diethylamine (41 µL, 0.40 mmol, 28.5 equiv). To this mixture, 5,10,15,20-

tetrakis(pentafluorophenyl)porphyrin 2.12 (13.4 mg, 0.0140 mmol, 1.0 equiv) dissolved in DMF 
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(1.4 mL) was added. The reaction mixture was stirred for 17 h at room temperature, at which 

point the product had precipitated from solution. The mixture was filtered, and the precipitate 

was dissolved in chloroform. The crude product was evaporated onto silica from acetone and 

purified by column chromatography (silica gel, 3% ® 4% ® 5% ® 10% acetone/pentane) to 

afford the product 2.13 as a dark purple solid (46 mg, 0.12 mmol, 85%). Rf  = 0.4 in 20% in 

acetone/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.87 (s, 8H), 3.29 (d, J = 4.7 Hz, 8H), 2.27 – 

2.17 (m, 16H), 2.07 – 1.89 (m, 20H), -2.89 (s, 2H). 19F NMR (282 MHz, CDCl3): δ -80.9 (t, J = 

9.8 Hz, 24F), -114.2 – -114.4 (m, 16F), -121.8 (bs, 16F), -122.9 (bs, 16F), -123.3 (bs, 16F), -

126.1 – -126.3 (m, 16F), -134.0 (dd, J = 24.9, 12.3 Hz, 8F), -136.5 (dd, J = 24.8, 12.2 Hz, 8F). 

HRMS (MALDI): calcd for C116H54F120N4S4+ (M + H)+: 3911.1388; found 3911.2753. 

Absorbance (7:3 PFD 2.15:PFTPA 2.16): 408, 502, 584 nm. Emission (7:3 PFD 2.15:PFTPA 

2.16, Ex 410 nm): 651, 709 nm.  

2.5.5 Figure experimental procedures 

Figure 2.2B. Porphyrins 2.13 and 2.14 were added to individual dram vials from stock solutions 

(1.0 mg/mL) in acetone, solvent was removed, and porphyrins were dried on high vacuum (<100 

mTorr). Fluorous porphryins 2.13 (0.02 mg, 0.07 mmol) and 2.14 (0.03 mg, 0.07 mmol) were 

dissolved in perfluoromethylcyclohexane (1.5 mL) and then sonicated for 1 min. Toluene (1.5 

mL) was added. The dram vials containing each porphyrin were allowed to roll freely on a KJ-

201BD Orbital shaker for 22 h. Aliquots (200 µL) from each layer (toluene and 

perfluoromethylcyclohexane) were dried on high vacuum to remove residual solvent. Samples 

were diluted in DMF (5.0 mL). Absorbance values were obtained on a JASCO V-770 UV-

Visible/NIR spectrophotometer with a 2000 nm/min scan rate. The fluorous partition coefficient 
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was determined by taking the ratio of the absorbance in perfluoromethylcyclohexane and 

toluene. Photographs were taken under long-wave UV light (UVGL-25, 365 nm). 

 

Figure 2.2D. Emulsions were prepared as described in general nanoemulsion formation 

procedure with 2.13 (0.14 mg, 0.04 µmol) or 2.14 (0.13 mg, 0.04 µmol) in 7:3 PFD/PFTPA (10 

vol%, 20 µL). The emulsions (200 µL) were diluted to 5 mL in PBS. A portion of these solutions 

(1 mL) was taken and placed in the presence of 1-octanol (0.5 mL) in an Eppendorf tube. The 

biphasic samples were then rocked for 2 weeks. The Eppendorf tubes containing the samples 

were allowed to roll freely on a KJ-201BD Orbital shaker at 20 rpm. The fluorescence of the 1-

octanol layer was monitored over time to determine the amount of 2.13 and 2.14 that diffused out 

of the emulsions. Emission values were obtained by taking an aliquot (200 µL) of the 1-octanol 

in a 0.3 mL quartz cuvette and measuring the fluorescence on a Horiba Instruments PTI 

QuantaMaster Series fluorometer with the following settings: slits 5 nm, step size 1 nm, 

integration time 0.1 s (Ex 410 nm, collection 450-800 nm). The 1-octanol was returned to the 

sample after the measurement.  

 

Figure 2.2E. Porphyrins 2.13 and 2.14 (0.36 mmol) were dissolved in the indicated fluorous 

solvents (1 mL) through inversion or minimal sonication (<10 min, bath sonicator). Photographs 

were taken under visible light.  

 

Figure 2.3. Empty emulsions were prepared as described in the general nanoemulsion formation 

procedure by sonicating fluorous solvent (10 vol%, 20 uL, 7:3 PFD 2.15:PFTPA 2.16, PFD 2.15, 

PFOB 2.17, or PFt-BuCy 2.18) with Pluronic F-68 predissolved in PBS pH 7.4 (28 mg/mL, 2.8 
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wt%, 200 µL). Emulsions were diluted in MilliQ H2O (20 µL emulsions in 2 mL MilliQ H2O, Ω 

= -18 mV) in a plastic cuvette. The size was monitored by dynamic light scattering (Malvern 

Zetasizer Nano) and data is representative of three replicate measurements. Error bars represent 

the standard deviation of the product of the Zaverage and the polydispersity index of three 

measurements. 

 

Figure 2.4. Cell viability with empty perfluorocarbon nanoemulsions was determined using the 

same procedure described for Figure 2.6B.  

 

Figure 2.5. Cell viability comparison with 2.14 (7 nmol) and 2.13 (7 nmol) in perfluorocarbon 

nanoemulsions composed of 7:3 PFD 2.15:PFTPA 2.16 was determined using the same 

procedure described for Figure 2.6B. Less porphyrin was used due to the lower solubility of 2.14 

in 7:3 PFD:PFTPA.  

 

Figure 2.6B/2.7. Emulsions with fluorous solvents (7:3 PFD 2.15 :PFTPA 2.16, PFD 2.15, 

PFOB 2.17, or PFt-BuCy 2.18) were prepared as described in the general nanoemulsion 

formation procedure with porphyrin 2.13 (0.04 mg, 0.01 µmol). A375 cells were placed in a 96-

well plate (200,000 cells per 150 µL/well). The emulsions were diluted in FACS buffer (200 µL 

emulsions in 1 mL, PBS buffer + 1% FBS). Cells suspended in 150 µL media were treated with 

50 µL of the diluted emulsions. Cells were incubated in the presence of emulsions (37 ˚C, 5% 

CO2, 3 h). Cells were washed by centrifugation (3x, 526xg, 3 min) and resuspended in FACS 

buffer (PBS with 1% FBS) to a final volume of 200 µL. Cells were irradiated (30 min or 10 min, 

420 nm LED, 8.5 mW/cm2). After irradiation, the cells were diluted to 300 µL with FACS buffer 
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and incubated (0 ˚C, 15 min) with propidium iodide (1 µL, 0.25 mg/ml solution). Cell death was 

analyzed by FL2 channel on FACSCalibur. 15,000 cells were collected per sample. 
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2.5.6 NMR spectra 
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CHAPTER THREE 
 

Cleavable fluorous tags for temporary solubility in fluorous solvent and stimuli-responsive 
release from perfluorocarbon emulsions 

 
Adapted from: Miller, M.A. ±; Day, R.D. ±; Estabrook, D.A. ±; Sletten, E.M.* “A reduction-
sensitive fluorous fluorogenic coumarin.” Synlett 2020, 31, 450–454. and unpublished work. 

 
3.1 Abstract 
 

The ability to synthesize branched fluorous tags allowed us to encapsulate payloads of 

interest inside perfluorocarbon (PFC) nanoemulsions. Encapsulation of payloads is useful for 

applications where the cargo remains inside the nanoparticle, such as in photodynamic therapy or 

imaging. However, we would ultimately like to have control over whether the payload remains 

inside the nanoemulsions and how it would be released. We imaged that branched fluorous tags 

could be combined with self-immolative linkers to result in payloads that could be used as 

probes for PFC nanoemulsions. A branched, fluorous-soluble fluorogenic coumarin is reported 

as a reduction-sensitive probe to study the interior and exterior environment of perfluorocarbon 

nanoemulsions and micelles. We describe additional perfluorinated coumarins that were 

synthesized. We imagined this cleavable linker strategy could be extended to drug delivery of a 

small-molecule from the nanoemulsions. We extend this reduction-sensitive fluorous linker 

strategy by synthesizing a fluorous prodrug of small-molecule therapeutic, Gemcitabine. While 

this work was not viable for applications in cellulo, we discuss future directions that could be 

pursued for payloads made fluorous-soluble through cleavable linkers.  

 

3.2 Introduction  
 

We previously demonstrated that covalent modification of fluorophores with branched 

perfluorinated tags allows for encapsulation of these payloads inside perfluorocarbon 
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nanoemulsions (Figure 3.1A). This approach works well for imaging experiments and 

applications where the payload can remain localized inside the nanoemulsion (i.e. photodynamic 

therapy). The lifetime of the fluorous-tagged molecule inside the emulsions can be correlated to 

the length of the fluorous chains or number of fluorous tags (see leaching study in Chapter 2, 

Figure 2.2). However, more controlled strategies that rely on specific stimuli rather than simple 

leaching are desirable, particularly for drug-delivery applications, where the payload needs to be 

released from the nanoemulsions at a specific location (Figure 3.1B and C).  

Cleavable linkers are useful for the controlled release of payloads of interest.1 We 

imagined that a payload could be modified with a fluorous tag through a cleavable linker rather 

than a permanent covalent bond to access temporarily fluorous-soluble payloads, which could be 

encapsulated inside perfluorocarbon (PFC) nanoemulsions. In the presence of a stimuli, the 

cleavable linker could be broken apart to return the payload to its nonfluorous-soluble state. We 

imaged that this strategy would allow us to gain information about how the interior core of the 

emulsions experiences its exterior environment. Additionally, the stimuli-responsive fluorous-

soluble payloads could be coupled with a stimuli-responsive polymer surfactant for controlled 

release from PFC nanoemulsions.  
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Figure 3.1 General approach to temporarily fluorous-soluble payloads. (A) Previous work using 
covalent bonds to solubilize payloads in fluorous solvent. B) Use of cleavable linkers to append  
branched fluorous tags to payloads of interest. This approach can be generalized such that the 
probe is sensitive to different stimuli. (C) Encapsulation of temporarily fluorous-soluble 
payloads into PFC nanoemulsions allows for study of how the emulsion experiences its 
environment. In the future, greater release of the payload could be observed with a degradable 
emulsion. 
 

We intended first to develop a stimuli-responsive fluorous probe compound and then 

extend that design to a fluorous prodrug. To gain quantitative information about the interior and 

exterior environment of the PFC nanoemulsions, we chose to start with a fluorogenic fluorous 

probe like 3.2 (Figure 3.2C). Fluorogenic probes allow one to use fluorescence-based assays to 

study chemical changes, reactions, or an altered environment (i.e. solvent polarity) (Figure 

3.2A).2–4 Some examples of fluorous-soluble chromophores that are sensitive to their 

environment have been described in the literature. For example, 9-(a-perfluoroheptyl-b,b-

dicyanovinyl)julolidine 3.1 displays solvatochromic behavior with a bathochromic shift in labs in 

more polar solvents (Figure 3.2A and B).5 A fluorous-soluble copper carboxylate complex has 

been used in tandem with an organic porphyrin for histamine sensing6 and a BINOL-derivative 
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modified with fluorous groups has been used for enantioselectivity measurements.7 Though a 

probe that would fit our needs did not exist in the literature, these works provided precedent for 

the general plan of a fluorogenic probe we had in mind.  

 

Figure 3.2 Chromophores sensitive to their environment. (A) Schematic of chromophores 
sensitive to their environment. (B) Solvatochromic fluorous fluorophore 3.1 from ref. 5. (C) 
Fluorogenic fluorous coumarin 3.2 described in this work. 
 

Once we had plans for an initial fluorous fluorogenic probe, we considered small-

molecule therapeutic that could be our initial target for a fluorous prodrug. We became interested 
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serum,8,9 making it an ideal compound for prodrug strategies10,11 and carrier facilitated 

delivery.12 Gemcitabine is relatively small with multiple handles for functionalizing with 

fluorous tags. Gemcitabine also has two fluorine atoms at the C2’ position, which we imagined 

could aide in 19F NMR identification of the prodrug and free drug if needed.  
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the fluorescent properties of coumarins can be modulated by substituents at the 7-position,4,18–20 

more specifically that coumarin fluorescence is quenched when the 7-hydroxyl group is 

protected. With this approach, we could use fluorescence-based assays to evaluate the stability of 

the payload and its release from PFC nanoemulsions. We chose to use a disulfide as the initial 

cleavable linker as disulfides can be readily cleaved by glutathione or other thiols in the highly 

reducing environment of the cytosol (5-10 mM concentration of GSH in cytosol vs 10 µM 

concentration of GSH extracellularly).21–23 

Scheme 3.1 Synthesis of heterobifunctional linker 3.5 and fluorous-tagged coumarins 3.2a/b.  
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it leads to the formation of 2-thiopyridone. While we initially used a linear fluorous thiol 3.8 (43 

wt%F), we found this linear fluorous coumarin 3.2a to be non-fluorous soluble. We then moved 

on to disulfide exchange with the branched fluorous thiol 2.11, which provided moderately 

fluorous-soluble coumarin 3.2b at 48 wt%F.  

It was found that 3.2b was stable in non-thiol containing solution over time. We have 

reported that in a biphasic fluorous water solution in the presence of various reducing agents (b-

mercaptoethanol, DTT, TCEP, and GSH), the disulfide of 3.2b is reduced and free coumarin 3.6 

is released (Scheme 3.2).27 Branched fluorous fluorogenic coumarin 3.2b can also encapsulated 

in and slowly released from perfluorocarbon nanoemulsions or polymeric micelles over 48 hours 

in the presence of reducing agent.  

 

Scheme 3.2 Cleavage of disulfide bond in 3.2b in the presence of reducing agent to release a free 
thiol 2.11 and then undergoes self-immolation to give fluorescent 7-hydroxycoumarin 3.6. 
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Towards second generation fluorous fluorogenic coumarin 3.14, 3.12 was prepared by a 

Sc(OTf)3 mediated Pechmann condensation of ethyl 4,4,4-trifluoroacetoacetate 3.10 and 

phloroglucinol 3.11 in low yield, due to the formation of other fluorescent species (Scheme 3.3). 

Ester formation at the more sterically hindered phenol at the 5-position of coumarin 3.12 was 

difficult under standard conditions described in Scheme 3.1. Esterification reactions with 

triphosgene were minimally successful to yield 3.13 in poor yield. Disulfide exchange of 3.13 

with branched fluorous thiol 2.11 resulted in small amounts of the desired product 3.14. 

Ultimately, we did not pursue the use of 3.14 further due to poor yields throughout the synthesis.  

 

Scheme 3.3 Synthesis of second generation red-shifted branched fluorous fluorogenic coumarin 
3.14.  
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established, we began to use the branched fluorous thiol 2.11 for disulfide exchange reactions. 

We found that only when Gemcitabine was modified with three branched fluorous chains was 

Gemcitabine made fully fluorous soluble in PFOB. Attempts to release free Gemcitabine 3.15 

from 3.21b in the presence of BME or glutathione were made by Dan Estabrook and Rachael 

Day. However, these assays were complicated by the large difference in solubility between free 

Gemcitabine and the fluorous variant 3.21b. Additionally, the high molecular weight of 3.21b 

(and partially reduced intermediates 3.20b and 3.19a) made it difficult to observe reduction 

events by LCMS.  

 

Scheme 3.4 Synthesis of fluorous-tagged Gemcitabine prodrugs.  
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3.4 Conclusion 

In summary, we synthesized a fluorogenic fluorous-soluble fluorophore 3.2b that was 

sensitive to reducing agents. This probe was used in experiments to assess to what extent the 

interior of a fluorous nanomaterial experiences its external environment. We attempted to extend 

this strategy for the release of a small-molecule therapeutic from PFC nanoemulsions. A fluorous-

soluble Gemcitabine prodrug was synthesized. However, it was difficult to assess reduction of 

3.21b in solution and when encapsulated inside PFC nanoemulsions. Future work will decouple 

the stimuli required for payload release from the stimuli required for nanoemulsion degradation, 

such that optimization of the material degradation can be decoupled from payload release. 

Alternative stimuli, such as acid-cleavable linkers to release payloads, will take advantage of the 

inherent pH of the endosome, as non-targeted PFC nanoemulsions are internalized through 

endocytosis.29–31 

 

3.5 Experimental Procedures 

Chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific, 

Acros Organics, Synquest, or TCI and used without purification unless noted otherwise. 

Anhydrous dimethyl sulfoxide (DMSO) was obtained from a Sure-SealTM bottle (Aldrich). 

Anhydrous and deoxygenated solvents dichloromethane (DCM), dimethylformamide (DMF), 

acetonitrile (MeCN), methanol (MeOH), and tetrahydrofuran (THF) were dispensed from a 

Grubb’s-type Phoenix Solvent Drying System. Thin layer chromatography was performed using 

Silica Gel 60 F254 (EMD Millipore) plates. Flash chromatography was executed with technical 

grade silica gel with 60 Å pores and 40–63 µm mesh particle size (Sorbtech Technologies). 

Solvent was removed under reduced pressure with a Büchi Rotovapor with a Welch self-cleaning 
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dry vacuum pump and further dried with a Welch DuoSeal pump. Bath sonication was 

performed using a Branson 3800 ultrasonic cleaner. NMR spectra were recorded on Bruker AV-

500 (1H and 13C) and AV-400 (19F) instruments and processed with MestReNova software. NMR 

peaks are calibrated using residual undeuterated solvent (CHCl3 at 7.26 ppm 1H NMR, 77.16 

ppm 13C NMR). Masses for analytical measurements were taken on a Sartorius MSE6.6S-000-

DM Cubis Micro Balance. HRMS (electrospray ionization (ESI)) were collected on a Thermo 

Scientific Q ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM with Dionex UltiMate 3000 

RSLCnano System and LRMS (electrospray ionization (ESI)) were collected on an Agilent 1260 

Infinity II HPLC-tandem MS system.  

3.5.1 Synthetic experimental procedures 

4-nitrophenyl 2-(pyridin-2-yldisulfanyl)ethylcarbonate (3.5) was prepared following a 

literature procedure.26 1H NMR (500 MHz, CDCl3): δ 8.55 – 8.45 (m, 1H), 8.35 – 8.21 (m, 2H), 

7.73 – 7.58 (m, 2H), 7.44 – 7.32 (m, 2H), 7.12 (ddd, J = 6.7, 4.8, 1.8 Hz, 1H), 4.56 (t, J = 6.4 Hz, 

2H), 3.16 (t, J = 6.4 Hz, 2H).  

 
2-oxo-2H-chromen-7-yl (2-(pyridin-2-yldisulfaneyl)ethyl) carbonate (3.7). To activated 

disulfide 3.5 (600 mg, 1.64 mmol, 1.00 equiv) was added 7-hydroxy coumarin 3.6 (318 mg, 1.97 

mmol, 1.20 equiv), DMF (31 mL, 0.05 M), and DMAP (23 mg, 0.20 mmol, 0.12 equiv). To the 

solution was added DIPEA (340 uL, 1.97 mmol, 1.20 equiv). The solution was stirred for 21 h at 

room temperature and then concentrated. The crude material was purified by column 

chromatography (silica gel, 35%®50% EtOAc/hexanes). Extensive drying provided the product 

3.7 as a white amorphous solid (427 mg, 1.14 mmol, 70% yield). Rf  = 0.17 in 40% 

EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.49 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H), 7.71 – 7.62 
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(m, 3H), 7.50 (d, J = 8.5 Hz, 1H), 7.21 (d, J = 2.2 Hz, 1H), 7.16 – 7.08 (m, 2H), 6.41 (d, J = 9.6 

Hz, 1H), 4.55 (t, J = 6.4 Hz, 2H), 3.16 (t, J = 6.4 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 160.3, 

159.3, 154.8, 153.3, 152.6, 150.0, 142.8, 137.2, 128.8, 121.2, 120.3, 117.8, 117.0, 116.5, 110.0, 

66.7, 36.9. HRMS (ESI) calcd. for C17H14NO5S2+ (M + H)+ : 376.0313; found 376.0307.  

 

Linear fluorous fluorogenic coumarin (3.2a). Activated disulfide coumarin 3.7 (13.3 mg, 

0.0354 mmol, 1.00 equiv) was added to a dram vial and dissolved in DMF (0.6 mL, 0.06 M). 

Linear perfluorooctylethyl thiol 3.8 (10.1 mL, 0.0354 mmol, 1.00 equiv) was added to the 

reaction. After 17 h, the reaction was diluted with DCM and water was added. The organic layer 

was separated, dried (Na2SO4), and concentrated. Crude material was purified by column 

chromatography (silica gel, 100% DCM®2%MeOH/DCM) to provide mostly pure product. This 

material was further purified by column chromatography (silica gel, 30% Et2O/pentane) to give 

product 3.2a (5.2 mg, 0.0070 mmol, 19% yield). Rf  = 0.18 in 25% EtOAc/hexanes. 1H NMR 

(500 MHz, CDCl3): δ 7.70 (d, J = 9.5 Hz, 1H), 7.50 (d, J = 8.5 Hz, 1H), 7.23 (d, J = 2.3 Hz, 1H), 

7.15 (dd, J = 8.5, 2.3 Hz, 1H), 6.42 (d, J = 9.5 Hz, 1H), 4.55 (t, J = 6.5 Hz, 2H), 3.05 (t, J = 6.5 

Hz, 2H), 2.96 – 2.88 (m, 2H), 2.55 (tt, J = 17.7, 8.1 Hz, 2H). 19F NMR (376 MHz, CDCl3): δ -

80.7 (m, 3F), -113.6 (t, 2F), -121.6 (bs, 2F), -121.8 (bs, 4F), -122.7 (bs, 2F), -123.2 (bs, 2F), -

126.1 (m, 2F).  

 

Branched fluorous fluorogenic coumarin (3.2b). To branched fluorous thiol 2.11 (120 mg, 

0.158 mmol, 1.10 equiv) was added 3.7 (54 mg, 0.14 mmol, 1.0 equiv) and chloroform (2.9 mL, 

0.050 M). The solution became pale yellow within five minutes, and became more yellow over 

time. The reaction was stirred at room temperature for 18 h. The crude product was evaporated 
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onto SiO2 from chloroform and purified by column chromatography (silica gel, 20%® 40%®  

60% EtOAc/hexanes) to afford the product as a white solid (107 mg, 0.105 mmol, 75% yield). 

(The average yield across three reactions was 74%). Rf  = 0.66 in 40% EtOAc/hexanes. 1H NMR 

(500 MHz, CDCl3): δ 7.69 (dd, J = 9.6, 0.6 Hz, 1H), 7.50 (d, J = 8.5 Hz, 1H), 7.22 (d, J = 2.3 

Hz, 1H), 7.14 (dd, J = 8.5, 2.3 Hz, 1H), 6.42 (d, J = 9.6 Hz, 1H), 4.55 (t, J = 6.5 Hz, 2H), 3.04 (t, 

J = 6.5 Hz, 2H), 2.79 (d, J = 6.1 Hz, 2H), 2.19 – 2.05 (m, 4H), 1.90 (h, J = 6.3 Hz, 1H), 1.84 – 

1.67 (m, 4H). 13C NMR (126 MHz, CDCl3): δ 160.3, 154.8, 153.3, 152.8, 142.8, 128.8, 117.7, 

117.1, 116.5, 110.0, 66.8, 43.2, 36.8, 36.7, 28.2 (t, JCF = 22.6 Hz), 23.0 (t, JCF = 31.4 Hz). 19F 

NMR (282 MHz, CDCl3): δ -80.6 – -80.9 (m), -114.2 – -114.5 (bs, 4F), -121.9 (bs, 4F), -122.8 

(bs, 4F), -123.3 (bs, 4F), -125.9 – -126.3 (m, 4F). HRMS (ESI) calcd for C30H20F26O5S2 (M + 

H)+ : 1019.0415; found 1019.0405.  

 

5,7-dihydroxy-4-(trifluoromethyl)coumarin (3.12). 3.12 was prepared following a procedure 

modified from the literature.32 To a dram vial was added Sc(OTf)3 (98 mg, 0.20 mmol, 0.10 

equiv), phloroglucinol 3.11 (324 mg, 2.00 mmol, 1.00 equiv), and b-ketoester 3.10 (440 mg, 2.40 

mmol, 1.20 equiv). The vial was sealed and heated to 80 °C for 3 h. The crude reaction mixture 

was suspended in water, but could not be filtered. All crude material was then dissolved in 

acetone and absorbed onto SiO2. The crude product was purified by column chromatography 

(silica gel, 15% EtOAc/hexanes) to yield the product 3.12 (82 mg, 0.33 mmol, 17% yield), as 

well as other unidentified fluorescent species. Rf  = 0.45 in 50% EtOAc/hexanes. 1H NMR (500 

MHz, DMSO-d6): δ 10.92 (s, 1H), 10.67 (s, 1H), 6.53 (s, 1H), 6.32 (d, J = 2.4 Hz, 1H), 6.29 (d, J 

= 2.3 Hz, 1H). MS (ESI) m/z 359.0 [M+TFA–H]–. 
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5,7-di-((2-(pyridin-2-yldisulfaneyl)ethyl)carbonate)-4-trifluoromethylcoumarin (3.13). To a 

flame-dried dram vial was added 5,7-dihydroxy-4-trifluoromethylcoumarin 3.12 (20 mg, 0.081 

mmol, 1.0 equiv). Triphosgene (72 mg, 0.24 mmol, 3.0 equiv) was added. The dram vial was 

sealed, purged with N2, and attached to a 1 M NaOH base trap. Dry THF (0.50 mL, 0.15 M) was 

added, and DIPEA (43 mL, 0.24 mmol, 3.0 equiv) was added dropwise. The reaction was heated 

to 50 °C for 1 h and then cooled to RT. Alcohol 3.4 in THF (0.5 mL) was added to the reaction. 

The reaction was stirred overnight and then concentrated under a stream of air. EtOAc and brine 

were added, and the organic layer was separated. The aqueous layer was washed with DCM, and 

the DCM layer was combined with the other organic layers. The organics were dried (Na2SO4), 

filtered, and concentrated. The crude material was absorbed onto SiO2 and purified by column 

chromatography (silica gel, 15%®20%®40%EtOAc/hexanes®100%EtOAc) to yield ~20 mg 

of mostly pure product. This material was further purified on a pipette column (silica gel, 7% 

acetone/toluene) to yield the desired product 3.13 (8.4 mg, 0.012 mmol, 15% yield). Rf  = 0.8 in 

30% acetone/toluene. 1H NMR (500 MHz, Acetone-d6): δ 8.46 (ddt, J = 3.7, 2.8, 1.4 Hz, 2H), 

7.86 – 7.75 (m, 4H), 7.40 (d, J = 2.4 Hz, 1H), 7.36 (d, J = 2.4 Hz, 1H), 7.25 – 7.19 (m, 2H), 7.03 

(d, J = 1.0 Hz, 1H), 4.59 (dt, J = 6.8, 6.2 Hz, 4H), 3.26 (td, J = 6.3, 3.6 Hz, 4H). MS (ESI) m/z 

673.0 [M+H]+. 

 

Di-branched fluorous-tagged trifluoromethyl coumarin (3.14). To a flame-dried dram vial was 

added 3.13 (6.4 mg, 0.0095, 1.0 equiv). Branched fluorous thiol 2.11 (21.5 mg, 0.0285 mmol, 3.00 

equiv) was added in CDCl3 (0.2 mL, 0.05 M). The reaction was sealed under N2. After 12 h, the 

reaction was concentrated and purified by preparatory TLC (silica gel plate, 10% acetone/toluene) 

to yield 15 mg of partially pure product. That material was absorbed onto SiO2 and purified on a 
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pipette column (silica gel, 20% Et2O/pentane®50% Et2O/pentane) to yield 3.14 (5.3 mg, 0.0027 

mmol, 28% yield). Rf = 0.18 in 20% Et2O/pentane. 1H NMR (500 MHz, Acetone-d6): δ 7.40 (d, J 

= 2.4 Hz, 1H), 7.35 (d, J = 2.4 Hz, 1H), 7.03 (d, J = 1.1 Hz, 1H), 4.58 (td, J = 6.4, 1.5 Hz, 4H), 

3.14 (dt, J = 7.7, 6.4 Hz, 4H), 3.01 (d, J = 6.3 Hz, 4H), 2.36 (dt, J = 19.7, 10.8 Hz, 8H), 2.13 – 

2.08 (m, 2H), 1.85 (m, 8H). 19F NMR (282 MHz, CDCl3): δ -64.1 (s, 3F), -80.8 (tt, J = 9.8, 2.6 Hz, 

12F), -114.4 (ddt, J = 18.2, 9.0, 4.8 Hz, 8F), -121.9 (s, 8F), -122.9 (s, 8F), -123.3 (s, 8F), -126.1 

(s, 8F). 

 

Mono-(2-(pyridin-2-yldisulfaneyl)ethyl)carbamate-Gemcitabine (3.16). 4-nitrophenyl 2-

(pyridin-2-yldisulfanyl)ethylcarbonate 3.5 (94 mg, 0.26 mmol, 1.0 equiv) was dissolved in DMF 

(5 mL, 0.05 M). Gemcitabine 3.15 (83.3 mg, 0.325 mmol, 1.27 equiv) and DMAP (2.5 mg, 0.020 

mmol, 0.080 equiv) were added, followed by DIPEA (50 µL, 0.33 mmol, 1.1 equiv). The 

reaction was stirred under N2 for 19 h and concentrated to dryness. The crude was purified by 

column chromatography (silica gel, 6% ®8%®9%®10%®15%®20% MeOH/DCM) to yield 

3.16 as a white solid (57 mg, 0.12 mmol, 47% yield) and doubly modified product 3.17 (41 mg, 

0.059 mmol, 23% yield) as a colorless oil. 3.16 Rf = 0.5 in 10% MeOH/DCM. 1H NMR (500 

MHz, Methanol-d4): δ 8.41 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H), 7.89 – 7.75 (m, 3H), 7.24 (ddd, J = 

7.2, 4.9, 1.4 Hz, 1H), 6.30 (t, J = 8.8 Hz, 1H), 5.93 (d, J = 7.6 Hz, 1H), 5.28 (dt, J = 12.9, 6.9 Hz, 

1H), 4.50 – 4.40 (m, 2H), 4.18 (dt, J = 6.7, 3.1 Hz, 1H), 3.86 (ddd, J = 69.3, 12.8, 3.1 Hz, 2H), 

3.14 (t, J = 6.1 Hz, 2H). 19F NMR (376 MHz, Methanol-d4): δ -115.9 (d, J = 244.4 Hz, 1F), -

119.0 (d, J = 247.9 Hz, 1F). Di-(2-(pyridin-2-yldisulfaneyl)ethyl)carbamate-Gemcitabine 

(3.17). Rf = 0.19 in 10% MeOH/DCM. 1H NMR (400 MHz, CDCl3): δ 8.50 – 8.42 (m, 2H), 7.75 

(s, 1H), 7.70 – 7.56 (m, 4H), 7.35 (d, J = 7.5 Hz, 1H), 7.16 – 7.04 (m, 2H), 6.33 (s, 1H), 6.09 (s, 
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1H), 5.87 (d, J = 7.6 Hz, 1H), 5.19 (s, 1H), 4.55 – 4.36 (m, 6H), 4.29 (ddd, J = 6.4, 4.3, 3.3 Hz, 

1H), 3.08 (td, J = 6.5, 5.4 Hz, 4H). 19F NMR (376 MHz, CDCl3): δ -115.3 (d,  J = 246.4 Hz, 1F), 

-119.3 (bs, 1F). MS (ESI) m/z 690.2 [M+ H]+. 

 

Tri-(2-(pyridin-2-yldisulfaneyl)ethyl)carbamate-Gemcitabine (3.18) To a flame-dried dram 

vial was added Gemcitabine 3.15 (18.6 mg, 0.071 mmol, 1.00 equiv), K2CO3 (38 mg, 0.27 

mmol, 3.9 equiv), and DMF (0.55 mL, 0.13 M). Activated carbonate 3.5 (100 mg, 0.280 mmol, 

4.00 equiv) was added in DMF (0.55 mL, 0.13 M). The solution immediately turned yellow. 

After 2 days, the reaction was concentrated and purified by column chromatography (silica gel, 

70%®80%®90%EtOAc/hexanes®100%EtOAc®4%MeOH/EtOAc®6%MeOH/EtOAc®10%

MeOH/EtOAc) to yield 3.18 (5.7 mg, 0.0063 mmol,  9% yield). Rf = 0.31 in 80% 

EtOAc/hexanes. 1H NMR (400 MHz, CDCl3): δ 8.48 (s, 3H), 7.73 (s, 1H), 7.69 – 7.61 (m, 6H), 

7.16 – 7.06 (m, 3H), 6.42 (s, 1H), 5.19 (s, 1H), 4.56 – 4.32 (m, 10H), 3.09 (td, J = 6.5, 1.5 Hz, 

6H). 19F NMR (376 MHz, CDCl3): δ -115.4 (d, J = 247.1 Hz, 1F), -118.5 (bs, 1F). MS (ESI) m/z 

904.2 [M+ H]+. 

 

Mono-linear fluorous-tagged Gemcitabine (3.19a). To a flame-dried dram vial, was added 

activated disulfide 3.16 (9.1 mg, 0.019 mmol, 1.0 equiv) and CDCl3. Perfluoroocytl ethyl thiol 

3.8 (9.1 mg, 0.019 mmol, 1.0 equiv) was added. The reaction mixture was heated to 40 °C under 

N2. After 4 h, the reaction mixture was evaporated to dryness. The crude reaction mixture was 

purified by flash column chromatography (silica gel, 5% ® 10% MeOH/DCM) to provide 3.19a  

as a white solid (7.5 mg, 0.009 mmol, 47%). Rf = 0.3 in 10% MeOH/DCM. 1H NMR (400 MHz, 

Methanol-d4): δ 7.79 (dd, J = 7.6, 1.3 Hz, 1H), 6.29 (t, J = 8.8 Hz, 1H), 5.93 (d, J = 7.6 Hz, 1H), 
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5.31 (dd, J = 12.6, 6.5 Hz, 1H), 4.48 (td, J = 6.3, 2.0 Hz, 2H), 4.18 (dt, J = 6.7, 3.1 Hz, 1H), 3.87 

(ddd, J = 56.5, 12.8, 3.1 Hz, 2H), 3.05 (t, J = 6.3 Hz, 2H), 3.01 – 2.93 (m, 2H), 2.62 (tt, J = 18.0, 

8.0 Hz, 2H). 19F NMR (376 MHz, Methanol-d4): δ -82.4 (t, J = 10.2 Hz, 3F), -114.7 (dt, J = 17.0, 

8.7 Hz, 2F), -115.9 (d, J = 244.6 Hz, 1F), -118.6 (s, 1F), -122.6 (d, J = 16.6 Hz, 2F), -122.8 (s, 

4F), -123.7 (s, 2F), -124.3 (s, 2F), -127.0 – -127.5 (m, 2F). 

Di-linear fluorous-tagged Gemcitabine (3.20a). To a flame-dried dram vial, was added 

activated bis-disulfide 3.17 (16.1 mg, 0.023 mmol, 1.00 equiv) and CDCl3. Perfluoroocytl ethyl 

thiol 3.8 (56 mg, 0.12 mmol, 5.0 equiv) was added. The reaction mixture was heated to 40 °C 

under nitrogen. After 24 h, the reaction mixture was evaporated to dryness. The crude reaction 

mixture was washed with MeCN (3 x 1 mL) and then washed perfluorohexanes (2 x 1 mL). The 

remaining white solid was placed on high vacuum to afford the dry product (11.1 mg, 39%). Rf = 

0.7 in 5% MeOH/EtOAc. 1H NMR (500 MHz, CDCl3/HFIP-d2): δ 7.61 (dd, J = 7.7, 1.8 Hz, 1H), 

6.27 (dd, J = 10.4, 6.5 Hz, 1H), 5.96 (d, J = 7.6 Hz, 1H), 5.14 (ddd, J = 13.2, 6.3, 3.3 Hz, 1H), 

4.60 – 4.45 (m, 6H), 3.01 (td, J = 6.3, 1.3 Hz, 4H), 2.98 – 2.89 (m, 4H), 2.57 (tt, J = 17.4, 7.9 Hz, 

4H). 19F NMR (376 MHz, CDCl3): δ -81.8 (s, 6F), -114.5 (s, 4F), -115.6 (d, J = 249.3 Hz, 1F), -

120.0 (d, J = 245.6 Hz, 1F), -122.2 (s, 4F), -122.5 (s, 8F), -123.3 (s, 4F), -124.0 (s, 4F), -126.9 (s, 

4F). 

Di-branched fluorous-tagged Gemcitabine (3.20b). To a vial containing 3.17 (14 mg, 0.020 

mmol, 1.0 equiv) was added branched fluorous thiol 2.11 (58 mg, 0.077 mmol, 3.9 equiv) and 

CDCl3 (0.6 mL, 0.03 M). The vial was sealed under N2 and heated to 40 °C. After 24 h, the 

reaction was concentrated and purified by column chromatography (silica gel, 50%®60% 

EtOAc/hexanes®100% EtOAc) to provide 3.20b (25.7 mg, 0.130 mmol, 65% yield). Rf = 0.61 
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in 100% EtOAc (KMnO4). 1H NMR (500 MHz, CDCl3): δ 7.43 (d, J = 7.5 Hz, 1H), 6.38 (s, 1H), 

5.89 (d, J = 7.2 Hz, 1H), 5.18 (d, J = 9.8 Hz, 1H), 4.54 – 4.39 (m, 6H), 4.37 – 4.30 (m, 1H), 2.96 

(td, J = 6.6, 1.5 Hz, 4H), 2.76 (d, J = 6.1 Hz, 4H), 2.18 – 2.04 (m, 8H), 1.88 (h, J = 6.4 Hz, 2H), 

1.84 – 1.65 (m, 8H). 19F NMR (376 MHz, CDCl3): δ -80.8 (t, J = 10.0 Hz, 12F), -114.4 (t, J = 

13.8 Hz, 8F), -115.8 (d, J = 247.4 Hz, 1F), -121.9 (s, 8F), -122.9 (s, 8F), -123.3 (s, 8F), -126.2 

(td, J = 15.2, 6.6 Hz, 8F). 

Tri-branched fluorous-tagged Gemcitabine (3.21b). To a vial containing 3.18 (17.3 mg, 0.019 

mmol, 1.00 equiv) was added branched fluorous thiol 2.11 (61.4 mg, 0.0817, 4.30 equiv) in 

CDCl3 (0.58 mL, 0.033M). The solution becomes immediately yellow, is sealed under N2, and 

heated to 40 °C. After 21 h, the reaction mixture was loaded directly onto a column (silica gel, 

10%®20%®30%®40%®50%®70% EtOAc/hexanes) to provide 3.21b (15.1 mg, 0.00530 

mmol, 28% yield). Rf = 0.24 in 40% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 7.73 (d, J = 

7.7 Hz, 1H), 7.30 (d, J = 7.6 Hz, 1H), 6.41 (s, 1H), 5.25 – 5.16 (m, 1H), 4.57 – 4.41 (m, 8H), 

4.38 (dt, J = 5.8, 3.8 Hz, 1H), 2.96 (td, J = 6.6, 2.2 Hz, 7H), 2.76 (dd, J = 6.1, 3.0 Hz, 6H), 2.21 – 

2.01 (m, 15H), 1.89 (hept, J = 6.4 Hz, 3H), 1.84 – 1.64 (m, 11H). 19F NMR (282 MHz, CDCl3): δ 

-80.8 (s, 18F), -114.4 (s, 12F), -115.8 (d, J = 245.4 Hz, 1F), -121.9 (s, 12F), -122.9 (s, 12F), -

123.3 (s, 12F), -126.2 (s, 12F). 
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3.5.2 NMR spectra 
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CHAPTER FOUR 
 

Bioorthogonal complexation: a host-guest approach to the bioorthogonal chemical reporter 
strategy 

 
4.1 Abstract 
  
 The ability to study living systems in their native environment is a major goal in the field 

of chemical biology. One tool that has been developed for this purpose is the bioorthogonal 

chemical reporter strategy. This two-step method requires metabolic or genetic incorporation of 

an unnatural substrate into a biomolecule of interest. The unnatural substrate contains a reactive 

functional group deemed X. The biomolecule can be detected through a selective covalent 

reaction between X and a designed partner, Y. The reaction between X and Y is deemed 

bioorthogonal when X is small, abiotic, and only reactive with Y. Extensive studies have been 

carried out to improve the rate of the reaction between X and Y. However, this strategy has been 

challenging in higher organisms due to the balance between rate, size, and the stability of X and 

Y. The Sletten lab and other labs have addressed this limitation by pursuing an alternative 

approach to detect unnatural functional groups (X) using non-covalent host-guest chemistry. We 

have termed this strategy bioorthogonal complexation. Herein, we detail the requirements of 

bioorthogonal complexation in living systems and provide an overview of the Sletten lab’s proof 

of principle bioorthogonal complexation with a known host. We imagined that 

perfluoroaromatics, which have previously been incorporated into biomolecules, could make 

ideal guests for this strategy. Our approach to the design of hosts specific for perfluoroaromatics 

for bioorthogonal complexation applications is described in the chapters that follow.  
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4.2 Introduction and discussion 
 

The bioorthogonal chemical reporter strategy is a two-step approach to labeling 

biomolecules in living systems developed by the Bertozzi group in the early 2000s (Figure 4.1, 

step 1).1–3 In the first step, a non-native chemical functional group, deemed the chemical reporter 

(X), is attached to a target substrate, such as a monosaccharide or amino acid. If designed 

appropriately, such that the X group is not too large and does not perturb native structure and 

function, the modified substrate can be incorporated into a biomolecule using the cell’s own 

machinery. 

 

Figure 4.1 The bioorthogonal chemical reporter strategy. Step 1 involves incorporation of 
unnatural functionality, the chemical reporter (X), into a target biomolecule. Step 2 involves a 
selective reaction between X and Y to label the target biomolecule with a fluorophore or other 
payload.  
 

Hijacking the sialic acid biosynthetic pathway is one way to incorporate unnatural 

functionality into biomolecules (Figure 4.2).4–6 Unnatural derivatives of D-mannosamine 4.1, a 

precursor to sialic acid, can be taken up by cells. The enzymes in the sialic acid biosynthetic 

pathway are promiscuous enough to tolerate some modification of mannosamine, such that the 

unnatural derivatives are converted into the corresponding sialic acids and incorporated into cell-

surface glycans. In this way, non-native functional groups can be displayed on the cell surface. 

Larger X groups can be incorporated as unnatural sialic acid derivatives,7 which enter at a later 

step in the pathway. In the case of sialic acid, modification on the 5-position 4.2 and 9-position 

4.3 are both tolerated. While metabolic incorporation of unnatural carbohydrates is the primary 
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focus of the work described here, another common approach to installing chemical reporters is 

through non-canonical amino acids8 using site-specific amino acid incorporation via amber 

codon suppression9–11 or global residue-specific incorporation in auxotrophic cell lines.12,13   

 

Figure 4.2 The sialic acid biosynthetic pathway. Both unnatural derivatives of mannosamine 4.1 
and sialic acid 4.2 and 4.3 can be incorporated into cell-surface glycans through this pathway.6,14 
 

In the second step of the bioorthogonal chemical reporter strategy (Figure 4.1, step 2), the 

unnatural functional group X is detected through a selective covalent reaction with a designed 

reactive partner, termed Y. The reaction between X and Y allows for labeling of the modified 

biomolecule with a payload of interest, such as a fluorophore, a radiolabel, or an affinity label.  

For the reaction between X and Y to be truly bioorthogonal, the X group must be both 

small and abiotic. Both X and Y should be stable and non-toxic. They must only react with each 
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other and not with endogenous biomolecules. The reaction between X and Y must be fast so that 

biological events that occur on rapid timescales and on low abundance biomolecules can be 

observed. The rate of the reaction depends heavily on the 2nd order rate constant, k, as the 

concentration of X and Y are inherently low in the complex environment of a cell or organism 

(Figure 4.4A). 

In the past decade, a number of bioorthogonal X and Y pairs have been developed, often 

focused on increasing the 2nd order rate constant, k (Figure 4.3).3 The first bioorthogonal 

reaction, the Staudinger ligation, used the azide 4.4 as the X group and a phosphine ester 4.5 as 

the Y group. In this reaction, an amide product 4.6 is formed through an aza-ylide intermediate.15 

While this reaction was successful in labeling glycoproteins in cells and mice, the reaction is 

slow (10-3 M-1s-1), and the phosphine is susceptible to oxidation.16 To address these concerns, 

alternative Y groups for the azide were pursued.17 The azide undergoes a strain-promoted 1,3-

dipolar cycloaddition with strained cyclooctynes 4.7 to form triazole products 4.8 with rates up 

to 1 M-1s-1.18 The efficiency of these reactions is attributed to the strain energy of cyclic alkynes, 

much of which is released upon reaction with the azide. Many cyclooctynes were developed to 

both increase the rate of the reaction and improve the hydrophilicity and solubility of the 

cyclooctyne reagents for copper-free click chemistry in live cells, zebrafish, and mice.16,19 Strain 

release has been a guiding principle in the design of other bioorthogonal pairs, such as the 

reaction between tetrazine 4.11 and strained alkenes, like cyclopropene 4.9,20,21 norbornene,22 or 

trans-cyclooctene 4.10.23 The inverse-electron-demand Diels-Alder reaction between tetrazine 

and trans-cyclooctene 4.10 is one of the fastest bioorthogonal reactions reported with a rate of 

106 M-1s-1.24 
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Figure 4.3 Examples of bioorthogonal covalent reactions. 

With improved kinetics there is often a compromise on the stability and size of the 

unnatural functional group X—two key components of bioorthogonality (Figure 4.4A). While 

the three-atom azide makes an ideal chemical reporter, the cyclooctyne is both larger and less 

stable. Though the tetrazine ligation is fast, the trans-cyclooctene can isomerize to the more 

stable cis-alkene over time.24–26 Furthermore, though these reactions work well in cells and 

transparent organisms, they are less successful in mammals. With more complex tissue and 

greater dilution in larger organisms, higher concentrations of X and Y are required due to the 

dependence of the rate on the concentration of reagents. With increased concentrations of X and 

Y, greater background signal can be observed in imaging studies in live mice.27,28 In practice, 

translation of the bioorthogonal chemical reporter strategy to higher organisms has been 

nontrivial. 

In the Sletten lab, we have taken an alternative approach to the bioorthogonal chemical 

reporter strategy (Figure 4.4B). In our approach, the Y component is replaced with a small-
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non-covalent interactions. With a non-covalent strategy, we take inspiration from the remarkable 

strong and selective non-covalent interactions that occur naturally in biology.29–31 The strength of 

an interaction between host and guest is measured as the binding affinity, Ka, which is equivalent 

to on rate (kon) divided by the off rate (koff). The kon for non-covalent interactions can approach 

the rate of diffusion (~108-9 M-1s-1),32 depending on various factors (viscosity, molecule size, 

temperature, etc.).33 Accordingly, non-covalent labeling reagents, like antibodies or hosts in our 

case, can be used at low concentrations, which minimizes background signal.3,33,34 An advantage 

of our approach is that the guest, X, does not need to be reactive—improving the stability of the 

X group. Additionally, sequential labeling experiments can be performed because of the 

reversibility of non-covalent interactions. 

 

Figure 4.4 Comparison of A) bioorthogonal covalent chemistry and B) bioorthogonal non-
covalent complexation. 
 

The field of host-guest chemistry and the idea of mimicking biological non-covalent 

binding pairs with synthetic systems was pioneered by Cram, Lehn, and Pederson (Figure 4.5).35–

37 They were awarded the Nobel Prize in Chemistry in 1987 for this work.38–40 Their early work 

with macrocycles like crown ethers 4.14-4.16, cryptands 4.17, and spherands 4.18 helped 

establish the concepts of complementarity and preorganization (Figure 4.6).41 Complementarity 
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is the principle that for a binding event between a host and a guest to occur, the host must 

possess attractive sites for the guest to bind. The host and the guest must also be size and shape 

matched to bind strongly. Preorganization is the principle that a stronger binding interaction can 

be obtained with a rigid host locked in the binding geometry. In a more rigid system, some of the 

entropic cost of the binding interaction is minimized as the host and the guest do not have to 

reorient themselves to complex together.42   

 

Figure 4.5 Examples of host-guest pairs. A) Generic schematic describing host-guest chemistry. 
B) Examples of host-guest pairs in biology and synonymous terminology. C) Some examples of 
small-molecule host-guest pairs.  
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Figure 4.6 Guiding principles of host-guest chemistry as described by Cram. Schematic 
adapted.30,35 
 

These principles have guided the understanding of many host-guest systems with 

different macrocyclic hosts over the years. Cyclodextrins 4.19 are a class of simple hosts made 

up of varying number of glucose units. (Figure 4.5C).43 Interactions between cyclodextrin hosts 

and their guests are primarily driven by the hydrophobic effect. As such, these interactions are 

often not very strong (≤ 106 M-1). Synthetic modification of g-cyclodextrin (eight glucose units)  

with carboxylates enhances the complementarity of this host for cationic aminosteroids (Ka = 107 

M-1), as seen in the neuromuscular reversal drug, Sugammadex.44 However, cyclodextrins also 

bind endogenous steroids, like cholesterol and estrogen.45,46 Their lack of selectivity in vivo and 

general low affinity precludes their use in bioorthogonal complexation.  

One privileged host that has strikingly high binding affinities is cucurbit[7]uril (CB[7]) 

4.20, a macrocycle composed of seven linked glycoluril units (Figure 4.7).47,48 This host binds 

bulky cationic guests, like 4.21–4.24, through ion-dipole interactions and the hydrophobic effect 

with Kas up to 1017 M-1.49 While this host is rigid, the high-affinity binding is attributed to the 

combined effect of release of high-energy water molecules from the cavity upon guest binding, 

desolvation of rigid hydrophobic guests, and direct interactions between CB[7] and the guests. 
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Due to the release of high-energy waters, this host-guest system has low entropic penalties and 

breaks the enthalpy/entropy compensation effect.50  

 

Figure 4.7 Cucurbit[7]uril host 4.20 and some of its high-affinity guests 4.21–4.24.  

Others have shown that CB[7]51–53 and multivalent cyclodextrin systems54 can be used to 

detect guests in cells and mice. However, systematic studies were lacking; and a guest had not 

been metabolically incorporated. The Sletten lab demonstrated proof of principle bioorthogonal 

complexation with cucurbit[7]uril 4.20 by attaching cationic guests to the cell surface (Figure 

4.8).55 In this way, our lab determined the necessary Ka for cell-surface labeling with a small-

molecule host to be ≥108 M-1. We have also shown that a host-guest system can label the cell 

surface with lower concentration of reagents than are required for covalent bioorthogonal 

chemistry. A sialic acid derivative modified with a neutral carborane was incorporated as a guest 

for CB[7] and some labeling was observed in a hyposialylated cell line. While CB[7] is useful in 

some contexts, many of its high-affinity charged guests (like 4.21–4.24) cannot be displayed on 

the cell surface through metabolic incorporation due to their cationic nature and large size.  
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Figure 4.8 Proof of concept bioorthogonal complexation with known host. A) Guest-modified 
oxime reagents allowed for screening of guests with different Kas without metabolic 
incorporation. B) Schematic of cell-surface sialic acid oxidation followed by oxime ligation to 
attach guests and subsequent labeling with CB[7]-fluorophore conjugate.  
 

Ultimately, an ideal host for bioorthogonal complexation would 1) have the binding 
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time and inform the design of even better guests for existing macrocycles.49 While we are not 

opposed to this strategy, we envisioned that the requirements of bioorthogonal complexation 

provided an opportunity for alternative methods of host-guest pair discovery.  

We imaged we could take a guest-centric approach to the design of a host-guest system 

(Figure 4.9B). The ideal guest for bioorthogonal complexation would be 1) abiotic, 2) non-

reactive, 3) non-interfering with biology, and 4) neutral and reasonably small such that it can be 

metabolically incorporated. We hypothesized that perfluoroaromatics fit these requirements.  

 

Figure 4.9 Approaches to discover new host-guest pairs. A) Host-centered approach. B) Guest-
centered approach described in this dissertation. 
 

Perfluoroaromatics are aromatic compounds where all or most of the hydrogens on a 

benzene ring have been replaced with fluorine (Figure 4.10A). As described in Chapter 1, 

fluorine is not found in living tissue.65 Perfluoroaromatics are also not found in naturally-

occurring systems. While perfluoroaromatics can be reactive with nucleophiles under SNAr type 

conditions in some environments and solvents, this reactivity can be tuned with substituents.66–68 

Perfluoroaromatics have been previously incorporated into many biomolecules (Figure 4.10B 

and C), including proteins and peptides as unnatural amino acids.69–74 One example of a 

perfluoroaryl azide being metabolically incorporated through a mannosamine derivative has been 
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reported.75 This precedent for metabolic incorporation suggested that perfluoroaromatics could 

make good guests for bioorthogonal complexation.  

 

Figure 4.10 Perfluoroaromatics as guests for bioorthogonal complexation. A) Replacement of 
hydrogen atoms on benzene with fluorine atoms leads to perfluoroaromatic compounds. B) 
Incorporation of unnatural perfluoroaromatics into biomolecules. C) Perfluorinated 
phenylalanine and tyrosine analogues have been incorporated into proteins and peptides through 
amber suppression (X = F69 or OH70), expressed protein ligation (X = OH71), and solid-phase 
peptide synthesis.72,73 Perfluorinated tryptophan analogues have been incorporated through 
amber suppression.74 Perfluoroaryl azide has been metabolically incorporated as a mannosamine 
derivative.75 Perfluoroaryl nucleosides have been incorporated into RNA on the solid-phase.76 
Partially perfluorinated aromatic nucleoside analogues have also been described.77,78  
 

Perfluoroaromatics have unique electronic character compared to benzene, which we 

imagined could be exploited in the design of a host specific for perfluoroaromatic guests over 

other guests. Due to the electronegativity of fluorine, the quadrupole moment of 

perfluoroaromatics is reversed compared to benzene (Figure 4.11A). As such, perfluoroaromatics 

and aromatics associate strongly through electrostatics and dispersive interactions.79,80 

Perfluorination of an aryl halide can induce another non-covalent interaction, halogen bonding 

(Figure 4.11B).81,82 When a halogen atom is attached to an electron-poor aromatic, an 
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electropositive spot emerges on the halogen termed the sigma hole. This region of the halogen 

can interact with Lewis basic sites in a highly direction manner (~180 °C linear relationship).  

 

Figure 4.11 Non-covalent interactions induced by perfluorination of aromatic rings. A) Arene-
perfluoroarene interactions. B) Halogen bonding.  
 

Though the design of selective hosts for neutral guests is challenging,61,83 we envisioned 

that these rare to biology non-covalent interactions could form the basis of a bioorthogonal host 

for a perfluoroaromatic guest (Figure 4.12A). An electron-rich host would act as the electronic 

complement to the electron-poor guest. Additional functionality, like a halogen-bond acceptor or 

hydrogen-bond acceptor,84 could be incorporated to enforce the host-guest interaction. In 

collaboration with Dr. Gina Lee, a joint student in the Sletten and Houk lab, we hoped to use 

computation-guided rational design of a host selective for perfluoroaromatics that could 

ultimately be used in bioorthogonal complexation. We imagined we could draw inspiration from 

the extensive fundamental physical organic chemistry of host-guest systems studied in the mid-

20th century as we pursue this new application. Our work toward the design and synthesis of a 

host for perfluoroaromatic guests and progress toward applying this system for bioorthogonal 

complexation (Figure 4.12B) is detailed in the following three chapters.  
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Figure 4.12 Overview of our approach to bioorthogonal host discovery. A) Design of a host for 
perfluoroaromatics with input from computational modeling and experimentation. B) Metabolic 
incorporation of a perfluoroaromatic guest and application of the designed host in bioorthogonal 
complexation.  
 
4.3 Conclusion  

 The bioorthogonal chemical reporter strategy has enabled studies of many different 

biological phenomena and facilitated imaging experiments in different types of biomolecules, drug 

delivery, and biomaterials engineering. Fast, covalent reactions have been the workhorse of these 

studies. We recognize the limitations of covalent chemistry in some contexts, such as labeling 

experiments in live mammals. An alternative approach relying on host-guest chemistry is 

presented. We describe the advantages of bioorthogonal complexation—a non-covalent method 

for detecting unnatural functional groups in biological contexts. We hypothesize that abiotic 

perfluoroaromatics could be ideal guests for bioorthogonal complexation due to their unique 

electronic character and relatively small size. Our approach to the design of a receptor that can 
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chapters. While we have initially focused on perfluoroaromatics due to their distinct non-covalent 

interactions, we imagine that small perfluorocarbons, like those described in Chapter 1, could 

make for future guests for bioorthogonal complexation as well.85 
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CHAPTER FIVE 
 

Naphthalene-based cyclophanes to explore arene-perfluoroarene interactions in host-guest 
systems 

 
5.1 Abstract 
 

Arene-perfluoroarene interactions have been under studied in directional host-guest 

systems. Given our interest in abiotic host-guest complexes, we explore this interaction by 

repurposing Whitlock’s rigid naphthalene-based cyclophanes. Through p-p interactions and 

hydrogen bonding, a dibutylamino-variant of Whitlock’s naphthalene-based host is found to 

interact with a model perfluoroaryl guest, pentafluorophenol, with a Ka = 102 M-1 in CDCl3. 

Studies with these hosts and various perfluoroaryl guests suggest that the naphthalene-based 

hosts have a cavity too narrow for accommodating perfluoroaryl guests.  Ultimately, this work 

provides the groundwork for the design of new hosts that better accommodate 

perfluoroaromatics. 

 
5.2 Introduction  
 

For a host-guest pair to be truly bioorthogonal (i.e. non-interfering with naturally 

occurring cellular processes and not binding endogenous molecules), the host and guest should 

interact through abiotic or rare non-covalent interactions. One such interaction, the arene-

perfluoroarene interaction, has precedent for driving the association of two species in aqueous 

media.1,2 While arene-perfluoroarene interactions have been studied extensively in crystal 

engineering,3–5 there are few examples of host-guest systems based on this interaction (Table 

5.1). In 1982, Vogtle and coworkers described a biphenyl-based cyclophane 5.1 that was 

observed to bind perfluoroaromatics such as 5.2 and 5.3, but not other aromatic guests.6 

However, extensive binding information was not reported. For chromatographic purposes, a 
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calixarene host 5.4 has been shown to interact with hexafluorobenzene 5.2.7 A Pt(II)-cyclophane 

5.5 and related metallocyclophanes were found to bind hexafluorobenzene 5.2.8 Inclusion 

complexes between Pd-based coordination cages and perfluoroaromatics have been observed.9 

However, these metal-based hosts are formed through dative bonds and may not remain intact 

upon dilution in biologically-relevant media. Cucurbit[7]uril (CB[7]) 5.6 binds 

hexafluorobenzene 5.2 (Ka = 3.6x103 M-1 in aqueous solution),10 however this Ka is much lower 

than many common guests for CB[7], including phenylalanine. 

 

Table 5.1 Examples of hosts that have been reported to bind or complex with perfluoroaromatic 
guests. 
 

Lacking from these examples is intentional directionality in the design of the host-guest 

complex. The arene-perfluoroarene interaction is strongest in the parallel slip-stacked 

orientation, rather than a T-shaped orientation.11,12 We hypothesized that a rigid and 

preorganized host capable of accommodating the parallel perfluoroaromatic guest could provide 
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a high-affinity host-guest pair. We imagined general structure 5.7 composed of electron-rich 

aromatic walls (region A), which would be complementary to electron-poor perfluoroaryl guests 

(Figure 5.1A). The walls would be joined by rigid linkers (region B) to preorganize the system in 

the binding geometry. An additional non-covalent interaction, such as halogen or hydrogen 

bonding, would be accommodated on the bottom portion of the host structure (region C) to 

further enhance the binding affinity to the perfluoroaryl guest.  

Toward this goal, the Sletten lab became interested in computationally-guided host 

design. Dr. Gina Lee optimized the 6H-benzo[c,d]pyrene-based host structure 5.8 to bind 

bromopentafluorobenzene derivative 5.9 (Figure 5.1B), which had a promising computed 

binding affinity (Ka = 1.5x106 M-1 in the gas phase). However, due to the lengthy synthetic route 

to 5.8, we thought a simplified host-guest system that could be accessed quickly would allow us 

to begin to experimentally study arene-perfluoroarene-based host-guest systems, while also 

validating the lab’s computational approaches.   

 

Figure 5.1 Inspiration for design of a cyclophane host. (A) General imagined cyclophane host 
structure 5.7 for binding perfluoroaromatic guests. (B) Computationally-optimized host structure 
5.8 for bromopentafluorobenzene derivative 5.9 designed by Dr. Gina Lee.  
 

With a desire for a simplified system, we were excited by the naphthalene-based 

cyclophanes 5.10–5.13 described by Whitlock and coworkers in the late 1980s and 1990s (Figure 

5.2).13–20 5.13 was demonstrated to bind an electron-poor aromatic guest 4-nitrophenol 5.14 with 

a binding affinity reaching up to 105 M-1 in organic solvent, through a combination of arene-arene 
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interactions in the vertical (face-to-face) and horizontal (edge-to-face) directions in addition to 

hydrogen bonding.18,19 This system possessed some of the criteria we had envisioned would be a 

part of general structure 5.7, including electron-rich aromatic walls, rigid diyne side linkers, and 

a pyridine bottom linker capable of hydrogen bonding to the guest. Given the electronic 

similarities between 4-nitrophenol 5.14 and pentafluorophenol 5.15, we imagined that 

Whitlock’s hosts could be repurposed as hosts for pentafluorophenol, a model perfluorinated 

aromatic guest. Additionally, structures like 5.10–5.13 could be accessed through convergent 

routes, allowing us to swap out different regions of the host quickly to assess structure-property 

relationships in arene-perfluoroarene-based host-guest systems.  

Figure 5.2 Whitlock’s naphthalene-based macrocycles 5.10–5.13: hosts for electron-poor 4-
nitrophenol 5.14. 
 
 
5.3 Discussion and results 

We chose 5.10 as the initial host target due to synthetic accessibility, so that binding 

studies with perfluorinated guests could be performed quickly. Additionally, perfluorinated 

aromatics do not readily participate in edge-to-face interactions (C—F to p) with benzene 

derivatives,11,12 therefore hosts 5.12 and 5.13 may not be strong hosts for pentafluorophenol 5.15. 

We chose 5.10 over 5.11 for a better pKa match between the pyridine of the host (pyridinium 

pKa= 5.2) and the pentafluorophenol guest (pKa = 5.5), compared to 4-dimethylaminopyridinium 

(pKa = 9.2). It is hypothesized that pKa equalization can play a role in increasing the strength of 

the hydrogen bond, though this principle has not been fully verified.21 

O

O

O

O

O

N

O

O

O

O2N OH

electron-rich 
host

electron-poor 
guest

X

5.10, X = H, Ka = 2.3x103 M-1 (CDCl3)

5.11, X = NMe2, Ka = 1.4x104 M-1 (CDCl3)

O

O

O

O

O

N

O

O

O

O2N OH X

5.12, X = H, Ka = 9.8x103 M-1 (CDCl3)

5.13, X = NMe2, Ka = ~1.0x105 M-1 (CD2Cl2)



 187 

Whitlock’s host 5.10 was prepared in five steps. We began with the preparation of the tri-

substituted naphthalene 5.17 from 3,7-dihydroxy-2-naphthoic acid 5.16 (Scheme 5.1). Following 

the reported conditions,18,22 we observed a mixture of species including C-alkylation (5.18) and 

over-propargylation (5.19), presumably due to intramolecular hydrogen bonding. We found that 

the use of methyl ester starting material 5.16b did not improve the regioselectivity or minimize 

side products. Ultimately, after a small screen of solvents and bases, 5.17 was accessed in pure 

form after recrystallization.  

 

Scheme 5.1 Propargylation of 3,7-dihydroxy-2-naphthoic acid 5.16 under reported conditions. 

With grams of tripropargylated naphthalene 5.17 in hand, 5.17 was hydrolyzed readily to 

5.20 (Scheme 5.2). 5.20 was activated as the PFPester 5.21 and coupled with pyridine diol 5.22 

to form premacrocycle 5.23. Due to limited solubility, premacrocycle 5.23 could be purified via 

washing and filtration. Macrocyclization of 5.23 was carried out under modified Eglinton-type 

conditions. Two isomers of 5.10 were obtained, a more symmetric meso 5.10a and a less 

symmetric dl 5.10b, which could be separated by column chromatography. The structure of the 

meso isomer 5.10a was confirmed by x-ray crystallography.  
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Scheme 5.2 Synthesis of 4H-pyridine naphthalene hosts 5.10a and 5.10b.  

We began binding studies with meso host 5.10a as Whitlock and coworkers showed that 

the meso isomer 5.10a had a higher binding affinity than 5.10b to guest 4-nitrophenol 5.14. 

5.10a was also more soluble than 5.10b, simplifying preparation for titration experiments. We 

confirmed that we were able to obtain binding constants of the same order of magnitude as 

Whitlock with known guest 4-nitrophenol 5.14 (103 M-1) (Figure 5.3).17 We then examined 

pentafluorophenol 5.15 as a model perfluoroaromatic guest capable of both arene-perfluoroarene 

interactions and hydrogen bonding interactions with host 5.10a. Unfortunately, we found that in 

CDCl3 the perfluorinated phenol guest 5.15 did not have as high of a binding affinity (Ka = 48 M-

1) as known guest 5.14 (Ka = 1.1x103 M-1). Host 5.10a also bound phenol 5.24 (Ka = 72 M-1) 

more strongly than pentafluorophenol 5.15, suggesting this system would not be ideal in a 

biological environment due to a possible binding interaction with tyrosine. 
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Figure 5.3  Binding affinity between host 5.10a and 4-nitrophenol 5.14, pentafluorophenol 5.15, 
and phenol 5.24 in CDCl3.  
 

Though the binding affinity between host 5.10a and pentafluorophenol 5.15 was not 

large, we wanted to explore alternative guests that did not possess a hydroxyl group. Ultimately 

hydrogen bonding is not ideal for bioorthogonal complexation due to an abundance of hydrogen 

bond donors and acceptors within biomolecules and competition with water. However, no 

interaction between hexafluorobenzene 5.2 and host 5.10a was observed by 1H NMR. Guests 

capable of halogen bonding, 5.25, 5.26, and 5.27 were also not observed to interact significantly 

with host 5.10a. A strong halogen bond requires a linear relationship between the halogen of the 

halogen bond donor and the halogen bond acceptor,23 which may not be accessible in the cavity 

of 5.10a due to the orientation of the pyridine. 

 

Figure 5.4 Guests that did not bind host 5.10a by 1H NMR in CDCl3.  

An alternative approach to screening host-guest pairs is to make modifications to the 
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guest 4-nitrophenol 5.14.17 We imagined this modification could drastically change the binding 

geometry and perhaps improve the Ka for 5.15. Despite limited solubility of 5.10a, N-oxide host 

5.28a was synthesized in 43% yield (59% brsm). Unfortunately, the binding affinity of N-oxide 

5.28a and pentafluorophenol 5.15 (Ka = 48 M-1 in CDCl3) was similar to the Ka with 5.10a. 

 

Scheme 5.3 Post-macrocyclization modifications to naphthalene host 5.10a.  

A second post-macrocyclization modification was made by removing the pyridine linker 

entirely. The pyridine linker of 5.10a was hydrolyzed in EtOH to form diester naphthalene host 

5.29a. The lack of ABq splitting patterns in the methylene protons by 1H NMR suggests that host 

5.29a is much less rigid than 5.10a and capable of free rotation. No binding interaction between 

5.29a and pentafluorophenol 5.15 was observed by 1H NMR in CDCl3, suggesting the 

importance of the pyridine for the rigidity of the host and the necessity of the hydrogen bonding 

interaction.  

To further explore the importance of the hydrogen bonding interaction in this host-guest 

system, a modification to the pyridine linker was made pre-macrocyclization (Scheme 5.4). This 
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with trimethylsilyldiazomethane to reform the diester 5.33 and simplify purification. Finally, the 

diester 5.33 was reduced to access 4-dibutylaminopyridine diol 5.34.   

 

Scheme 5.4 Synthesis of 4-dibutylaminopyridine diol 5.34 and more electron-rich naphthalene 
hosts 5.36a and 5.36b. 
 

Similar to the 4-H-pyr-naphthalene system, 5.34 was esterified with naphthalene 

PFPester 5.21. 4-NBu2-pyr-naphthalene prehost 5.35 was cyclized under oxidative conditions to 
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low yield due to purification difficulties, but enough material was obtained for preliminary 

binding studies. The identity of the meso isomer 5.36a was assigned by 1H NMR comparison to 

5.10a (Figure 5.5).  
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Figure 5.5 Assignment of 5.36a as the meso isomer by 1H NMR comparison to 5.10a in CDCl3.  

With the more electron-rich host 5.36a, the Ka with pentafluorophenol 5.15 was found to 

be an order of magnitude higher than the pyridine-based host 5.10a (7.0x102 vs 48 M-1) (Figure 

5.6). An order of magnitude increase in the binding affinity of 5.36a to 4-nitrophenol 5.14 was 

also observed (1.1x104 vs 1.11x103 M-1), consistent with the Whitlock group’s work (Figure 5.7).  

Figure 5.6 Comparison of binding affinity in CDCl3 between host 5.10a and host 5.36a 
With guest pentafluorophenol 5.15. 
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Figure 5.7 Comparison of binding affinity in CDCl3 between host 5.10a and host 5.36a 
with guest 4-nitrophenol 5.14. 
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the cavity of 5.10a, the hydrogen bond between the guest and the host is longer (3.04 Å vs 2.48 

Å) and weaker for 5.15 than 5.14 (see alternate side view, Figure 5.8). Further improvements to 

address this size discrepancy will be described in Chapter 6.  

 

 

Figure 5.8 Examination of cavity size as a limiting factor for the binding interaction between 
host 5.10a and pentafluorophenol 5.15. Computational modeling was performed by Dr. Gina Lee 
(B3LYP-d3/6-31G(d)).  
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pentafluorophenol 5.15 by an order of magnitude. However, selectivity for 5.15 was not 

observed over other possible aromatic guests. At this point, it seems that a naphthalene-based 

system is too narrow to accommodate the width of perfluorinated guests like 5.15. If the guest is 

too wide, it cannot completely enter the cavity of host 5.10a or 5.36a, and the full strength of the 

hydrogen bonding interaction cannot be realized. Though these naphthalene-based cyclophanes 

are not the ideal hosts for perfluorinated aromatic guests, they could be repurposed for other 

electron-poor phenols described by Whitlock or electron-deficient triazines, tetrazines, and 

dihydrotetrazines. Azoles, which are smaller than pentafluorophenol, could also be screened as 

possible guests for host 5.36a for bioorthogonal complexation in the future (Figure 5.9). 

 

Figure 5.9 Alternative known and hypothesized guests for host 5.11a or 5.36a.  
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5.5 Experimental procedures 

Chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific, 

Acros Organics, Synquest, or TCI and used without purification unless noted otherwise. 

Anhydrous dimethyl sulfoxide (DMSO) was obtained from a Sure-SealTM bottle (Aldrich). 

Anhydrous and deoxygenated solvents dichloromethane (DCM), dimethylformamide (DMF), 

acetonitrile (MeCN), methanol (MeOH), and tetrahydrofuran (THF) were dispensed from a 

Grubb’s-type Phoenix Solvent Drying System. Thin layer chromatography was performed using 

Silica Gel 60 F254 (EMD Millipore) plates. Flash chromatography was executed with technical 

grade silica gel with 60 Å pores and 40–63 µm mesh particle size (Sorbtech Technologies). 

Solvent was removed under reduced pressure with a Büchi Rotovapor with a Welch self-cleaning 

dry vacuum pump and further dried with a Welch DuoSeal pump. Bath sonication was 

performed using a Branson 3800 ultrasonic cleaner. NMR spectra were recorded on Bruker AV-

500 (1H and 13C) and AV-400 (1H, 13C, and 19F) instruments and processed with MestReNova 

software. NMR peaks are calibrated using residual undeuterated solvent (CHCl3 at 7.26 ppm 1H 

NMR, 77.16 ppm 13C NMR). Masses for analytical measurements were taken on a Sartorius 

MSE6.6S-000-DM Cubis Micro Balance. HRMS (electrospray ionization (ESI)) were collected 

on a Thermo Scientific Q ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM with Dionex UltiMate 

3000 RSLCnano System and LRMS (electrospray ionization (ESI)) were collected on an Agilent 

1260 Infinity II HPLC-tandem MS system.  

5.5.1 General host-guest titration/Ka determination procedures 

The host was measured on an analytical microbalance. Host stock solutions were 

prepared with basified CDCl3. Concentrations of host stock solutions were made below the 

solubility limit of the host. Guest stock solutions were prepared in basified CDCl3. Preliminary 
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titrations and the Bindsim program (http://app.supramolecular.org/bindsim/) were used to 

determine the approximate equivalents of guest needed for saturation. Binding data were fit 

using Bindfit (http://app.supramolecular.org/bindfit/).24,25 

 

5.5.2 Synthetic experimental procedures 

 

Prop-2-yn-1-yl 3,7-bis(prop-2-yn-1-yloxy)-2-naphthoate (5.17a). In a 250 mL flask, 3,7-

dihydroxy-2-naphthoic acid 5.16a (4.15 g, 20.3 mmol, 1.00 equiv), K2CO3 (9.5 g, 69 mmol, 3.4 

equiv) were dissolved in anhydrous DMF (65 mL, 0.31 M) and stirred for 10 min. Propargyl 

bromide (80 wt% in toluene, 7.6 mL, 69 mmol, 3.4 equiv) was added. After 22 h, the reaction 

was filtered and DMF was removed. The crude material was passed through a SiO2 plug (60% 

CHCl3/hexanes) and then repeatedly crystallized from CHCl3/heptane to yield the product 5.17a 

as a pale yellow crystalline solid (3.15 g, 9.88 mmol, 49% yield). Rf  = 0.63 in 40% 

EtOAc/hexanes. 1H NMR (400 MHz, Acetone-d6): δ 8.25 (s, 1H, Ha), 7.83 (d, J = 9.0 Hz, 1H, 

He), 7.56 (s, 1H, Hb), 7.50 (d, J = 2.6 Hz, 1H, Hc), 7.29 (dd, J = 9.0, 2.6 Hz, 1H, Hd), 4.98 (d, J = 

2.5 Hz, 2H), 4.94 (s, 2H), 4.92 (d, J = 2.4 Hz, 2H), 3.16 – 3.06 (m, 3H). 13C NMR (101 MHz, 

Acetone-d6): δ 165.4, 155.9, 153.0, 132.4, 131.9, 129.7, 129.2, 123.4, 122.3, 110.7, 109.2, 79.5, 

79.5, 79.0, 77.4, 77.2, 76.5, 57.4, 56.5, 52.9. HRMS (ESI) calcd. for C20H14O4Na (M+Na)+ 

341.0784; found 341.0816.  

 

3,7-bis(prop-2-yn-1-yloxy)-2-naphthoic acid (5.20). In a 100 mL flask equipped with a reflux 

condenser, 5.17a (1.88 g, 5.90 mmol, 1.0 equiv) and KOH (511 mg, 9.11 mmol, 1.54 equiv) 
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were dissolved in THF:H2O (12 mL:8.5 mL). The reaction was monitored for disappearance of 

starting material. After 2.5 h, additional KOH (50 mg) was added. After 1 h more, full 

conversion was observed by TLC and the reaction was cooled to RT.  The reaction was diluted 

with EtOAc and 1M HCl was added. The organic layer was separated, and the aqueous was 

washed with EtOAc (2x more). The organic layers were dried (MgSO4), filtered, and 

concentrated to obtain the product 5.20 as a pale yellow solid (1.61 g, 5.74 mmol, 97% yield). 1H 

NMR (500 MHz, CDCl3): δ 8.71 (s, 1H), 7.73 (d, J = 8.8 Hz, 1H), 7.38 (s, 1H), 7.37 – 7.29 (m, 

2H), 5.02 (d, J = 2.4 Hz, 2H), 4.81 (d, J = 2.4 Hz, 2H), 2.68 (t, J = 2.4 Hz, 1H), 2.57 (t, J = 2.4 

Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 165.2, 155.4, 151.3, 135.2, 132.2, 129.7, 128.5, 122.9, 

118.8, 109.2, 108.7, 78.1, 78.1, 76.9, 76.5, 76.3, 57.8, 56.1. 

 

Perfluorophenyl 3,7-bis(prop-2-yn-1-yloxy)-2-naphthoate (5.21). In a 100 mL flask, 5.20 

(716 mg, 2.55 mmol, 1.00 equiv) was dissolved in anhydrous DMF (11 mL, 0.23 M), and 

DIPEA (0.66 mL, 3.8 mmol, 1.5 equiv) was added. The reaction mixture was cooled to 0 °C, and 

pentafluorophenyl trifluoroacetate (0.66 mL, 3.8 mmol, 1.5 equiv) was added slowly. The 

reaction was let warm to RT and stopped after 1.5 h. DMF was removed under a stream of 

compressed air. The crude reaction mixture was suspended in DCM, filtered, and washed with 

additional DCM and hexanes. The precipitate 5.21 was collected as a pale yellow solid (638 mg, 

1.43 mmol, 56% yield). The filtrate could be further purified by column chromatography (20%® 

40% DCM/hexanes) to yield additional clean material 5.21 (in total 1.13 g, 2.53 mmol, 

quantitative). Alternatively, the crude 5.21 could be dried and used directly in the next reaction. 

Rf = 0.57 in 20% EtOAc/hexanes.1H NMR (500 MHz, DMSO-d6): δ 8.60 (s, 1H), 7.89 (d, J = 9.0 

Hz, 1H), 7.67 (s, 1H), 7.62 (d, J = 2.6 Hz, 1H), 7.39 (dd, J = 9.0, 2.6 Hz, 1H), 5.01 (d, J = 2.4 
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Hz, 2H), 4.92 (d, J = 2.4 Hz, 2H), 3.64 (t, J = 2.3 Hz, 1H), 3.62 (t, J = 2.3 Hz, 1H). 13C NMR 

(126 MHz, DMSO-d6): δ 160.9, 154.5, 151.8, 132.7, 132.1, 128.4, 128.1, 122.5, 117.8, 109.9, 

108.8, 79.0, 78.8, 78.7, 78.6, 56.6, 55.7. 19F NMR (376 MHz, DMSO-d6): δ -153.0 – -153.4 (m), 

-157.7 (t, J = 23.2 Hz), -162.3 – -162.6 (m). 

Note: 5.21 was stable upon storage under N2 at 4 °C for multiple months.  
 
 
 
Pyridine-2,6-diylbis(methylene) bis(3,7-bis(prop-2-yn-1-yloxy)-2-naphthoate) (5.23). In a 25 

mL flask, 5.21 (888 mg, 1.99 mmol, 2.49 equiv), pyridine diol 5.22 (111 mg, 0.798 mmol, 1.00 

equiv), DMAP (25 mg, 0.20 mmol, 0.26 equiv) were dissolved in anhydrous DMF (6.1 mL, 0.13 

M). DIPEA (300 µL, 1.72 mmol, 2.16 equiv) was added. Additional DIPEA was added over 3 

days, at which point the DMF was removed. The crude product was suspended in MeCN and 

filtered, rinsing with additional MeCN. The precipitate was suspended in EtOH, sonicated, and 

filtered to yield the product 5.23 as an off-white solid (344 mg, 0.518 mmol, 65% yield). Rf = 

0.58 in 20% acetone/toluene. 1H NMR (400 MHz, CDCl3): δ 8.35 (s, 2H), 7.78 (t, J = 7.8 Hz, 

1H), 7.73 – 7.64 (m, 2H), 7.54 (d, J = 7.8 Hz, 2H), 7.33 (s, 2H), 7.27-7.25 (m, 4H), 5.55 (s, 4H), 

4.87 (d, J = 2.4 Hz, 4H), 4.78 (d, J = 2.4 Hz, 4H), 2.56-2.54 (m, 4H). 13C NMR (101 MHz, 

CDCl3): δ 165.8, 156.0, 154.9, 152.6, 137.7, 132.4, 131.8, 128.9, 128.4, 122.3, 121.8, 121.0, 

109.9, 108.4, 78.5, 78.4, 76.2, 76.0, 67.4, 57.1, 56.1. 
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4-H-pyridine naphthalene host (5.10): 

In a 500 mL flask, Cu(OAc)2 (2.75 g, 15.1 mmol, 12.6 equiv) was dissolved in pyridine (75 mL) 

and heated to 45 °C. Prehost 5.23 (797 mg, 1.20 mmol, 1.00 equiv) was dissolved in pyridine (93 

mL) and added to the Cu(OAc)2 solution via cannula transfer over 30 min. After 3.5 h, no 

starting material was observed by TLC. The pyridine was removed, and crude reaction was 

suspended in CHCl3 and filtered. The filtrate was washed with 1 M HCl and sat. NH4Cl (2x). 

The organic layer was dried (MgSO4) and filtered. The crude was evaporated onto SiO2 from 

CHCl3 and purified by column chromatography (silica gel, 5%®10%®50% 

acetone/toluene®100% acetone). Both isomers of the host were obtained.  

 

Isomer 1 (meso) 10a: The structure of isomer 1 was confirmed to be the meso isomer by x-ray 

crystallography. Isomer 1 10a was isolated as an off-white solid (152 mg, 0.241 mmol, 20% 

yield).  Rf = 0.41 in 20% acetone/toluene. 1H NMR (400 MHz, CDCl3): δ 8.20 (s, 2H, Ha), 7.82 

(t, J = 7.7 Hz, 1H, Hg), 7.62 – 7.54 (m, 2H), 7.50 (d, J = 7.7 Hz, 2H, Hf), 7.27 (s, 2H, Hb), 7.15 – 

7.06 (m, 4H), 5.54 (ABq, JAB = 12.0 Hz, 4H, Hj), 4.93 (ABq, JAB = 16.0 Hz, 4H), 4.87 (ABq, JAB 

= 16.0 Hz, 4H). HRMS (ESI) calcd. for C41H26NO8 (M+H)+ 660.1653; found 660.1701. 
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Isomer 2 (dl) 5.10b: 5.10b was an off-white solid (80 mg, 0.12 mmol, 10%). Rf = 0.29 in 20% 

acetone/toluene.1H NMR (500 MHz, CDCl3): δ 8.26 (s, 2H), 7.89 (t, J = 7.7 Hz, 1H), 7.67 – 7.48 

(m, 4H), 7.17 – 6.98 (m, 4H), 5.73 (d, J = 11.5 Hz, 4H), 5.16 (d, J = 11.5 Hz, 4H), 5.00 (ABq, 

JAB =17.5 Hz, 4H), 4.83 (s, 4H). HRMS (ESI) calcd. for C41H26NO8 (M+H)+ 660.1653; found 

660.1697.  

 

 

Naphthalene-pyridine-N-oxide-meso host (5.28a). In a 100 mL pear flask, 5.10a (33.4 mg, 

0.051 mmol, 1.00 equiv) was suspended in basified CHCl3 (29 mL, 1.8 mM) and heated to 40 

°C. mCPBA (15.3 mg, 0.089 mmol, 1.75 equiv) was added in portions, and the opaque solution 

became more transparent. After 17 h, additional mCPBA (10 mg) was added. After 2 days, the 

reaction was quenched with 10% Na2SO3. The organic layer was separated, washed with 

saturated sodium bicarbonate, and dried (MgSO4). The crude product was evaporated onto basic 

alumina and purified by column chromatography (basic alumina, 80% EtOAc/hexanes®100% 

EtOAc®1% MeOH/EtOAc). The product 5.28a was isolated as a solid (14.8 mg, 0.022 mmol, 
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43% yield). Rf = 0.26 in 5% MeOH/DCM. 1H NMR (500 MHz, CDCl3): δ 8.30, (s, 2H, Ha), 7.73 

(d, J = 7.9 Hz, 2H, Hf), 7.55 (d, J = 8.9 Hz, 2H, Hc), 7.28 (t, J = 7.9 Hz, 1H, Hg), 7.22 (s, 2H, 

Hb), 7.16 (d, J = 2.6 Hz, 2H, He), 7.11 (dd, J = 8.8, 2.6 Hz, 2H, Hd), 5.68 – 5.56 (m, 4H, Hh), 

4.99 – 4.77 (m, 8H, Hi/j). LRMS (ESI) calc. for C41H26NO9 (M+H)+ 676.1602; found 676.2.  

 

Naphthalene-diester-meso host (5.29a). 5.10a (21.9 mg, 0.0332 mmol, 1.00 equiv) was 

suspended in absolute EtOH (15 mL, 2.2 mM) in a 50 mL flask equipped with a reflux 

condenser. Conc. H2SO4 (1.5 mL) was added, and the reaction was heated to 80 °C. After 16 h, 

the reaction was cooled to RT. CHCl3 and water were added. The organic layer was separated 

and the aqueous layer was extracted with CHCl3 (2x more). The combined organic layers were 

dried (Na2SO4), filtered, and concentrated. The crude material was evaporated onto SiO2 and 

purified by column chromatography (silica gel, 40% ®60%®80% EtOAc/hexanes®100% 

EtOAc). The product 5.29a was isolated as a solid (7.7 mg, 0.013 mmol, 38% yield). Rf = 0.77 in 

50% EtOAc/hexanes. 1H NMR (500 MHz, Acetone-d6): δ 8.06 (s, 2H), 7.64 (d, J = 9.0 Hz, 2H), 

7.42 (s, 2H), 7.38 (d, J = 2.6 Hz, 2H), 7.16 (dd, J = 9.0, 2.6 Hz, 2H), 5.09 (d, J = 15.1 Hz, 8H), 

4.31 (q, J = 7.1 Hz, 4H), 1.35 (t, J = 7.1 Hz, 6H). HRMS (ESI) calc. for C38H29O8 (M+H)+ 

613.1857; found 613.1889.  

 

Dimethyl 4-chloropyridine-2,6-dicarboxylate (5.31). Based on a modified literature 

procedure,26 chelidamic acid 5.30 (5.0 g, 27 mmol, 1.0 equiv) was dissolved in CHCl3 (60 mL, 

0.45 M) in a flame-dried 500 mL flask attached to a reflux condenser. PCl5 (25 g, 120 mmol, 4.4 

equiv) was added slowly, and the reaction was heated to reflux. The reaction was monitored by 

LCMS. After 3 days, the reaction was cooled to 0 °C and a base trap was attached. Anhydrous 
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MeOH (30 mL) was added and the reaction was stirred for 1 day. Sat. aqueous sodium 

bicarbonate was added to the reaction while stirring. The layers were separated and the aqueous 

layer was extracted with CHCl3 (3x). The crude material was evaporated onto SiO2 and purified 

by column chromatography (30%®50%®70% EtOAc/hexanes). The product 5.31 was isolated 

as a white solid (2.52 g, 11.0 mmol, 41% yield). Rf  = 0.53 in 50% EtOAc/hexanes 1H NMR (500 

MHz, DMSO-d6): δ 8.32 (s, 2H), 3.93 (s, 3H). The spectral data were consistent with the 

literature report. Small amounts of dimethyl 4-methoxypyridine-2,6-dicarboxylate and dimethyl 

4-hydroxypyridine-2,6-dicarboxylate were observed by mass with, but could be easily separated 

from the product. 

 

Dimethyl 4-(dibutylamino)pyridine-2,6-dicarboxylate (5.33). To three 30 mL microwave 

vials was added 5.31 (350 mg, 1.52 mmol, 1.00 equiv), dibutyl amine (7 mL, 42 mmol, 28 

equiv), and water (7 mL, 0.22 M) per vial. The reaction was heated in the microwave to 160 °C 

for 30 min at 300W. The three vials were combined (4.57 mmol SM total), and the aqueous layer 

was extracted with EtOAc (4x). The organic layer was concentrated and placed on high vacuum 

until the crude diacid 5.32 was a powdery solid. The crude was dissolved in THF/MeOH (50 

mL:15 mL). Trimethylsilyldiazomethane (2M in hexanes, 9.2 mL, 18.4 mmol, 4.0 equiv) was 

added slowly. Additional trimethylsilyldiazomethane (2 mL) was added after 17 h. Once 

esterification was complete as observed by LCMS, the reaction was poured in H2O and extracted 

with EtOAc (4x). The organics were dried (MgSO4), filtered, and concentrated to a yellow solid. 

The crude was evaporated onto SiO2 and purified by column chromatography 

(30%®40%®50%®60% EtOAc/hexanes). The product 5.33 was isolated as a white solid (1.02 

g, 3.16 mmol,  69% yield). Rf = 0.37 in 50% EtOAc/hexanes.  1H NMR (500 MHz, CDCl3): δ 
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7.45 (s, 2H), 3.98 (s, 6H), 3.44 – 3.30 (m, 4H), 1.64 – 1.55 (m, 4H), 1.39 (h, J = 7.4 Hz, 4H), 

0.98 (t, J = 7.4 Hz, 6H). 13C NMR (126 MHz, CDCl3): δ 166.5, 154.3, 148.6, 110.2, 53.2, 50.4, 

29.1, 20.3, 14.0. HRMS (ESI) calcd. for C17H27N2O4 (M+H)+: 323.1966; found 323.2135. 

 
(4-(dibutylamino)pyridine-2,6-diyl)dimethanol (5.34). In a 100 mL flame-dried flask equipped 

with a reflux condenser, 5.33 (611 mg, 1.90 mmol, 1.00 equiv) and NaBH4 (300 mg, 7.93 mmol, 

4.17 equiv) were suspended in anhydrous THF (10 mL, 0.19 M), and the reaction was heated to 

reflux. After 22 h, the reaction was cooled to RT and H2O (20 mL) was added slowly while 

stirring. The reaction mixture was poured into a sep funnel, and the aqueous was extracted with 

5% MeOH/DCM (3x). The opaque organic layer was dried (MgSO4), filtered, and concentrated. 

The crude was dried extensively to yield the product 5.34 as a white solid (495 mg, 1.86 mmol, 

98% yield). Rf = 0.33 in 8:1.5:1 EtOAc/MeOH/H2O. 1H NMR (500 MHz, DMSO-d6): δ 6.51 (s, 

2H), 5.15 (s, 2H), 4.35 (s, 4H), 3.33 (s, 1H), 3.32 – 3.23 (m, 4H), 1.57 – 1.44 (m, 4H), 1.32 (h, J 

= 7.4 Hz, 4H), 0.92 (t, J = 7.3 Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 160.8, 153.3, 100.4, 

64.3, 49.2, 28.9, 19.6, 13.8. HRMS (ESI) calcd. for C17H27N2O4 (M+H)+: 267.2067; found 

267.2076.  

 

(4-(dibutylamino)pyridine-2,6-diyl)bis(methylene) bis(3,7-bis(prop-2-yn-1-yloxy)-2-

naphthoate) (5.35). In a 50 mL flask, naphthalene PFPester 5.21 (~1.1 g, 2.5 mmol, 2.5 equiv), 

diol 5.34 (266 mg, 1.00 mmol, 1.00 equiv), and DMAP (122 mg, 1.00 mmol, 1.00 equiv) were 

dissolved in anhydrous DMF (7.7 mL, 0.13 M). DIPEA (0.37 mL, 2.1 mmol, 2.1 equiv) was 

added. After 3 days, additional DMAP (50 mg) was added and the reaction was heated to 40 °C. 

The DMF was removed, and the crude product was evaporated onto SiO2. The crude product was 

purified by column chromatography (silica gel, 20%®30%®45%®60%®80% 
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EtOAc/hexanes). The product 5.35 was isolated as a pale yellow solid (630 mg, 0.797 mmol, 

80% yield). Rf = 0.37 in 40% EtOAc/hexanes. 1H NMR (400 MHz, Acetone-d6): δ 8.34 (s, 2H), 

7.82 (d, J = 8.8 Hz, 2H), 7.54 (s, 2H), 7.47 (d, J = 2.5 Hz, 2H), 7.28 (dd, J = 9.0, 2.6 Hz, 2H), 

6.74 (s, 2H), 5.35 (s, 4H), 4.94 (d, J = 2.4 Hz, 4H), 4.91 (d, J = 2.4 Hz, 4H), 3.46 – 3.34 (m, 4H), 

3.10 (td, J = 2.4, 0.5 Hz, 4H), 1.57 (p, J = 7.5 Hz, 4H), 1.35 – 1.21 (m, 4H), 0.79 (t, J = 7.4 Hz, 

6H). 13C NMR (126 MHz, Acetone-d6): δ 166.1, 156.9, 155.8, 154.9, 153.1, 132.3, 132.0, 129.8, 

129.2, 124.1, 122.1, 110.8, 109.2, 103.6, 79.6, 79.5, 77.5, 77.2, 68.0, 57.5, 56.5, 50.7, one C 

under solvent peak, 20.7, 14.1. HRMS (ESI) calc. for C49H47N2O8 (M+H)+ 791.3327; found 

791.3533. 

 

4-NBu2-pyridine-naphthalene host (5.36). In a 250 mL flask, Cu(OAc)2 (1.75 g, 9.64 mmol, 

12.5 equiv) was dissolved in pyridine (60 mL) and heated to 45 °C. Prehost 5.35 (610 mg, 0.771 

mmol, 1.00 equiv) was dissolved in pyridine (50 mL) and added to the Cu(OAc)2 solution via 

addition funnel over 1.5 h. After 2 h more, pyridine was removed. The crude material was 

suspended in CHCl3 and sat. NH4Cl was added. The aqueous layer was extracted with CHCl3 (2x 

more). The combined organic layers were washed with 1M HCl (1x) and brine (1x). The organic 

layers were dried (MgSO4), filtered, and concentrated. The crude product was evaporated onto 

SiO2 and purified by column chromatography (silica gel, 1:1:1 ®1:2:2®1:5:5 

hexanes/CHCl3/EtOAc®CHCl3®EtOAc®MeOH). Isomer 2 5.36b was isolated as a white 

powdery solid (133 mg, 0.169 mmol, 22% yield). Impure isomer 1 was isolated from the flushes. 

Some of this material was purified by preparatory thin layer chromatography (60% 

EtOAc/hexanes) and isomer 1 5.36aa was isolated as a white solid (20 mg, 0.025 mmol, 3% 

yield).  
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Isomer 1 5.36a Rf = 0.42 in 1:1:1 hexanes/CHCl3/EtOAc. 1H NMR (500 MHz, CDCl3): δ 8.20 

(s, 2H, Ha), 7.57 (d, J = 8.6 Hz, 2H), 7.27 (s, 2H, Hb), 7.15 – 7.05 (m, 4H), 6.60 (s, 2H, Hf), 5.38 

(ABq, JAB = 10.0 Hz, 4H), 4.93 (ABq, JAB = 15.0 Hz, 4H), 4.87 (ABq, JAB = 20.0 Hz, 4H), 3.39 

– 3.28 (m, 4H), 1.68 – 1.57 (m, 4H), 1.40 (h, J = 7.4 Hz, 4H), 0.99 (t, J = 7.3 Hz, 6H). 13C NMR 

(126 MHz, CDCl3): δ 165.6, 155.4, 154.1, 154.2, 152.3, 131.6, 131.5, 129.6, 128.6, 124.6, 121.8, 

114.3, 107.9, 106.1, 74.1, 74.0, 71.1, 70.8, 68.4, 59.3, 55.0, 50.3, 29.3, 20.4, 14.1. HRMS (ESI) 

calc. for C49H43N2O8 (M+H)+ 787.3014; found 787.3047.  

 

 

Isomer 2 5.36b Rf = 0.61 in 1:1:1 hexanes/CHCl3/EtOAc. 1H NMR (400 MHz, DMSO-d6): δ 

8.33 (s, 2H), 7.63 (d, J = 9.0 Hz, 2H), 7.53 – 7.39 (m, 4H), 7.10 (dd, J = 9.0, 2.5 Hz, 2H), 6.81 

(s, 2H), 5.37 (d, J = 11.5 Hz, 2H), 5.29 – 4.87 (m, 10H), 3.38 (t, J = 7.7 Hz, 4H), 1.57 (p, J = 7.6 

Hz, 4H), 1.38 (h, J = 7.3 Hz, 4H), 0.96 (t, J = 7.3 Hz, 6H). 13C NMR (101 MHz, DMSO-d6): δ 

164.0, 155.0, 153.5, 153.3, 150.6, 131.2, 130.8, 128.7, 127.7, 122.1, 121.6, 108.9, 107.9, 106.4, 

O
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76.0, 75.6, 70.2, 69.7, 68.0, 55.0, 49.2, one C under solvent peak, 28.8, 19.6, 13.9. HRMS (ESI) 

calc. for C49H43N2O8 (M+H)+ 787.3014; found 787.3157.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 208 

5.5.3 NMR titrations 
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19F NMR of complex of 5.10a and 5.15 in CDCl3, aligned with TFA external standards
(mam-III-196)

0

0.12

0.25

0.33

0.50

0.75

1.00

1.50
2.00

3.00

5.01

7.51

10.01

15.00

20.00

-171.0-170.0-169.0-168.0-167.0-166.0-165.0-164.0-163.0-162.0-161.0-160.0
f1	(ppm)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Host: 5.10a

[H] = 0.61 mM

F
OH

F

F
F

F

Guest: 5.15
[G] = 0 - 61 mM

O

O

O

O

O

N

O

O

O

f

g

a
b

c
d

e

h

i

j



 210 

 
 

19F NMR of complex of 5.15 and model hydrogen bond acceptors in CDCl3,
aligned with TFA external standards (mam-III-200)

PFPhenol alone 
(unbasified CDCl3)

PFPhenol + excess K2CO3
(basified CDCl3) 

PFPhenol + DMAP 
(1:1, basified CDCl3) 

PFPhenol + pyridine
(1:1, basified CDCl3)  
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Complex of 5.10a and TFA in CDCl3 (mam-III-210)
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Complex of 5.10a and 5.25 in CDCl3 (mam-III-212)
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Complex of 5.10a and 5.26 in CDCl3 (mam-III-202)
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Complex of 5.10a and 5.27 in CDCl3 (mam-III-214)
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Complex of 5.29a and 5.15 in CDCl3 (mam-III-251)
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5.5.4 NMR spectra 
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CHAPTER SIX 
 

A phenanthrene-based cyclophane as a receptor for pentafluorophenol-based guests 
 
6.1 Abstract 
 
 Rational design of hosts that selectively bind one guest over other small molecules is a 

challenge in the field of host-guest chemistry. Perfluoroaromatics are distinct from their 

hydrocarbon counterparts due to the high electronegativity of fluorine. The distinct electronic 

character of abiotic perfluoroaromatics provides an attractive feature on which to design a 

receptor selective for electron-poor perfluoroaromatics over other aromatic compounds. If this 

selective host can be achieved, we hope to apply this host-guest system for cell-surface labeling 

of abiotic guests. Here, a phenanthrene-based cyclophane is designed to bind a model 

perfluorinated aromatic guest, pentafluorophenol. Upon synthesis, we found that this 

phenanthrene-based host binds both pentafluorophenol and tetrafluoro-4-hydroxy-N-

pentylbenzamide with Ka = 103 and 104 M-1 respectively. We explore the importance of arene-

perfluoroarene interactions and hydrogen bonding interactions to the overall binding affinity of 

this system. Ultimately, these studies will inform future iterations of cyclophane hosts based on 

arene-perfluoroarene interactions and hydrogen bonding. 

 
6.2 Introduction  
 
 The design of high-affinity hosts for specific guests is challenging.1 Historically, hosts 

have been synthesized and then screened against panels of guests to find high-affinity host-guest 

pairs.2–6 As described in Chapter 4, bioorthogonal complexation is a term that describes the use 

of specific, high-affinity host-guest pairs for binding and labeling of unnatural guests 

incorporated on the cell surface. For the host-guest pair to be truly bioorthogonal, the host must 

not bind or interact with other endogenous biomolecules and metabolites. Because of the 
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perfluoroaromatics’ unique electron-poor character, distinct from most electron-neutral or 

electron-rich aromatic amino acids, we imagined they would be ideal guests for bioorthogonal 

complexation. Our interest in using perfluoroaromatics as guests for bioorthogonal complexation 

provided an opportunity to address challenges in the field of rational host design for a specific 

guests of interest.  

 We envisioned that we could apply the knowledge gained from our attempts to repurpose 

Whitlock’s naphthalene-based host (Chapter 5) into our design plan for an improved receptor for 

perfluoroaromatics. We found that the size of the naphthalene host cavity was too narrow to 

accommodate the width of a perfluoroaromatic guest, like pentafluorophenol 6.1. We considered 

new hosts with a larger cavities composed of tricyclic aromatics, such as anthracene, carbazole, 

fluorene, acridinium, or phenanthrene (Figure 6.1A). The aromatic component needed to be 

stable and synthetically accessible. Ideally, this expanded host would be otherwise similar in 

configuration to the naphthalene-based host described in Chapter 5.  

 

Figure 6.1 Design of an expanded cyclophane. A) Tricyclic aromatics considered as the aromatic 
walls of an expanded host. B) Computational model of phenanthrene-based host complexed with 
pentafluorophenol 1 provided by Dr. Gina Lee (B3LYP-d3/6-31G(d)).  
 

Phenanthrene, with two Clar p-sextets, is more stable than anthracene (one Clar sextet) 

by ~4–8 kcal/mol.7 This stability could lend itself to the stability of a phenanthrene-based host. 

Additionally, computational analyses suggested that a phenanthrene-based host would provide 

both the necessary length and configuration to accommodate a perfluoroaryl guest (Figure 6.1B).  
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While phenanthrene has been demonstrated as a guest in a number of arene-arene-based 

host-guest complexes,8,9 there are limited hosts based on a phenanthrene scaffold.10–14 Existing 

reports of phenanthrene-based macrocycles are often lacking in host-guest binding studies.15 A 

phenanthrene host comparable to naphthalene host 5.36a would require the synthesis of a 

trisubstituted phenanthrene building block such as 6.3. 

 

6.3 Discussion and results 
 

Retrosynthetically, aryl halide 6.4 and boronic acid 6.5 would be needed to access the 

phenanthrene component of expanded host 6.2a (Scheme 6.1). These building blocks were 

accessed from 2-(3-methoxyphenyl)acetic acid 6.6 and 2-bromo-5-methoxybenzaldehyde 6.7 

respectively (Scheme 6.2). A microwave-assisted Suzuki-Aldol cascade reaction between 6.4 

and 6.5 provided the trisubstituted phenanthrene core 6.9 in 64% yield on multi-gram scale. This 

approach ensures the methoxy substituents are symmetric, unlike other phenanthrene syntheses, 

which can suffer from poor regioselectivity.16,17 Despite reported procedures, we found that the 

addition of DavePhos ligand made no significant difference in the yield.18 

 

Scheme 6.1 Retrosynthesis of phenanthrene-based host 6.2a.  

Dimethoxy phenanthrene ester 6.9 was carefully deprotected with boron tribromide to 

provide ester 6.3a. If not monitored closely, some hydrolysis to phenanthrene acid 6.3b could be 

observed; however 6.3b could be re-esterified or used directly if needed. 6.3a was then treated 

with propargyl bromide to access dipropargyl-substituted ester 6.10 (Scheme 6.3). Minimal C-
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propargylation of the phenanthrene diol 6.3 was observed, unlike in the naphthalene-based 

system (Chapter 5). Dipropargylphenanthrene ester 6.10 was hydrolyzed to access carboxylic 

acid 6.11. Higher temperatures led to undesired Claisen-type rearrangement products.  

 

Scheme 6.2 Synthesis of trisubstituted phenanthrene 6.3.  

Phenanthrene acid 6.11 was activated as the PFP ester 6.12 and treated with 4-

dibutylaminopyridine diol 6.13 to access premacrocycle 6.14 in good yield. A modified Eglinton 

reaction furnished two isomers of the final phenanthrene macrocycle, which could be separated 

by column chromatography (Figure 6.2). Single crystals were difficult to obtain of 6.2a or 6.2b, 

and a publication-quality x-ray structure was unable to be obtained to confirm isomer 

assignment. However, the less polar isomer was found to bind pentafluorophenol 6.1 more 

strongly than the more polar isomer (Ka = 3.8x103 ± 3% vs 2.9x103 ± 5% M-1, Figure 6.3). 

Whitlock reported that the meso isomer of naphthalene host 5.10a bound 4-nitrophenol 6.15 and 

other guests more strongly than dl-isomer of the naphthalene host 5.10b (Ka = 2340 vs 1156 M-

1).19 For these reasons, the less polar isomer has been tentatively assigned as the more symmetric 

meso isomer 6.2a. Further binding studies were carried out with 6.2a in CDCl3.  
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Scheme 6.3 Synthesis of phenanthrene macrocycles 6.2a and 6.2b.  

 

Figure 6.2 1H NMR comparison of phenanthrene hosts 6.2a and 6.2b in CDCl3. Structures are 
tentatively assigned and should be further confirmed by x-ray crystallography. 
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Figure 6.3 Comparison of binding affinities between hosts 6.2a and 6.2b with guest 
pentafluorophenol 6.1 in CDCl3.  
 
 We were excited to find that expanded phenanthrene host 6.2a binds pentafluorophenol 6.1 

more strongly than the comparable naphthalene host 5.36a by an order of magnitude (Ka = 

3.8x103 M-1 ± 3%  vs. 7.0x102 ± 9% M-1, Figure 6.4). This difference supports the hypothesis 

that the phenanthrene-sized cavity is wide enough to accommodate perfluoroaryl guests. In 

future work, characterization of the host-guest interaction via 1H-19F NOESY (>300 MHz) would 

be insightful.  

 

Figure 6.4 Effect of aromatic size on Ka: comparing phenanthrene host 6.2a to naphthalene host 
5.36a complexed with pentafluorophenol 6.1 in CDCl3.  
 

While phenanthrene host 6.2a does bind 4-nitrophenol 6.15 quite strongly (Ka = 2.5x104 

± 13% M-1), it still binds pentafluorophenol guest 6.1 two orders of magnitude more strongly 

than phenol guest 6.16, an organic-soluble substitute for tyrosine (Ka = 3.8x103 M-1 vs. 14.2 ± 

0.9% M-1) (Figure 6.5). This difference in Ka suggests that phenanthrene host 6.2a may be able 
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to  discriminate between perfluoroaromatics and biologically relevant aromatic species, which is 

important for bioorthogonal complexation.  

 

Figure 6.5 Comparison of binding interaction with host 6.2a and phenolic guests pentafluorophenol 6.1, 4-
nitrophenol 6.15, and phenol 6.16 in CDCl3.  
 

To explore the importance of the arene-perfluoroarene interaction to the overall binding 

affinity, titrations with host 6.2a and other perfluorinated guests were performed (Figure 6.6A). 

With perfluorinated aromatic guests lacking classical hydrogen bond donors (hexafluorobenzene 

6.17, pentafluorobenzene 6.18, and chloropentafluorobenzene 6.19, minimal interaction was 

observed with host 6.2a (Ka = <10 M-1). Pentafluoroaniline 6.20, which is capable of hydrogen 

bonding, did not bind host 6.2a very strongly (Ka = 28.2 ± 2% M-1). This low binding affinity for 

a perfluoroaromatic capable of hydrogen bonding is not well understood. We speculate that 

pentafluoroaniline (pKa of the conjugate acid = 2.1 in 95.6% ethanol)20 itself, rather than the 

conjugate acid, may not be the ideal hydrogen bonding partner for 4-dibutylaminopyridine.  

We hypothesized that by removing the hydrogen-bonding capability of the host rather 

than the hydrogen-bonding ability of the guest, we would observe a similar dependence of the Ka 

on the hydrogen-bonding interaction (Figure 6.6B). Erika Aguiluz Ramirez prepared a control 

host 6.21a, where a benzene ring replaces the pyridine of the linker. Kaitlin Hartung studied the 

interaction between control host 6.21a and pentafluorophenol guest 6.1 by 1H NMR in CDCl3 
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and obtained a Ka = 9.5 ± 1% M-1 for this complex. This Ka is larger, but within the same order 

of magnitude as the interaction between host 6.2a and hexafluorobenzene 6.17 (Figure 6.6C).  

 

Figure 6.6 Exploration of the importance of the hydrogen-bonding interaction to the overall 
binding affinity. A) Complexation of host 6.2 with various perfluorinated aromatic guests in 
CDCl3. B) Comparison of complexation strength between host 6.2a and control host 6.20a with 
guest pentafluorophenol 6.1 in CDCl3. C) Summary of the importance of hydrogen bonding to 
this host-guest complex. 
 

Given the low binding affinities of hexafluorobenzene 6.17, pentafluorobenzene 6.18, 

and chloropentafluorobenzene 6.19 with host 6.2a, and the low binding affinity between control 

host 6.21a and pentafluorobenzene 6.1, it seems that the hydrogen bonding interaction is driving 

the complexation event in CDCl3.  It should be noted that these effects are observed in organic 

solvent. It is possible that the Ka between variants of host 6.2a and guest 6.17-6.19 could be 

stronger in water.  

We sought further explanation for the higher Ka with host 6.2a and guest 4-nitrophenol 

6.15 compared to pentafluorophenol 6.1. One explanation could be steric effects due to fluorine 

substitution in both ortho positions of pentafluorophenol guest 6.1. In the future, it could be 

interesting to study perfluoroaromatics like 3,5-difluorophenol 6.22 or 3,4,5-trifluorophenol 6.23 
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to assess this hypothesis. Another explanation could be possible substituent effects between the 

nitro group of guest 6.15 and the C-H bonds of the phenanthrene portion of the host.  

To explore the importance of substituent effects, Dr. Gina Lee prepared two additional 

perfluorinated aromatic guests, 2,3,5,6-tetrafluoro-4-hydroxy-N-pentylbenzamide 6.24 and 

tetrafluoro-4-nitrophenol 6.25 (Figure 6.7). In collaboration with Dr. Lee, I found that host 6.2a 

forms a more stable complex with amide guest 6.25 than pentafluorophenol guest 6.1 by an order 

of magnitude in CDCl3 (Ka = 3.2x104 ± 13% M-1). This result suggests there may be some 

favorable interaction between the carbonyl of the amide with the phenanthrene C-H bonds, 

similar to the nitro group of guest 6.15. We note that a larger change in ppm (∆ppm) over the 

course of the titration is not always indicative of higher Ka (Table 6.1, Ha, entry 1, 2, and 5).  

 

Figure 6.7 Binding affinity between host 6.2a and custom perfluorinated phenol guests 6.24 and 
6.25 in CDCl3.  
 

 

Table 6.1 Summary of ∆ppm for host-guest complexes with 6.2a and 6.2b with 1:1 binding in 
CDCl3. 1For phenol guest 6.16, proton He was not used because it overlaps with guest peaks. 
Guest tetrafluoro-4-nitrophenol 6.25 was not included as it displayed apparent 1:2 binding.  
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 Unfortunately, a reliable Ka between host 6.2a and tetrafluoro-4-nitrophenol 6.25 was not 

able to be obtained with reasonable error (<30%) (Figure 6.7). Complexation between host 6.2a 

and 6.25 appears to be quite strong (Ka = >105 M-1) in CDCl3 and seems to exhibits 1:2 binding. 

One contribution to the large error was that 6.25 was difficult to accurately weigh on a 

microbalance, presumably because 6.25 is hygroscopic21 and/or melts near room temperature. 

Furthermore, 6.25 may have some radical anion character.22,23 A partially fluorinated nitrophenol 

may be less problematic.24 

All the binding data with host 6.2a and 6.2b are summarized in Table 6.2. With 6.24 and 

6.25 as additional phenolic guests, there does seem to be some correlation between an increase in 

Ka between the host and the guest and lower pKa of the guest (Figure 6.8A). Moving forward, 

pentafluorothiophenol 6.26 (pKa  = 2.68) 25,26 could be an interesting guest to examine given its 

similar pKa to tetrafluoro-4-nitrophenol 6.25 (pKa = 2.81).27 However, 6.26 may not be as good 

of a hydrogen bond donor as the corresponding phenol 6.1, and binding studies could be 

complicated by disulfide formation. Tetrafluoro-4-cyanophenol 6.27 (predicted pKa = 3.36) 

could also be an additional intermediate point between 6.24 and pentafluorophenol 6.1. 

Hydrogen bond length, which is indicative of hydrogen bond strength, could be a more accurate 

parameter to correlate with Ka through computation or crystal structure data of these host-guest 

complexes. It may also be informative to compare Ka with Hammett constants, but more 

perfluorinated guests with different para substituents would be needed for that analysis.  
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Table 6.2 Summary of Kas in CDCl3 between host 6.2a or 6.2b and guests described in this 
chapter. 
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Figure 6.8 Exploring the relevance of pKa of the guest to the overall binding affinity. A) 
Comparing Ka and pKa of measured guests with host 6.2a. B) Reported pKas of other 
perhalogenated phenols that could be studied to understand the importance of pKa in this system. 
1Predicted pKa from Scifinder (Advanced Chemistry Development (ACD/Labs) Software 
V11.02). 2Ka for tetrafluoro-4-nitrophenol 6.25 is an approximate value based on multiple 
titrations with large error.  
 

As we think about future biological applications of this system, some alterations to both 

the host and the guest will be necessary. First, the guest will need to be able to be conjugated to a 

biomolecule of interest, such as a carbohydrate. Here, we show through binding studies with 

amide guest 6.24 that conjugation can occur through an amide linkage without decreasing the 

binding affinity. However, at physiological pH, pentafluorophenol 6.1 and amide derivative 6.24 

will be deprotonated. It could be informative to study the complexation of 6.2a and the sodium 

salt of pentafluorophenol 6.1. An alternative solution could be to study other perfluoroaromatic 

guests such as pentafluorobenzenesulfonamide 6.28 (pKa = 8.30),28 2,6-difluorophenol 6.29 (pKa 

= 7.34),28,29 3,5-difluorophenol 6.30 (pKa = 8.3),30 2,3,5,6-tetrafluorophenol 6.31 (pKa = 5.67),28 

or 4-propionyl-2,6-difluorophenol 6.32 (pKa = 5.4).29 The former three guests 6.28-6.30 could be 
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would remain protonated at physiological pH.  

In addition to our ultimate goal of bioorthogonal complexation, an alternative application 
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pentachlorophenol 6.33 (pKa = 4.7).31 6.33 was used as a wood preservative and pesticide and is 
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now considered a “reasonably anticipated” human carcinogen.32 Binding studies with 6.33 would 

also provide information on the size complementarity and specificity of phenanthrene host 6.2a 

for perfluoroaromatics over other perhalogenated aromatic compounds.  

Modifications to phenanthrene host 6.2a such that it can be studied in the described 

applications will be detailed in Chapter 7. These modifications may also enable translation of 

this system from organic solvent to more polar solutions and aqueous media. If the host can be 

made water-soluble, the binding affinity to guests of interest should increase further due to the 

hydrophobic effect.33    

 
6.4 Conclusion 
 
 In this chapter, we described the synthesis of an expanded, rigid host 6.2a based on a 

phenanthrene scaffold. This host was found to act as a receptor for pentafluorophenol 6.1 with 

millimolar affinity. This value is similar to Kas that have been described in the literature for 

hexafluorobenzene guest (Chapter 5, Table 1). Phenanthrene host 6.2a bound custom 

perfluorinated aromatic guest, tetrafluoro-4-hydroxy-N-pentylbenzamide 6.24, with an order of 

magnitude higher binding affinity (104 M-1). Binding studies presented here suggest that the Ka 

can be tuned through substitution at the para position of the perfluoroaryl phenol guests, but 

hydrogen bonding is necessary for a reasonable Ka in organic solvent. Phenanthrene host 6.2a 

also preferentially bound pentafluorophenol 6.1 and amide variant 6.24 over phenol, a possible 

biologically-relevant aromatic guest, which is promising for future applications in living 

systems. While we have developed a host with an improved binding affinity for 

pentafluorophenol over the naphthalene-based system described in Chapter 5, ultimately, we 

would like to have a host for perfluoroaromatics with a larger than micromolar binding affinity 

(>106 M-1). For this high Ka to be achieved, a water-soluble variant of host 6.2a would be 
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beneficial. We would also like to enhance the contribution of the arene-perfluoroarene 

interaction to the overall Ka of the host-guest complex. To achieve this goal, we plan to expand 

the aromatic portion of the host in future iterations of this system. 

 

6.5 Experimental Procedures 

Chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific, 

Acros Organics, Synquest, or TCI and used without purification unless noted otherwise. 

Anhydrous dimethyl sulfoxide (DMSO) was obtained from a Sure-SealTM bottle (Aldrich). 

Anhydrous and deoxygenated solvents dichloromethane (DCM), dimethylformamide (DMF), 

acetonitrile (MeCN), methanol (MeOH), and tetrahydrofuran (THF) were dispensed from a 

Grubb’s-type Phoenix Solvent Drying System. Thin layer chromatography was performed using 

Silica Gel 60 F254 (EMD Millipore) plates. Flash chromatography was executed with technical 

grade silica gel with 60 Å pores and 40–63 µm mesh particle size (Sorbtech Technologies). 

Solvent was removed under reduced pressure with a Büchi Rotovapor with a Welch self-cleaning 

dry vacuum pump and further dried with a Welch DuoSeal pump. Bath sonication was 

performed using a Branson 3800 ultrasonic cleaner. NMR spectra were recorded on Bruker AV-

500 (1H and 13C) and AV-400 (1H, 13C, and 19F) instruments and processed with MestReNova 

software. NMR peaks are calibrated using residual undeuterated solvent (CHCl3 at 7.26 ppm 1H 

NMR, 77.16 ppm 13C NMR). Masses for analytical measurements were taken on a Sartorius 

MSE6.6S-000-DM Cubis Micro Balance. HRMS (electrospray ionization (ESI)) were collected 

on a Thermo Scientific Q ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM with Dionex UltiMate 

3000 RSLCnano System and LRMS (electrospray ionization (ESI)) were collected on an Agilent 

1260 Infinity II HPLC-tandem MS system.  



 268 

6.5.1 General host-guest titration/Ka determination procedures 

The host was measured on an analytical microbalance. Host stock solutions were 

prepared with basified CDCl3. Concentrations of host stock solutions were made below the 

solubility limit of the host. Guest stock solutions were prepared in basified CDCl3. Preliminary 

titrations and the Bindsim program (http://app.supramolecular.org/bindsim/) were used to 

determine the approximate equivalents of guest needed for saturation. Ideally, >70% saturation 

was achieved. Binding data were fit using Bindfit (http://app.supramolecular.org/bindfit/).34,35 In 

some cases, it was necessary to allow the samples to equilibrate before NMRs were taken to 

improve peak resolution and minimize broadening. Samples were performed in duplicate where 

indicated.  

 

6.5.2 Equations for average Ka value determination from duplicate experiments 

Equation 1:	𝐾#,#%& =
(),*+(),,

-  

Equation 2: ∆𝐾#,#%& =
/
-
	0(∆𝐾#,/)-	 + 	(∆𝐾#,-)-	 

 

6.5.3 Synthetic experimental procedures 

2-(2-bromo-5-methoxyphenyl)-1,3-dioxane (6.8). Based on a modified literature procedure, 2-

bromo-5-methoxybenzaldehyde 6.7 (20 g, 93 mmol, 1.0 equiv) and TsOH (1.8 g, 9.5 mmol, 0.10 

equiv) were added to a 1 L three-necked flask equipped with a condenser and a Dean-Stark trap. 

Toluene (370 mL, 0.250 M) and 1,3-propanediol (13.4 mL, 185 mmol, 1.99 equiv) were added. 

The reaction was heated to reflux for 3.5 h. The reaction was cooled to RT and then washed with 

brine (3x). The crude was dried (Na2SO4), filtered, and concentrated. The crude was purified by 

column chromatography (silica gel, 5% EtOAc/hexanes®10% EtOAc/hexanes) to yield the 
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product 6.8 as a pale yellow oil (23.6 g, 86.4. mmol, 93% yield). Rf =  0.42 in 15% 

EtOAc/hexanes. 1H NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.8 Hz, 1H), 7.24 (d, J = 3.2 Hz, 

1H), 6.77 (dd, J = 8.8, 3.2 Hz, 1H), 5.72 (s, 1H), 4.27 (ddt, J = 10.5, 5.0, 1.3 Hz, 2H), 4.09 – 3.97 

(m, 2H), 3.81 (s, 3H), 2.25 (dtt, J = 13.6, 12.5, 5.1 Hz, 1H), 1.46 (dtt, J = 13.6, 2.7, 1.4 Hz, 1H). 

The spectral data were consistent with the literature report.36 

 

(2-formyl-4-methoxyphenyl)boronic acid (6.5). Based on a modified literature procedure,36 6.7 

(18.9 g, 69.0 mmol, 1 equiv) was dissolved in anhydrous THF (200 mL, 0.35 M) and cooled to -

78 °C. n-BuLi (1.6 M, 48 mL, 76 mmol, 1.1 equiv) was added slowly via cannula. After 1 h, 

triisopropyl borate (19.9 mL, 86 mmol, 1.25 equiv) was added at -78 °C, and then the reaction 

was allowed to warm to RT. After 2 h, the reaction was cooled to 0 °C and 2M HCl (~200 mL) 

was added slowly and stirred for 1 h. The reaction mixture was collected by filtration, after 

rinsing with H2O, hexanes, and cold Et2O. Additional precipitate was recovered by a second 

filtration of the filtrate and further rinsing with H2O and cold acetone. 6.5 was isolated in total as 

a white solid (8.5 g, 47 mmol, 68%). 1H NMR (400 MHz, DMSO-d6): δ 10.22 (s, 1H, CHO), 

8.26 (s, 2H, B(OH)2), 7.61 (d, J = 8.2 Hz, 1H), 7.38 (d, J = 2.6 Hz, 1H), 7.20 (dd, J = 8.2, 2.7 

Hz, 1H), 3.83 (s, 3H, OCH3). The spectral data were consistent with the literature report.36 

 

Ethyl 2-(2-bromo-5-methoxyphenyl)acetate (6.4). Based on a modified literature procedure,37 

In a 250 mL three-necked flask, 2-(3-methoxyphenyl)acetic acid 6.6 (9.0 g, 54 mmol, 1.0 equiv) 

was dissolved in anhydrous DCM (90 mL, 0.60 M) and cooled to 0 °C. Br2 (2.9 mL, 57 mmol, 

1.05 equiv) was added slowly, and the reaction was allowed to warm to RT. After 19 h, the 

reaction was discolored with 0.1 M aqueous Na2S2O3 (~100 mL) and extracted with DCM (3x). 
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The organic layers were dried (MgSO4), filtered, and concentrated under reduced pressure. The 

crude material was then dissolved in absolute EtOH (180 mL, 0.3 M) and conc. H2SO4 (2.7 mL) 

was added. The reaction was heated to 80 °C for 14 h. After cooling to RT, the reaction mixture 

was extracted with H2O and DCM (2x). The organic layer was washed with brine (2x), dried 

(MgSO4), filtered, and concentrated under reduced pressure. The crude material was purified by 

column chromatography (1%®3%®5%®10% EtOAc/hexanes), resulting in 6.4 as a colorless 

oil (11.1 g, 40.6 mmol, 75% yield). Rf =  0.33 in 15% EtOAc/hexanes. 1H NMR (500 MHz, 

CDCl3): δ 7.44 (d, J = 8.7 Hz, 1H), 6.85 (d, J = 3.0 Hz, 1H), 6.71 (dd, J = 8.8, 3.1 Hz, 1H), 4.19 

(q, J = 7.1 Hz, 2H), 3.79 (s, 3H), 3.74 (s, 2H), 1.27 (s, 3H). The spectral data were consistent 

with the literature report.38 

 

Ethyl 2,7-dimethoxyphenanthrene-9-carboxylate (6.9). Based on a modified literature 

procedure,18 aryl halide 6.4 (650 mg, 2.38 mmol, 1.0 equiv), boronic acid 6.5 (600 mg, 3.33 

mmol, 1.40 equiv), Cs2CO3 (2.33 g, 7.15 mmol, 3.00 equiv), and Pd(PPh3)4 (110 mg, 0.095 

mmol, 0.04 equiv) were added to a 30 mL microwave vial equipped with a stir bar. The vial was 

evacuated and purged with N2, and then degassed toluene (14 mL, 0.17 M) was added. The 

mixture was briefly stirred and then placed in the microwave for 5 min at 120 °C then 150 °C for 

5 min. This was procedure was replicated 4x more, and the crude material was all combined. The 

crude was sonicated and filtered through celite, rinsing with EtOAc. The crude was passed 

through a silica plug and then recrystallized from hot acetone. The yellow crystals were washed 

with hexanes and small amounts of Et2O. Repeated crystallizations led to 6.9 as yellow crystals 

OMe

MeO

EtO
Oa

b
b’

c
c’

dd’

6.9



 271 

(4.73 g, 15.2 mmol, 64% yield). Rf =  0.37 in 10% Acetone/hexanes. 1H NMR (500 MHz, 

Acetone-d6): δ 8.69 (d, J = 9.2 Hz, 1H, Hd,d’), 8.65 (d, J = 9.1 Hz, 1H, Hd,d’), 8.52 (s, 1H, Ha), 

8.45 (d, J = 2.7 Hz, 1H, Hb,b’), 7.54 (d, J = 2.7 Hz, 1H, Hb,b’), 7.39 (dd, J = 9.1, 2.7 Hz, 1H, Hc,c’), 

7.34 (dd, J = 9.1, 2.7 Hz, 1H, Hc,c’), 4.49 (q, J = 7.1 Hz, 2H), 3.96 (d, J = 13.3 Hz, 6H), 1.47 (t, J 

= 7.1 Hz, 3H). 13C NMR (126 MHz, Acetone-d6): δ 206.2, 168.0, 159.2, 159.0, 133.2, 131.4, 

130.4, 127.5, 127.0, 126.2, 125.0, 124.8, 120.9, 118.2, 110.3, 108.0, 61.7, 55.9, 55.6, 14.7. 

HRMS (ESI) calcd. for C19H19O4 (M+H)+: calc. 311.1278; found 311.1288. 

 

Ethyl 2,7-dihydroxyphenanthrene-9-carboxylate (6.3a). Dimethoxyphenanthrene ester 6.9 

(1.00 g, 3.22 mmol, 1.00 equiv) was dissolved in CH2Cl2 (17 mL, 0.19 M). The reaction mixture 

was cooled to 0 °C, and BBr3 (1.20 mL, 12.6 mmol, 3.93 mmol) was added carefully. The 

reaction was let warm to RT and monitored for disappearance of starting material and formation 

of diol ester 6.3a and diol acid 6.3b.  After 2.5 h, the reaction was quenched with absolute EtOH 

(~30 mL). The reaction mixture was concentrated (a base trap was used between the rotovap 

pump and the flask) and evaporated onto SiO2. The crude product was purified by column 

chromatography (silica gel, 40%®50%®60% EtOAc/Hexanes). The product 6.3a was isolated 

as a yellow crystalline solid (761 mg, 2.70 mmol, 84%). Rf = 0.32 in 40% acetone/hexanes. 1H 

NMR (500 MHz, Methanol-d4): δ 8.53 (d, J = 9.1 Hz, 1H), 8.51 – 8.47 (m, 1H), 8.25 (s, 1H), 

8.18 (d, J = 2.6 Hz, 1H), 7.29 – 7.23 (m, 2H), 7.19 (dd, J = 9.0, 2.6 Hz, 1H), 4.47 (q, J = 7.1 Hz, 

2H), 1.48 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, Methanol-d4): δ 169.4, 156.9, 156.8, 132.8, 

131.7, 130.6, 127.4, 127.2, 126.0, 124.9, 124.7, 120.8, 118.4, 113.3, 110.8, 62.2, 14.7. HRMS 

(ESI) calcd. for C17H13O4 (M-H)-: calc. 281.0819; found 281.0893 
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Ethyl 2,7-bis(prop-2-yn-1-yloxy)phenanthrene-9-carboxylate (6.10). To phenanthrene ester 

diol 6.3a (2.0 g, 7.1 mmol, 1.0 equiv) and K2CO3 (2.94 g, 21.3 mmol, 3.00 equiv) was added 

anhydrous DMF (22 mL, 0.32 M). The solution was stirred for 30 min and then propargyl 

bromide (80 wt% in toluene, 2.4 mL, 22 mmol, 3.1 equiv) was added and the reaction was stirred 

vigorously. The reaction was done in duplicate, and the crude reaction mixture of both was 

combined after 21 h. The DMF was removed and the crude was evaporated onto silica. The 

crude material was purified by column chromatography (silica gel, 10%®20%®30%®50% 

acetone/hexanes) to yield 6.10 as a yellow solid (4.0 g, 11 mmol, 82%). Rf = 0.62 in 40% 

EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.55 (dd, J = 6.0, 3.2 Hz, 2H), 8.53 – 8.49 (m, 

1H), 8.47 (s, 1H), 7.43 – 7.39 (m, 2H), 7.37 (dd, J = 9.2, 2.7 Hz, 1H), 4.88 (d, J = 2.4 Hz, 2H), 

4.86 (d, J = 2.4 Hz, 2H), 4.52 (q, J = 7.2 Hz, 2H), 2.59 – 2.56 (m, 2H), 1.51 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 167.8, 156.4, 155.9, 132.8, 130.4, 129.7, 127.5, 126.3, 125.9, 

124.2, 124.1, 120.4, 118.1, 111.1, 108.5, 78.6, 78.5, 76.1, 75.7, 61.4, 56.2, 56.1, 14.6. HRMS 

(ESI) calcd. for C23H19O4 (M+H)+: 359.1278; found 359.1279. 

 

2,7-bis(prop-2-yn-1-yloxy)phenanthrene-9-carboxylic acid (6.11). To a 250 mL flask was 

added 6.10 (1.88 g, 5.25 mmol, 1.00 equiv) and powdered KOH (883 mg, 15.7 mmol, 3.00 

equiv). THF (26 mL, 0.20 M) and H2O (15 mL, 0.35 M) were added. The reaction was heated to 

65 °C. The reaction was monitored for conversion by TLC, and additional KOH (500 mg) was 

added at 3 h and 18 h. When the starting material was not observed by TLC, the reaction was 

cooled to RT. The crude reaction mixture was diluted with EtOAc (100 mL) and 1 M HCl was 

added. The organic layer was separated and the aqueous layer was further extracted with EtOAc 

(3x). The organics were dried (MgSO4), filtered, and concentrated to yield the product 6.11 as a 
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yellow powdery solid (1.73 g, 5.24 mmol, quantitative). 1H NMR (400 MHz, DMSO-d6): δ 13.21 

(s, 1H), 8.77 (d, J = 9.3 Hz, 1H), 8.72 (d, J = 9.2 Hz, 1H), 8.52 – 8.43 (m, 2H), 7.67 (d, J = 2.7 

Hz, 1H), 7.43 (ddd, J = 10.3, 9.1, 2.8 Hz, 2H), 4.97 (d, J = 2.4 Hz, 2H), 4.94 (d, J = 2.4 Hz, 2H), 

3.63 (t, J = 2.3 Hz, 1H), 3.62 – 3.59 (m, 1H).13C NMR (126 MHz, DMSO-d6): δ 168.6, 155.7, 

155.5, 132.1, 130.0, 129.1, 126.4, 126.4, 125.2, 124.6, 124.3, 119.8, 117.0, 111.4, 109.4, 79.1, 

78.5, 78.5, one C missing, 55.7, 55.6. HRMS (ESI) calcd. for C21H13O4 (M-H)-: 329.081924; 

found 329.0800.   

 
Perfluorophenyl 2,7-bis(prop-2-yn-1-yloxy)phenanthrene-9-carboxylate (6.12). See prep 

included with the synthesis of 6.14. Rf = 0.31 in 20% acetone/hexanes. 1H NMR (500 MHz, 

Acetone-d6): δ 9.01 (s, 1H), 8.83 (d, J = 9.2 Hz, 1H), 8.78 (d, J = 9.2 Hz, 1H), 8.55 (d, J = 2.8 

Hz, 1H), 7.78 (d, J = 2.8 Hz, 1H), 7.56 (dd, J = 9.1, 2.7 Hz, 1H), 7.49 (dd, J = 9.2, 2.7 Hz, 1H), 

5.02 (d, J = 2.4 Hz, 2H), 4.97 (d, J = 2.4 Hz, 2H), 3.17 (t, J = 2.4 Hz, 1H), 3.12 (t, J = 2.4 Hz, 

1H). 19F NMR (376 MHz, Acetone-d6): δ -154.46 – -154.94 (m), -160.13 (t, J = 21.2 Hz), -

164.29 – -165.03 (m). 

 

 (4-(dibutylamino)pyridine-2,6-diyl)bis(methylene) bis(2,7-bis(prop-2-yn-1-

yloxy)phenanthrene-9-carboxylate) (6.14). To a flame-dried 250 mL flask was added 6.11 (2.0 

g, 6.1 mmol, 1.0 equiv) and bis(perfluorophenyl) carbonate (2.86 g, 7.26 mmol, 1.19 equiv). 

Anhydrous DMF (30 mL, 0.20 M) was added, and the solution was cooled to 0 °C. DIPEA (1.3 

mL, 7.5 mmol, 1.2 equiv) was added, and the reaction was allowed to warm to room 

temperature. After 1 h, the reaction was concentrated under reduced pressure and placed on high 

vacuum overnight to yield 6.12 as a yellow solid. Diol 6.13 (645 mg, 2.42 mmol, 0.397 equiv) 

and DMAP (295 mg, 2.42 mmol, 0.397 equiv) were added to the phenanthrene PFPester 6.12. 
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The reaction mixture was redissolved in DMF (20 mL, 0.31 M), and additional DIPEA (890 uL, 

5.1 mmol, 0.84 equiv) was added. The reaction was monitored by LCMS, and after 3 days the 

solvent was removed under reduced pressure. The crude was evaporated onto silica from acetone 

and purified by column chromatography (silica gel, 20% acetone/hexanes®80% 

acetone/hexanes) to remove excess 6.12. Partially pure product 6.14 was collected and 

recrystallized from acetone and heptane. The yellow precipitate was washed with heptane to 

yield 6.14 (1.45 g, 1.62 mmol, 67% yield). Rf = 0.6 in 50% EtOAc/hexanes. 1H NMR (500 MHz, 

DMSO-d6): δ 8.74 (d, J = 9.3 Hz, 2H), 8.70 (d, J = 9.2 Hz, 2H), 8.59 (s, 2H), 8.41 (d, J = 2.7 Hz, 

2H), 7.63 (d, J = 2.7 Hz, 2H), 7.44 (dd, J = 9.1, 2.7 Hz, 2H), 7.40 (dd, J = 9.2, 2.7 Hz, 2H), 6.67 

(s, 2H), 5.44 (s, 4H), 4.93 (d, J = 2.4 Hz, 4H), 4.89 (d, J = 2.4 Hz, 4H), 3.61 (t, J = 2.3 Hz, 2H), 

3.57 (t, J = 2.3 Hz, 2H), 3.26 (t, J = 7.8 Hz, 4H), 1.44 – 1.35 (m, 4H), 1.09 (h, J = 7.4 Hz, 4H), 

0.59 (t, J = 7.4 Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 166.5, 155.8, 155.7, 155.5, 153.4, 

132.5, 129.8, 128.7, 126.5, 125.3, 125.2, 124.6, 124.3, 120.1, 117.2, 111.4, 108.9, 102.7, 79.0, 

79.0, 78.5, 78.4, 67.2, 55.7, 55.6, 49.4, 28.6, 19.4, 13.5. HRMS (ESI) calcd. for C57H51N2O8 

(M+H)+: 891.363976; found 891.3801.  

 

Phenanthrene-NBu2 host (6.2). Prehost 6.14 (1.45 g, 1.63 mmol, 1.0 equiv) was dissolved in 

pyridine (140 mL, 0.01 M). Over 2 h, 6.14 was added to a solution of Cu(OAc)2 (3.7 g, 20.4 

mmol, 12.5 equiv) in pyridine (140 mL) at 45 °C. After 4 h, the pyridine was removed under 

reduced pressure. The crude was suspended in CHCl3 and filtered to remove oligomeric 

precipitate. The CHCl3 organics were washed with 1 M HCl. The aqueous was extracted with 

CHCl3 (3x), and the combined organics were washed with saturated aq NH4Cl (1x). The crude 

was dried (MgSO4), filtered, and concentrated. The crude was evaporated on silica and purified 
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by column chromatography (silica gel, 30%®40%®50%®60%®70%®80% 

EtOAc/hexanes®100% EtOAc). The less polar isomer (isomer 1) 6.2a was isolated as an off-

white solid (217 mg, 0.245 mmol, 17% yield). Fractions containing a mixture of isomers were 

repurified with a more polar gradient to yield isomer 2 6.2b (124 mg, 0.140 mmol, 10% yield) as 

an off-white solid).  

 

PhenanthreneNBu2 host isomer 1 (6.2a): Rf = 0.36 in 50% EtOAc/hexanes. 1H NMR (500 

MHz, CDCl3): δ 8.56 (s, 2H, Ha), 8.52 (d, J = 2.3 Hz, 2H, Hb), 8.36 (d, J = 9.1 Hz, 2H, Hd,d’), 

8.31 (d, J = 9.0 Hz, 2H, Hd,d’), 7.25 (d, 2H, under CHCl3 peak, Hb’), 7.17 (td, J = 8.9, 2.6 Hz, 4H 

Hc,c’), 6.73 (s, 2H, He), 5.82 (d, J = 11.8 Hz, 2H), 5.17 – 4.70 (m, 10H), 3.44 (ddt, J = 38.9, 15.0, 

7.7 Hz, 4H), 1.79 – 1.67 (m, 4H), 1.52 – 1.42 (m, 4H), 1.05 (t, J = 7.3 Hz, 6H). 13C NMR (126 

MHz, CDCl3): δ 167.1, 155.9, 155.1, 155.0, 154.1, 133.6, 130.4, 129.8, 127.3, 126.0, 125.2, 

124.0, 123.8, 120.9, 118.2, 109.7, 109.5, 106.0, 74.8, 73.2, 71.4, 70.4, 68.4, 55.5, 55.4, 50.4, 

29.4, 20.5, 14.1. 1H NMR (500 MHz, CD2Cl2): δ 8.49 (s, 2H, Ha), 8.48 (d, J = 2.8 Hz, 2H, Hb), 

8.40 (d, J = 9.1 Hz, 2H, Hd,d’), 8.34 (d, J = 9.1 Hz, 2H, Hd,d’), 7.30 (d, J = 2.7 Hz, 2H, Hb), 7.20 

(dt, J = 9.1, 2.9 Hz, 4H, Hc,c’), 6.74 (s, 2H, He), 5.70 (d, J = 11.6 Hz, 2H, Hf,f’), 5.07 (d, J = 11.8 

Hz, 2H, Hf,f’), 5.03 – 4.84 (m, 8H), 3.45 (td, J = 7.1, 2.0 Hz, 4H), 1.73 (p, J = 7.7 Hz, 4H), 1.53 – 

1.43 (m, 4H), 1.06 (t, J = 7.3 Hz, 6H). 13C NMR (126 MHz, CD2Cl2): δ 167.4, 156.0, 155.5, 

155.3, 154.4, 133.4, 130.7, 129.9, 127.4, 126.1, 125.9, 124.3, 124.3, 121.1, 117.9, 109.9, 109.6, 
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106.3, 75.0, 74.0, 71.0, 70.4, 68.8, 55.8, 55.6, 50.7, 29.6, 20.7, 14.2. HRMS (ESI) calcd. for 

C57H47N2O8 (M+H)+: 887.3326; found 887.3443. 

 

PhenanthreneNBu2 host isomer 2 (6.2b). Rf = 0.14 in 50% EtOAc/hexanes. 1H NMR (500 

MHz, CDCl3): δ 8.57 (s, 2H, Ha), 8.47 (d, J = 2.7 Hz, 2H, Hb), 8.34 (d, J = 9.2 Hz, 2H, Hd,d’), 

8.30 (d, J = 9.7 Hz, 2H, Hd,d’), 7.20 – 7.18 (m, 4H, Hb’ and Hc,c’), 7.13 (dd, J = 9.0, 2.7 Hz, 2H, 

Hc,c’), 6.87 (s, 2H, He), 5.88 (d, J = 10.9 Hz, 2H), 5.06 – 4.82 (m, 10H), 3.48 – 3.40 (m, 4H), 1.76 

(p, J = 7.7 Hz, 4H), 1.50 (h, J = 7.5 Hz, 4H), 1.10 (t, J = 7.3 Hz, 6H). 13C NMR (126 MHz, 

CDCl3): δ 167.0, 155.6, 155.2, 154.7, 154.0, 133.7, 130.2, 129.8, 127.4, 125.9, 125.1, 124.0, 

124.0, 121.2, 118.7, 109.4, 107.8, 107.7, 73.8, 73.8, one C missing, 70.6, 68.6, 55.0, 54.8, 50.6, 

29.3, 20.5, 14.1. HRMS (ESI) calcd. for C57H47N2O8 (M+H)+: 887.3326; found 887.3455. 
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6.5.4 NMR titrations 

 

0

0.1

0.2

0.3

0.4
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Complex of 6.2a and 6.1 in CDCl3 (mam-IV-238)

proton Ka (bindfit)

a 4253 ± 10%

b 4033 ± 10%

d,d’ 2627 ± 9%

e 11674 ± 46%

f,f’ 6088 ± 19%

global fitting 4248 ± 5%

proton a 

[G]/[H]

∆ 
d

4.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.6
f1	(ppm)
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Trial 1
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Trial 2 
(GL-IV-251)
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4248 ± 5% 3353 ± 4%

Ka,avg = 3.8x103  ± 3%
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Trial 1
(mam-IV-238)

Trial 2 
(GL-IV-251)

4248 ± 5% 3353 ± 4%

∆ Ka1 = 212 ∆ Ka2 = 134

Ka,avg = (Ka1 + Ka2)/2 = 3800.5

∆ Ka,avg = 0.5 * sqrt((∆ Ka1 )2 + ((∆ Ka2 )2 ) = 125

Ka,avg = 3.8 x 103 ± 3%

Complex of 6.2a and 6.1 in CDCl3: Example error calculation
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Complex of 6.2b and 6.1 in CDCl3 (mam-IV-244)

proton Ka (bindfit)

a 2849 ± 13%

b 2798 ± 13%

d,d’ 1947 ± 8%

e 4008 ± 15%
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global fitting 2870 ± 5%
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4.55.05.56.06.57.07.58.08.5

f1	(ppm)
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Complex of 6.2a and 6.15 in CDCl3 (mam-V-182)

proton Ka (bindfit)

a 26239 ± 38%

b 25553 ± 38%

d,d’ 19628 ± 32%

e 75640 ± 104%

f,f’ 31758 ± 45%

global fitting (all) 25870 ± 14%

proton a 

[G]/[H]
∆ 
d

d,d’ a b c,c’ b’ e f,f’ 

proton b

proton d,d’ 

proton f,f’
proton e

Trial 1
(mam-V-182)

0.20 to 7.81 equiv

Trial 2 
(mam-IV-240)

0.1 to 10.76 equiv

25870 ± 14% 25071 ± 21%

Ka,avg = 2.5x104  ± 13%
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4.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.68.89.0
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Complex of 6.2a and 6.16 in CDCl3 (mam-IV-274)

proton Ka (bindfit)

a 15.8 ± 3%

b 13.7 ± 3%

d,d’ 14.1 ± 2 %

global fitting (all) 15.3 ± 1%

proton a 

[G]/[H]

∆ 
d

d,d’ a b c,c’ b’ e f,f’ 

proton b

proton d,d’ 

Trial 1
(mam-IV-274)

0.2 to 102 equiv

Trial 2 
(GL-IV-253)

8.6 to 171 equiv

15.3 ± 1% 13.3 ± 0.9%

Ka,avg = 14.2 ± 0.9%
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Complex of 6.2a and 6.17 in CDCl3 (mam-IV-276)

proton a 

[G]/[H]
∆ 
d

d,d’ a b c,c’ b’ e f,f’ 

proton d,d’ 

proton e 

Trial 1
(mam-IV-276)

0.58 to 117 equiv

Trial 2 
(GL-IV-254)

25 to 500 equiv

4.05 ± 1% 3.79 ± 1%

Ka,avg = 3.9 ± 0.7%
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proton Ka (bindfit)

a 4.26 ± 2%

d,d’ 3.76 ± 1%
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global fitting (all) 4.05 ± 1%
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4.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.6
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Complex of 6.2a and 6.18 in CDCl3 (mam-IV-280)

proton a 

[G]/[H]
∆ 
d

d,d’ a b c,c’ b’ e f,f’ 

proton d,d’ 

proton e proton Ka (bindfit)

a 4.6 ± 1%

b 3.0 ± 3%

d,d’ 3.7 ± 1%

e 19.6 ± 37%

f,f’ 3.4 ± 3%

global fitting (all) 4.1 ± 1%
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4.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.6
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Complex of 6.2a and 6.19 in CDCl3 (mam-IV-278)

proton a 

[G]/[H]

∆ 
d

d,d’ a
b c,c’ b’ e f,f’ 

proton d,d’ 

proton e 
proton Ka (bindfit)

a 6.1 ± 2%

b 4.2 ± 3%

d,d’ 5.5 ± 1%

e 9.5 ± 11%

f,f’ 5.3 ± 2%

global fitting (all) 5.75 ± 0.79%
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Complex of 6.2a and 6.20 in CDCl3 (mam-IV-257)

proton a 

[G]/[H]

∆ 
d

d,d’ a b c,c’ b’ 
e f,f’ 

proton b

proton f,f’ proton Ka (bindfit)

a 28 ± 4%

b 29 ± 6%

d,d’ 26 ± 3%

f,f’ 33 ± 9%

global fitting (all) 28.2 ± 2%
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Complex of 6.2a and 6.24 in CDCl3 (mam-VI-014)
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proton e 

Trial 1
(mam-VI-014)

0.05 to 1.9 equiv

Trial 2 
(mam-VI-028)

0.05 to 2.0 equiv

30910 ± 19% 32318 ± 18%

Ka,avg = 3.2x104  ± 13%
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a 30625 ± 49%
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proton f,f’ 

proton bO

O

O

O

O

O

O

O

N NBu2

a

b

b’

c

c’

d
d’

e

f,f’

g,g’

h,h’

OH

Guest: 6.24
[G] = 0 - 1.79 mM

Host: 6.2a

[H] = 0.93 mM

F

F F

F

O NH



 287 

 

-166-164-162-160-158-156-154-152-150-148-146-144-142-140-138-136
f1	(ppm)

1

2

3

4

5

6

19F NMR of complex of 6.2a and 6.24 in CDCl3, aligned with 1,2-difluorobenzene 
(mam-VI-014)

Guest
alone

5.1 
equiv

3.2 
equiv

2.6 
equiv

1.93 
equiv

1.54 
equiv

O

O

O

O

O

O

O

O

N NBu2

a

b

b’

c

c’

d
d’

e

f,f’

g,g’

h,h’

OH

Guest: 6.24
[G] = 0 - 1.79 mM

Host: 6.2a

[H] = 0.93 mM

F

F F

F

O NH



 288 

 

4.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.6
f1	(ppm)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Complex of 6.2a and 6.25 in CDCl3 (mam-VI-088): displays 1:2 binding
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19F NMR of complex of 6.2a and 6.25 in CDCl3, aligned with 1,2-difluorobenzene standards
(mam-VI-090)
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6.5.5 NMR spectra 
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CHAPTER SEVEN 
 

Towards bioorthogonal complexation: modifications to a phenanthrene-based cyclophane 
for detecting pentafluorophenol-based guests on cell surfaces 

 
7.1 Abstract 

 Bioorthogonal complexation requires that the host is soluble in biologically-relevant 

media and is able to bind unnatural functionality on cell surfaces. Progress towards this goal 

through modification of an arene-perfluoroarene-based host-guest complex is detailed in this 

Chapter. We describe synthetic modifications to a phenanthrene-based cyclophane that 

ultimately will allow for conjugation of the host to a multivalent water-compatible bead. We find 

that O-propargyl modifications to the host pyridine linker region decrease the binding affinity 

and explore alternative chemistries based on functionalized piperazines. Progress toward the 

synthesis of unnatural perfluoroaryl-modified mannosamine and sialic acid analogues is 

described as well. Ultimately, this work may enable formation of multivalent phenanthrene-

based beads to bind and detect tetrafluorophenol functionality on cell surfaces.  

  

7.2 Introduction 

Our ultimate goal of biorthogonal complexation requires that a macrocyclic host can bind 

and detect unnatural functionality incorporated on cell surfaces in a selective manner. A number 

of requirements of the host and the guest must be met for this type of detection to occur. First, 

the host must be soluble in water. The host should be stable in water and in the presence of 

biomolecules and should not bind endogenous small molecules. Second, the Sletten lab has 

recently shown that a Ka of at least 108 M-1 is required to efficiently label guests on cell surfaces 

using a known host, cucurbit[7]uril.1 Third, the guest needs to be incorporated on the cell 

surface, ideally through the sialic acid biosynthetic pathway or salvage pathway.  
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In Chapter 6, we developed a phenanthrene-based host 6.2a, which can bind 

pentafluorophenol 7.1 and amide variant of pentafluorophenol 7.2 with binding affinities in 

organic solvent in the range of a single lectin carbohydrate recognition domain-carbohydrate 

interaction (103 M-1).2,3 In nature4 and in synthetic systems,5,6 multivalency, achieved through 

multivalent ligands and/or oligomeric receptors, can increase the functional binding affinity 

between a host/receptor and a guest/ligand. Though the Ka of the complex between phenanthrene 

6.2a and 7.1/7.2 should increase in water due to the hydrophobic effect,7 a multivalent host of 

6.2a could further improve the Ka into the desired range for cell-surface labeling. Rather than 

attempt to solubilize host 6.2a with individual water-solubilizing groups, we imagined that 

attaching multiple phenanthrene hosts to a PEG or poly(amide)-based bead or particle (Figure 

7.1A). In this manner, we could address the requirements of water solubility and increase the 

overall Ka at the same time.   

 

Figure 7.1 General scheme for multivalent bioorthogonal complexation with a variant of host 
6.2a to detect perfluoroaryl guests on cell surfaces.  
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For the third requirement, we imagined that perfluoroaryl-modified sialic acids could be 

incorporated into cell-surface glycans (Figure 7.1B), as a similar functional group has been 

incorporated into A549 cells as acetylated-N-4-azidotetrafluorophenyl-D-mannosamine 7.3.8 

Non-fluorinated aromatics 7.4,9 and aryl azides 7.5 and 7.6,10,11 and dinitro aromatics 7.712,13 

have also been synthesized and incorporated as D-mannosamine and sialic acid derivatives 

(Figure 7.2).  

 

Figure 7.2 Unnatural sialic acids with aromatic modifications that have been incorporated into 
cell-surface glycans.  
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conjugation handles, like free amines, free alcohols, or carboxylic acids could also be 

problematic in the reduction and/or premacrocycle formation steps.  

 Seeking an orthogonal functional handle, we focused on protected alkynes. We began 

with 4-O-propargyl-pyridinediester 7.9, which was simple to access from 7.8. To determine if 

this modification altered the Ka, 7.9 was coupled with 2-ethylhexylazide 7.10 to add a 

solubilizing group. Triazole diester product 7.11 was reduced to the diol 7.12 and coupled to 

phenanthrene PFPester 6.12 resulting in prehost 7.13 in 49% yield. The prehost 7.13 was 

cyclized to yield both isomers of this host 7.14a (24%) and 7.14b (19%).  

 

Scheme 7.1 Synthesis of O-propargyl phenanthrene host 7.14a. 
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Figure 7.3 Comparison of binding affinities between pentafluorophenol guest 7.1 and O-
propargyl host 7.14a and NBu2 host 6.2a in CDCl3.  
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Figure 7.4 Synthetic approaches to diester pyridines with functionalized amines at the 4-
position. A) Initial SNAr reaction conditions with dialkylamines and functionalized linear 
secondary amines. B) SNAr conditions with cyclic amines.  
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Amidst these challenges, the route was altered such that the reduction is carried out first 

to yield 7.24 (Scheme 7.3), followed by immediate acetylation to 7.25. Acetylated pyridine diol 

7.25 can then be aminated with TIPS-propargyl piperazine 7.21 under Buchwald-Hartwig 

conditions in moderate yield (51%), though purification of 7.26 is still not trivial. 7.26 can be 

deacetylated to yield the final diol 7.23 cleanly.  

 

Scheme 7.3 Alternative route to functionalized diol 7.23. 
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Scheme 7.4 Synthesis of TIPS-propargyl functionalized host variants from diol 7.23.  

Moving forward, a control host, Me-pip-phenanthrene host 7.31a, will be synthesized 

from 7.20. The binding affinity between 7.31a and pentafluorophenol 7.1 will be determined and 

compared to that of NBu2-phenanthrene host 6.2a to ensure this modification does not drastically 

decrease the Ka (Scheme 7.5) . For the conjugatable host, the TIPS-pip-phenanthrene host 7.30a 

will need to be deprotected to yield the terminal alkyne host 7.32a (Scheme 7.6). Conditions will 

have to be optimized for copper-azide-alkyne cycloaddition (CuAAC) to conjugate this host to 

azide-modified beads 7.33. A balance of host to bead will have to be determined to ensure the 

bead does not become too hydrophobic for applications in cellulo. A fluorophore modified with a 

strained alkyne can then be attached to the host modified beads 7.34 through SPAAC to form 

7.35 (Scheme 7.6). 

 

Scheme 7.5 Synthesis of a methyl piperazine control host 7.31a and comparison to NBu2-
phenanthrene 6.2a.  
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Scheme 7.6 Deprotection of functionalized TIPS-pip-phenanthrene host 7.30a and conjugation to 
azide-modified beads.  
 

7.4 Results and discussion: functionalized guest 

For guest incorporation, I began with the synthesis of a D-mannosamine analogue 

modified with a tetrafluorophenol moiety 7.36 (Scheme 7.7). Erika Ramirez also synthesized the 

pentafluorophenyl mannosamine derivative 7.37 as a future control. This structure is similar to 

the tetrafluorophenylazide derivative 7.3 that was incorporated by the Yan group.8 Dr. Anna 

Kataki-Anastasakou found that analogue 7.36 was not incorporated into a hypo-sialylated cell 

line, BJAB-K20,15 through a lectin-binding assay (Figure 7.5).   

Scheme 7.7 Synthesis of tetrafluorophenol-modified mannosamine 7.36.  
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Figure 7.5 Attempt at metabolic incorporation of tetrafluorophenol-modified mannosamine 7.36 
assessed via lectin binding assay. Experiment was performed by Dr. Anna Kataki-Anastasakou. 
A) Mannosamine derivative 7.36 (25 µM and 50 µM) and sialic acid Neu5Ac (1 mM) were 
incubated with cells for 3 days in 90% nutridoma/FBS supplemented RPMI. Incorporation was 
assessed by cell labeling with MAL II biotin (0.01 mg/mL) followed by incubation with 
Streptavidin-AF635 (0.005 mg/mL). Metabolic incorporation of 7.36 was assessed in hypo-
sialylated BJAB K20 cells with wild-type BJAB K88 cells as a positive control for normal levels 
of sialylation. Fluorescence recovery by sialic acid incorporation was tested using Neu5Ac (1 
mM) as a positive control. B) Representative histograms of Streptavidin-AF635 fluorescence 
after incubation with MAL II biotin C) Analysis of triplicate experiments of Streptavidin-AF635 
fluorescence after incubation with MAL II biotin.  

A broader range of functional groups have been incorporated via sialic acid derivatives, 

bypassing the bottleneck enzymatic step in the sialic acid biosynthetic pathway, phosphorylation 

of ManNAc derivatives by ManNAc 6-kinase.11,16 Both 9- and 5-modified sialic acid derivatives 

have been described.17 We focused on 9-tetrafluorophenol sialic acid as a target (Scheme 7.8). A 

PFPester of 2,3,5,6-tetrafluoro-4-hydroxybenzoic acid 7.39 was prepared. We chose not to 
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acetylate the phenol at this point, as that would convert 7.39 into an acetylation reagent as well. 

9-azido sialic acid methyl ester 7.40 was reduced to amine 7.41 and PFPester 7.39 was added 

immediately. Post amide-coupling the reaction mixture was acetylated to yield 7.42. These 

reactions were low yielding, and 7.42 could not be isolated cleanly after HPLC. Preliminary 

incorporation studies with impure 7.42 in BJAB K20 cells were performed by Caitlyn Fick with 

limited success (Figure 7.6).   

Scheme 7.8 Synthesis of acetylated 9-tetrafluorophenol-modified sialic acid 7.42.  
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Figure 7.6 Attempt at metabolic incorporation of impure tetrafluorophenol-modified sialic acid 
7.42 assessed via lectin binding assay. Experiment was performed by Caitlyn Fick. A) Sialic acid 
derivative 7.42 (100 µM) and sialic acid Neu5Ac (5 mM) were incubated with cells for 3 days in 
90% nutridoma/FBS supplemented RPMI. Incorporation was assessed by cell labeling with 
MAL II biotin (0.01 mg/mL) followed by incubation with Streptavidin-AF635 (0.005 mg/mL). 
Metabolic incorporation of 7.42 was assessed in hypo-sialylated BJAB K20 cells with wild-type 
BJAB K88 cells as a positive control for normal levels of sialylation. Fluorescence recovery by 
sialic acid incorporation was tested using Neu5Ac (5 mM) as a positive control. B) 
Representative histograms of Streptavidin-AF635 fluorescence after incubation with MAL II 
biotin. C) Analysis of triplicate experiments of Streptavidin-AF635 fluorescence after incubation 
with MAL II biotin.  
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analogues.19 Attempts to synthesize the desired phosphine reagent 7.44 from (2-

hydroxyphenyl)diphenylphosphine 7.43 and PFPester 7.39 were unfruitful, however the control 

2-(diphenylphosphaneyl)phenyl-pentafluorobenzoate 7.45 was synthesized from 

pentafluorobenzoyl chloride. A test reaction with acetylated 9-azidosialic acid 7.46 and 

phosphine 7.45 showed some conversion to the desired amide product 7.47, suggesting this 

approach could be useful with some optimization of the purification. 9-Pentafluorophenyl-

modified sialic acid 7.47 could be used to assess whether the hydroxyl group of the intended 

guest on 7.42 is interfering with incorporation and can act as a control sugar for future cell-

surface binding studies.  

Scheme 7.9 Traceless Staudinger strategy to access perfluoroaryl-modified sialic acids 7.47 and 
7.42.  

While our preliminary incorporation studies with tetrafluorophenol-modified 

mannosamine 7.36 and sialic acid 7.42 have not been successful, it remains unclear whether 

these derivatives are being incorporated or the lectins used in lectin binding assays are unable to 

recognize these bulkier perfluorinated analogues. One way to probe this question will be to 

perform similar assays with control pentafluorophenyl sialic acid 7.47 or use different lectins. 

Alternative methods, such as the DMB assay, will also be used to assess analogue incorporation. 
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hydroxybenzoic acid rather than the PFPester 7.39. When all synthetic steps described here can 

be scaled up and the final sialic acid derivatives isolated pristinely, we will have more 

confidence in the results of the incorporation studies.  

It should be noted that other electron-poor aromatics have been successfully incorporated 

as sialic acid analogues. 9-amino-2,4-dinitrobenzene-modified sialic acid 7.7 was incorporated in 

B16F10 cells and five other cell lines.13 However, the authors noted that this modification was 

more resistant to sialidase-mediated hydrolysis. In our quest to incorporate perfluoroaromatics 

through the sialic acid biosynthetic pathway, modification of the 5-position of sialic acid, linking 

the guest to sialic acid through other functional groups like carbamates,20 or alternative cell lines 

may be explored.  

 

7.5 Conclusion 

 In this chapter, we describe the design of conjugatable variants of phenanthrene-host 6.2a 

to enable the binding of tetrafluorophenol functionality in biologically relevant environments. 

Initially, we explored O-alkyl modifications to the pyridine region of the host. O-propargyl-

phenanthrene host 7.14a was synthesized and found to bind pentafluorophenol 7.1 with a lower Ka 

than 6.2a the original host described in Chapter 6. In hopes of retaining or improving the initial 

Ka, both linear and cyclic functionalized amines are explored for modification of the 4-pyridine 

position of the host. With TIPS-propargyl piperazine 7.21, Buchwald-Hartwig amination was used 

to prepare the functionalized pyridine diol linker 7.23 in moderate yield. In the future, this 

chemistry can be used to access TIPS-propargyl phenanthrene host 7.30a, which may eventually 

be coupled to PEG or poly(amide)-based beads to form multivalent host beads 7.35.  



 339 

For the guest incorporation, a tetrafluorophenol mannosamine derivative 7.36 was 

synthesized. However, preliminary studies in a sialic acid-deficient cell line showed minimal 

incorporation of this analogue. The synthesis of a tetrafluorophenol sialic acid 7.42 derivative was 

not successful, but an alternative traceless Staudinger ligation approach is described. With 

additional unnatural sialic acid, further investigation into the metabolic incorporation of 7.42 and 

control pentafluorophenyl sialic acid 7.47 will be possible. If 7.42 cannot be incorporated, arene-

perfluoroarene host-guest complexation on cell surfaces can be explored through conjugation of 

the tetrafluorophenol moiety to the cell surface through lysine modification or the oxime ligation. 

Ultimately, these modifications to the phenanthrene-based host will provide further understanding 

of the extent that the arene-perfluoroarene interaction is strengthened in an aqueous environment, 

while enabling a rendition of bioorthogonal complexation through multivalent labeling.  

 

7.6 Experimental Procedures 

Chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific, 

Acros Organics, Synquest, or TCI and used without purification unless noted otherwise. 

Anhydrous dimethyl sulfoxide (DMSO) was obtained from a Sure-SealTM bottle (Aldrich). 

Anhydrous and deoxygenated solvents dichloromethane (DCM), dimethylformamide (DMF), 

acetonitrile (MeCN), methanol (MeOH), and tetrahydrofuran (THF) were dispensed from a 

Grubb’s-type Phoenix Solvent Drying System. Thin layer chromatography was performed using 

Silica Gel 60 F254 (EMD Millipore) plates. Flash chromatography was executed with technical 

grade silica gel with 60 Å pores and 40–63 µm mesh particle size (Sorbtech Technologies). 

Solvent was removed under reduced pressure with a Büchi Rotovapor with a Welch self-cleaning 

dry vacuum pump and further dried with a Welch DuoSeal pump. Bath sonication was 
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performed using a Branson 3800 ultrasonic cleaner. NMR spectra were recorded on Bruker AV-

500 (1H and 13C) and AV-400 (1H, 13C, and 19F) instruments and processed with MestReNova 

software. NMR peaks are calibrated using residual undeuterated solvent (CHCl3 at 7.26 ppm 1H 

NMR, 77.16 ppm 13C NMR). Masses for analytical measurements were taken on a Sartorius 

MSE6.6S-000-DM Cubis Micro Balance. HRMS (electrospray ionization (ESI)) were collected 

on a Thermo Scientific Q ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM with Dionex UltiMate 

3000 RSLCnano System and LRMS (electrospray ionization (ESI)) were collected on an Agilent 

1260 Infinity II HPLC-tandem MS system.  

7.6.1 General host-guest titration/Ka determination procedures 

The host was measured on an analytical microbalance. Host stock solutions were 

prepared with basified CDCl3. Concentrations of host stock solutions were made below the 

solubility limit of the host. Guest stock solutions were prepared in basified CDCl3. Preliminary 

titrations and the Bindsim program (http://app.supramolecular.org/bindsim/) were used to 

determine the approximate equivalents of guest needed for saturation. Ideally, >70% saturation 

was achieved. Binding data were fit using Bindfit (http://app.supramolecular.org/bindfit/).21,22 In 

some cases, it was necessary to allow the samples to equilibrate before NMRs were taken to 

improve peak resolution and minimize broadening. Titrations were performed in duplicate. 

 

7.6.2 Equations for average Ka value determination from duplicate experiments 

Equation 1:	𝐾#,#%& =
(),*+(),,

-  

Equation 2: ∆𝐾#,#%& =
/
-
	0(∆𝐾#,/)-	 + 	(∆𝐾#,-)-	 
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7.6.3 General cell culture procedures  

BJAB K88 and K20 cells were a gift from the Kohler lab (UT Southwestern)— with 

permission from Michael Pawlita and Tim Waterboer (DKFZ)— and were cultured in RPMI 

1640 media (Genessee #25-506H) supplemented with 10% fetal bovine serum (FBS) (Corning, 

lot# 35016109) and 1% penicillin-streptomycin (PS) (Life Technologies, cat# 15070063). For 

metabolic incorporation experiments, BJAB K88 and K20 cells were grown in minimal media 

using 1% Nutridoma-SP (Roche #11011375001) in basal RPMI 1640. Cells were gradually 

weaned off FBS over four passages using 10, 40, 70, 90% of 1% nutridoma reagent in FBS- 

supplemented RPMI 1640, without inhibition of growth for up to two months.  

Cells were incubated at 37 ̊C, 5% CO2, throughout culturing, in HERACell 150i CO2 

incubators. Cells were pelleted through use of Sorvall ST 40R centrifuge. All cell work was 

performed in 1300 Series A2 biosafety cabinets.  

For metabolic incorporation experiments MAL (Maackia Amurensis) II Biotin (Vector 

Labs #B-1265) was used. During experiments, cells were incubated on ice (0 oC) with gentle 

rocking in the dark. Flow cytometry was performed on a BDBiosciences FACSCalibur equipped 

with 488 nm and 635 nm lasers. Streptavidin-AlexaFluorTM635 (Fisher Scientific #S32364) 

fluorescence was measured on the FL4 channel. Propidium iodide (Biotium #40016) 

fluorescence was measured on the FL2 channel.  

7.6.4 Synthetic experimental procedures 

Dimethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate (7.9). 7.9 was prepared following 

a modified literature procedure.23,24 4-hydroxypyridine diester 7.8 (548 mg, 2.60 mmol, 1.00 
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equiv) and K2CO3 (718 mg, 5.19 mmol, 2.00 equiv) were dissolved in DMF (11 mL, 0.24 M). 

Propargyl bromide (0.32 mL, 2.86 mmol, 1.1 equiv) was added, and the reaction mixture was 

heated to 90 °C. After 19 h, the reaction was cooled to RT and filtered. The crude was 

evaporated onto SiO2 and purified by column chromatography (silica gel, 50% EtOAc/hexanes). 

The product 7.9 was isolated as a white solid (240 mg, 0.963 mmol, 37% yield). Rf = 0.5 in 60% 

EtOAc/hexanes. 1H NMR (500 MHz, DMSO-d6): δ 7.82 (s, 2H), 5.12 (d, J = 2.4 Hz, 2H), 3.91 

(s, 6H), 3.75 (t, J = 2.4 Hz, 1H). LRMS (ESI) calcd. for C12H12NO5 (M+H)+: 205.0710; found 

250.0.  

Note: Propargyl ester side products were also isolated.  

 

2-ethylhexyl azide (7.10). Ethylhexyl bromide (0.53 mL, 3.0 mmol, 1.0 equiv) and NaN3 (975 

mg, 15.0 mmol, 5.0 equiv) were dissolved in DMF (3 mL, 1.0 M) and heated to 70 °C for 13 h. 

The reaction was cooled to RT and poured into H2O and EtOAc. The aqueous layer was 

extracted with EtOAc (3x). The combined organics were dried (MgSO4), filtered, and 

concentrated. Full conversion was observed by 1H NMR. The product 7.10 was volatile and was 

used as a solution in DMF. 1H NMR (400 MHz, CDCl3): δ 3.23 (d, J = 6.0 Hz, 2H), 1.53 – 1.44 

(m, 1H), 1.42 – 1.20 (m, 8H), 0.95 – 0.82 (m, 6H). Spectra are consistent with literature 

reports.25,26 

 

dimethyl 4-((1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl)methoxy)pyridine-2,6-dicarboxylate 

(7.11). dimethyl 4-(prop-2-yn-1-yloxy)pyridine-2,6-dicarboxylate 7.9 (175 mg, 0.702 mmol, 

1.00 equiv) and 2-ethylhexylazide 7.10 in DMF (~218 mg, 1.4 mmol, 2.0 equiv) were added to a 

scintillation vial. CuSO4-5H2O (5.3 mg, 0.021 mmol. 0.03 equiv), TBTA (11.2 mg, 0.0211 
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mmol, 0.03 equiv), and sodium ascorbate (25 mg, 0.140 mmol, 0.20 equiv) were added. The 

reaction contents were dissolved in DMF (5 mL) and H2O (2 mL), and heated to 50 °C for 19 h. 

The solvent was removed under vacuum, and the crude product was evaporated onto SiO2. The 

crude product was purified by column chromatography (silica gel, 50%®75% EtOAc/hexanes) 

to yield the product as a white solid 7.11 (300 mg, quantitative) which was used without further 

purification. Rf  = 0.37 in 60% EtOAc/hexanes. 1H NMR (400 MHz, CDCl3): δ 7.92 (s, 2H), 7.61 

(s, 1H), 5.38 (s, 2H), 4.29 (d, J = 6.9 Hz, 2H), 4.01 (s, 6H), 1.95 – 1.85 (m, 1H), 1.34 – 1.22 (m, 

8H), 0.91 (dd, J = 14.8, 7.2 Hz, 6H). LRMS (ESI) calcd. for C20H29N4O5 (M+H)+: 405.2; found 

405.4. 

 

(4-((1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl)methoxy)pyridine-2,6-diyl)dimethanol (7.12). To 

a 15 mL flask equipped with a reflux condenser, was added 7.11 (~280 mg, 0.692 mmol, 1.00 

equiv). Anhydrous THF (4 mL, 0.17 M) was added, followed by NaBH4 (105 mg, 2.77 mmol, 

4.0 equiv). The reaction mixture was heated to 65 °C, and turned from yellow to red. After 18 h, 

the reaction mixture was colorless and was cooled to RT. H2O was added slowly with stirring. 

The reaction mixture was poured into a sep funnel and extracted with 5% MeOH/DCM (3x). The 

combined organic layers were dried (MgSO4), filtered, and concentrated. The product 7.12 was 

isolated as a sticky white solid (189 mg, 0.542 mmol, 78% yield) and used without further 

purification. 1H NMR (500 MHz, CDCl3): δ 7.57 (s, 1H), 6.82 (s, 2H), 5.27 (s, 2H), 4.70 (s, 4H), 

4.27 (d, J = 6.9 Hz, 2H), 1.94 – 1.84 (m, 1H), 1.36 – 1.16 (m, 8H), 0.95 – 0.81 (m, 6H). 13C 

NMR (126 MHz, CDCl3): δ 165.86, 160.8, 142.8, 123.5, 105.8, 64.5, 62.0, 53.9, 40.5, 30.5, 28.6, 

23.8, 23.0, 14.1, 10.6. HRMS (ESI) calcd. for C18H29N4O3 (M+H)+: 349.2234; found 349.2299. 
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(4-((1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl)methoxy)pyridine-2,6-diyl)bis(methylene) 

bis(2,7-bis(prop-2-yn-1-yloxy)phenanthrene-9-carboxylate) (7.13). In a 15 ml flask, pyridine 

diol 7.12 (177 mg, 0.508 mmol, 1.00 equiv), phenanthrenePFP 6.12 (630 mg, 1.27 mmol, 2.5 

equiv), and DMAP (62 mg, 0.508 mmol, 1.00 equiv) were dissolved in anhydrous DMF (4 mL, 

0.13 M). DIPEA (0.19 mL, 1.07 mmol, 2.1 equiv) was added. After 2 days, DMF was 

evaporated under a stream of compressed air. The crude product was evaporated onto SiO2 and 

purified by column chromatography (silica gel, 20%®30%®50%®60%®80% 

EtOAc/hexanes). The product was collected and concentrated and then precipitated from 

acetone/heptane to yield the product 7.13 as a pale yellow solid (244 mg, 0.251 mmol, 49% 

yield). Rf = 0.57 in 60% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.56 (s, 2H), 8.54 (d, J 

= 2.7 Hz, 2H), 8.45 (d, J = 9.2 Hz, 2H), 8.43 – 8.38 (m, 2H), 7.54 (s, 1H), 7.38 – 7.29 (m, 6H), 

7.14 (s, 2H), 5.60 (s, 4H), 5.32 (s, 2H), 4.84 (d, J = 2.4 Hz, 4H), 4.77 (d, J = 2.4 Hz, 4H), 4.17 

(d, J = 7.0 Hz, 2H), 2.59 – 2.53 (m, 4H), 1.85 – 1.77 (m, 1H), 1.29 – 1.13 (m, 8H), 0.86 – 0.80 

(m, 6H). 13C NMR (126 MHz, CDCl3): δ 167.1, 166.2, 157.8, 156.4, 155.8, 142.5, 133.6, 130.2, 

129.6, 127.5, 125.8, 125.1, 124.2, 124.0, 123.6, 120.6, 118.0, 111.0, 108.4, 108.0, 78.6, 78.5, 

76.1, 75.7, 66.8, 62.2, 56.1, 53.9, 40.4, 30.4, 28.5, 23.8, 22.9, 14.1, 10.5. LRMS (ESI) calcd. for 

C18H29N4O3 (M+H)+: 973.4; found 973.6. 

 

4-O-propargyl-pyridine functionalized phenanthrene host (7.14).  

Prehost 7.13 (240 mg, 0.247 mmol, 1.0 equiv) was dissolved in pyridine (21 mL, 0.01 M). Over 

45 min, 7.13 was added to a solution of Cu(OAc)2 (560 mg, 3.08 mmol, 12.5 equiv) in pyridine 

(140 mL) at 45 °C. After 2.5 h, the pyridine was removed under reduced pressure. The crude 

product was suspended in CHCl3 (~100 mL). The organics were washed with 1 M HCl (~100 
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mL). The aqueous layer was extracted with CHCl3 (3x50mL), and the combined organics were 

washed with saturated aq NH4Cl (1x). The organic layers were dried (MgSO4), filtered, and 

concentrated. The crude product was evaporated on SiO2 and purified by column 

chromatography (silica gel, 40%®50%®60%®80% EtOAc/hexanes). The less polar isomer 

(isomer 1) 7.14a was isolated as a pale yellow solid (57 mg, 0.059 mmol, 24% yield). The more 

polar isomer 7.14b was isolated as a pale yellow solid (45 mg, 0.046 mmol, 19% yield).  

 

Isomer 1 (7.14a): Rf = 0.55 in 75% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.57 – 8.45 

(m, 4H), 8.37 (d, J = 9.1 Hz, 2H), 8.32 (d, J = 9.1 Hz, 2H), 7.70 (s, 1H), 7.25 (d, J = 2.8 Hz, 2H), 

7.23 (s, 2H), 7.18 (dd, J = 9.1, 2.7 Hz, 4H), 5.86 (d, J = 12.0 Hz, 2H), 5.47 (s, 2H), 5.14 (d, J = 

12.0 Hz, 2H), 5.08 – 4.78 (m, 8H), 4.34 (d, J = 6.9 Hz, 2H), 1.99 – 1.92 (m, 1H), 1.42 – 1.26 (m, 

8H), 1.01 – 0.85 (m, 6H). 13C NMR (126 MHz, CDCl3): δ 166.9, 165.8, 157.5, 155.2, 155.1, 

142.8, 133.5, 130.4, 129.7, 127.3, 125.9, 125.2, 124.0, 124.0, 123.6, 121.1, 118.2, 110.5, 109.6, 

109.2, 74.7, 73.4, 71.3, 70.4, 67.5, 62.3, 55.4, 55.4, 54.0, 40.6, 30.6, 28.7, 23.9, 23.0, 14.2, 10.7. 

HRMS (ESI) calcd. for C60H49N4O9 (M+H)+: 969.3494; found 969.3573. 

 

Isomer 2 (7.14b): Rf = 0.34 in 75% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.59 (s, 

2H), 8.45 (s, 2H), 8.34 (d, J = 9.1 Hz, 2H), 8.30 (d, J = 9.0 Hz, 2H), 7.72 (s, 1H), 7.21 (s, 2H), 

7.19 (d, J = 2.5 Hz, 2H), 7.14 (dd, J = 9.0, 2.7 Hz, 4H), 5.93 (d, J = 11.3 Hz, 2H), 5.46 (s, 2H), 

5.08 – 4.84 (m, 10H), 4.36 (d, J = 6.8 Hz, 2H), 2.00 – 1.94 (m, 1H), 1.45 – 1.29 (m, 8H), 0.98 (t, 

J = 7.4 Hz, 3H), 0.96 – 0.90 (m, 3H). 

 

N-(prop-2-yn-1-yl)butan-1-amine (7.17). A 250 mL flask was charged with butyl amine (100 

mL, 1.0 mol, 10 equiv) and cooled to 0 °C. Propargyl bromide (11 mL, 100 mol, 1.0 equiv) was 
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added via addition funnel over 20 min. The reaction mixture was diluted with Et2O and poured 

into 1M NaOH. The organic layer was separated. The aqueous layer was extracted with Et2O 

(2x), dried (Na2SO4), filtered and concentrated. The crude red product was then distilled via 

vacuum transfer to provide the product 7.17 as a clear liquid (5.27 g, 47 mmol, 47% yield). 1H 

NMR (400 MHz, CDCl3): δ 3.42 (d, J = 2.4 Hz, 2H), 2.74 – 2.62 (m, 2H), 2.20 (t, J = 2.4 Hz, 

1H), 1.54 – 1.41 (m, 2H), 1.43 – 1.29 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H). LRMS (ESI) calcd. for 

C7H14N (M+H)+: 112.1; found 112.0. 

 

Dimethyl 4-(butyl(prop-2-yn-1-yl)amino)pyridine-2,6-dicarboxylate (7.18). To a 30 mL 

microwave vial was added 4-chloropyridinediester 7.15 (293 mg, 1.28 mmol, 1.0 equiv), amine 

7.17 (4.26 g, 38.3 mmol, 30 equiv), and H2O (5.8 mL, 0.22 M). The reaction mixture was heated 

in the microwave for 1h at 120 °C. The reaction mixture was dried under a stream of compressed 

air overnight. The crude mixture was re-dissolved in THF (20 mL, 0.06 M) and MeOH (6 mL, 

0.21 M) and trimethylsilyldiazomethane (2M in hexanes, 2.6 mL, 5.2 mmol, 4.1 equiv) was 

added carefully. The reaction was monitored by LCMS, and additional 

trimethylsilyldiazomethane was added as needed. The reaction was quenched with AcOH and 

poured into H2O. The reaction mixture was extracted with EtOAc (4x), dried (MgSO4), filtered, 

and concentrated. The crude product was evaporated onto SiO2 and purified by column 

chromatography (silica gel, 40%®50% EtOAc/hexanes). The product 7.18 was isolated as a 

white solid. Partially pure product was also isolated and further purified by preparatory thin layer 

chromatography (silica gel, 50% EtOAc/hexanes). In total the product 7.18 was isolated in 22% 

yield (86 mg, 0.28 mmol). Rf = 0.23 in 40% EtOAc/hexanes. 1H NMR (400 MHz, CDCl3): δ 

7.59 (s, 2H), 4.13 (d, J = 2.5 Hz, 2H), 3.98 (s, 6H), 3.54 – 3.44 (m, 2H), 2.28 (t, J = 2.4 Hz, 1H), 
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1.72 – 1.60 (m, 2H), 1.39 (h, J = 7.4 Hz, 2H), 0.97 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, 

CDCl3): δ 166.2, 154.3, 148.8, 111.1, 77.8, 73.3, 53.2, 50.9, 39.9, 29.3, 20.2, 13.9. LRMS (ESI) 

calcd. for C16H21N2O4 (M+H)+: 305.1496; found 305.0 

Note: A small amount of dimethyl 4-(butylamino)pyridine-2,6-dicarboxylate 7.19 was also 

isolated from the column.  

 

Dimethyl 4-(4-methylpiperazin-1-yl)pyridine-2,6-dicarboxylate (7.20). In a 30 mL 

microwave vial, 4-chloropyrdinedimethylester 7.15 (300 mg, 1.30 mmol, 1.0 equiv) was 

dissolved in DMAc (10 ml, 0.13 M). Methyl piperazine (1.45 mL, 13 mmol, 10 equiv) and 

DIPEA (2.3 mL, 13 mmol, 10 equiv) were added. The reaction was heated in the microwave for 

45 min at 100 °C. The solvent was removed under a stream of compressed air. The crude product 

was evaporated onto SiO2 and purified by column chromatography (silica gel, 10% 

MeOH/DCM) to yield the product 7.20 as a beige crystalline solid (210 mg, 0.716 mmol, 55% 

yield).Rf = 0.29 in 10% MeOH/DCM. 1H NMR (400 MHz, CDCl3): δ 7.66 (s, 2H), 3.98 (s, 6H), 

3.55 – 3.46 (m, 4H), 2.60 – 2.51 (m, 4H), 2.36 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 166.18, 

156.27, 149.07, 111.77, 54.45, 53.24, 46.17, 46.03. HRMS (ESI) calcd. for C14H20N3O4 (M+H)+: 

294.1449; found 294.1508 

 
Dimethyl 4-(4-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazin-1-yl)pyridine-2,6-

dicarboxylate (7.22). To a 30 mL microwave vial was added 4-chloropyridine diester 7.15 (82 

mg, 0.356 mmol, 1.0 equiv), amine 7.21 (1.0 g, 3.6 mmol, 10 equiv), DIPEA (0.62 mL, 3.6 

mmol, 10 equiv), and DMAc (4.1 mL, 0.09 M). The reaction was stirred to dissolve the starting 

material completely, and then heated to 100 °C in the microwave for 30 min. The solvent was 

removed under a stream of compressed air overnight. The crude reaction mixture was evaporated 
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onto SiO2 and purified by column chromatography (50%®75%EtOAc/hexanes). The partially 

pure product 7.22 was isolated as a yellow solid (110 mg). The product was further purified by 

preparatory thin layer chromatography (silica gel, 65% EtOAc/hexanes) to yield the product 7.22 

as a white solid (79 mg, 0.17 mmol, 47% yield). Rf = 0.32 in 70% EtOAc/hexanes. 1H NMR 

(500 MHz, CDCl3): δ 7.67 (s, 2H), 3.98 (s, 6H), 3.55 (t, J = 5.1 Hz, 4H), 3.47 (s, 2H), 2.72 (t, J = 

5.0 Hz, 4H), 1.19 – 0.80 (m, 21H). 13C NMR (101 MHz, CDCl3): δ 166.17, 156.27, 149.08, 

111.89, 101.31, 87.26, 53.23, 50.86, 48.01, 46.15, 18.75, 11.31. HRMS (ESI) calcd. for 

C25H40N3O4Si (M+H)+: 474.2783; found 474.2816. 

Note: Two other side products with similar polarity, which seemed like possible amide 

formation, were isolated from the reaction mixture, but could not be definitively identified by 

mass and NMR.  

 

(3-bromoprop-1-yn-1-yl)triisopropylsilane (7.48). 7.48 was prepared as described in the 

literature. Spectra are consistent with literature reports. 1H NMR (300 MHz, CDCl3): δ 3.95 (s, 

2H), 1.07 (s, 21H).27 

 

tert-butyl 4-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazine-1-carboxylate (7.49). In a 100 mL 

flask, N-Bocpiperazine (780 mg, 4.19 mmol, 1.0 equiv) and K2CO3 (753 mg, 5.45 mmol, 1.3 

equiv) were dissolved in DMF (25 mL, 0.17 M). The reaction mixture was cooled to 0 °C, and 

(3-bromoprop-1-yn-1-yl)triisopropylsilane 7.48 (1.5 g, 5.45 mmol, 1.3 equiv) was added. The 

reaction was let warm to RT overnight, then filtered and concentrated. The crude was evaporated 

onto SiO2 and purified by column chromatography (10%®20%®30% EtOAc/hexanes). The 

product 7.49 was isolated as yellow oil (1.19 g, 3.13 mmol, 75% yield). Rf = 0.41 in 30% 
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EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 3.46 (t, J = 5.0 Hz, 4H), 3.40 (s, 2H), 2.52 (t, J = 

5.1 Hz, 4H), 1.46 (s, 9H), 1.15 – 0.97 (m, 21H). 13C NMR (101 MHz, CDCl3): δ 154.9, 102.0, 

86.6, 79.8, 51.6 (2C), 48.2, 28.6, 18.8, 11.4. HRMS (ESI) calcd. for C21H40N2O2Si (M+H)+: 

381.2932; found 381.3078. 

 

1-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazine (7.21). In a 250 mL flask, 7.49 (2.45 g, 6.44 

mmol, 1.00 equiv) was dissolved in anhydrous DCM (130 mL, 0.05M). TFA (14 mL, 0.46 M) 

was added. After 5.5 h, the reaction was poured into H2O and the organic layer was separated. 

The organic layer was washed with sat. sodium bicarbonate (2x), dried (MgSO4), and 

concentrated. In a small amount of DCM, K2CO3 was added to 7.49, and the mixture was stirred 

overnight, filtered, and concentrated. The product 7.49 was isolated as a yellow oil (1.62 g, 5.77 

mmol, 90% yield). 1H NMR (400 MHz, CDCl3): δ 3.37 (s, 2H), 2.92 (t, J = 4.9 Hz, 4H), 2.55 (t, 

J = 4.8 Hz, 4H), 1.07 (s, 21H). 13C NMR (101 MHz, CDCl3): δ 102.5, 86.2, 53.2, 48.7, 46.2, 

18.8, 11.4. HRMS (ESI) calcd. for C16H33NSi (M+H)+: 281.2408; found 281.2494. 

 

(4-chloropyridine-2,6-diyl)bis(methylene) diacetate (7.25). In a 100 mL flask equipped with a 

reflux condenser, 4-chloropyridine diester 7.15 (500 mg, 2.18 mmol, 1.00 equiv) was dissolved 

in anhydrous THF (20 mL, 0.1 M) and NaBH4 (330 mg, 8.71 mmol, 4.00 equiv) was added. The 

reaction was heated to 60 °C overnight and the cooled to RT and concentrated. The reaction 

mixture was resuspended in anhydrous DCM (20 mL, 0.1 M). Acetic anhydride (3 mL) and TEA 

(3 mL) were added, and the reaction was heated to reflux overnight. The reaction was cooled to 

RT and diluted with DCM. The organics were washed with sat. sodium bicarbonate (1x), dried 

(MgSO4), and concentrated. The crude product was evaporated onto SiO2 and purified by column 
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chromatography (20% EtOAc/hexanes) to yield 7.25 as an off-white solid (376 mg, 1.46 mmol, 

67% yield). Rf =  0.38 in 30% EtOAc/hexanes. 1H NMR (400 MHz, CDCl3): δ 7.29 (s, 2H), 5.18 

(s, 4H), 2.18 (s, 6H). 13C NMR (101 MHz, CDCl3): δ 170.5, 157.5, 145.7, 121.0, 66.2, 21.0. 

HRMS (ESI) calcd. for C11H13ClNO4 (M+H)+: 258.0528; found 258.0588. 

 

(4-(4-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazin-1-yl)pyridine-2,6-diyl)bis(methylene) 

diacetate (7.26). To an oven-dried vial was added 7.25 (121 mg, 0.47 mmol, 1.0 equiv), amine 

7.21 (171 mg, 0.61 mmol, 1.3 equiv), Cs2CO3 (381 mg, 1.2 mmol, 2.6 equiv), rac-BINAP (35 

mg, 0.056 mmol, 0.12 equiv), and Pd2(dba)3 (26 mg, 0.028 mmol, 0.06 equiv). Degassed dioxane 

was added to the vial and it was sealed under N2. The reaction mixture was heated to 110 °C. 

After 2 days, the reaction mixture was cooled to RT and filtered through celite, rinsing with 

EtOAc. The crude product was evaporated onto SiO2 and purified by column chromatography 

(silica gel, 80% EtOAc/hexanes®100%EtOAc). The almost pure product was isolated (183 mg) 

as a yellow oil. To remove small amounts of oxidized rac-BINAP, the material was further 

purified by column chromatography (silica gel, 10%®20% acetone/hexanes). The pure product 

7.26 was isolated as a pale yellow oil that solidifies upon extensive drying (121 mg, 0.241 mmol, 

51% yield). Rf = 0.6 in 40% acetone/hexanes. 1H NMR (400 MHz, CDCl3): δ 6.68 (s, 2H), 5.10 

(s, 4H), 3.46 (s, 2H), 3.42 (t, J = 5.2 Hz, 4H), 2.70 (t, J = 5.1 Hz, 4H), 2.15 (s, 6H), 1.06 (s, 

21H). 13C NMR (101 MHz, CDCl3): δ 170.8, 156.4, 156.2, 106.0, 101.6, 86.9, 67.6, 51.1, 48.1, 

46.2, 21.2, 18.8, 11.3. HRMS (ESI) calcd. for C27H44N3O4Si (M+H)+: 502.3096; found 

502.3212. 
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Note: *In the future, the second column can be skipped. Mostly pure 7.26 can be used in the next 

step/deacetylation and purified from oxidized rac-BINAP at that point. # On larger scale, 

conversion was decreased. Higher catalyst loading may be required.  

 

(4-(4-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazin-1-yl)pyridine-2,6-diyl)dimethanol 

(7.23). 7.26 (~305 mg, 0.608 mmol, 1.00 equiv) was dissolved in anhydrous MeOH (6 mL, 0.1 

M). K2CO3 (252 mg, 1.82 mmol, 3.0 equiv) was added, and the reaction was stirred at RT. After 

40 min, no starting material was observed by TLC. The reaction mixture was diluted with H2O. 

The solution was washed with CHCl3 (5x), and the combined organic layers were dried (MgSO4) 

and concentrated. The crude product was evaporated onto SiO2 and purified by column 

chromatography (5% ®10% ®20%®30% MeOH/DCM). The product 7.23 was isolated as a 

pale yellow foam (170 mg, 0.407 mmol, 67% yield). Rf = 0.26 in 20% MeOH/DCM. 1H NMR 

(500 MHz, CDCl3): δ 6.58 (s, 2H), 4.66 (s, 4H), 3.51 – 3.38 (m, 6H), 2.73 – 2.65 (m, 4H), 1.05 

(s, 22H). 13C NMR (126 MHz, CDCl3): δ 158.6, 156.5, 103.7, 101.5, 87.0, 64.3, 51.0, 48.0, 46.3, 

18.8, 11.3. HRMS (ESI) calcd. for C23H40N3O2Si (M+H)+: 418.2885; found 418.2966. 

 

(4-(4-methylpiperazin-1-yl)pyridine-2,6-diyl)bis(methylene) diacetate (7.50). To a 25 mL 

flask equipped with a reflux condenser, was added 7.20 (124 mg, 0.423 mmol, 1.00 equiv). 

Anhydrous THF (2 mL, 0.21 M) was added, followed by NaBH4 (96 mg, 2.5 mmol, 6.0 equiv). 

The reaction mixture was heated to 60 °C. After 18 h, the reaction was cooled to 0 °C and 

quenched with MeOH. The reaction mixture was concentrated and resuspended in anhydrous 

DCM (2 mL, 0.21 M). Acetic anhydride (0.6 mL) and dry TEA (0.9 mL) were added and the 

reaction was heated to reflux overnight. The reaction mixture was diluted with more DCM and 
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washed with saturated sodium bicarbonate. The organic layers were dried (MgSO4) and 

concentrated. The crude product was purified by column chromatography (silica gel, 100% DCM 

®5% MeOH/DCM®10% MeOH/DCM) to yield the product 7.50 (51 mg, 0.16 mmol, 38%). Rf 

= 0.35 in 10% MeOH/DCM. 1H NMR (400 MHz, CDCl3): δ 6.64 (s, 2H), 5.07 (s, 4H), 3.44 – 

3.30 (m, 4H), 2.55 (t, J = 5.2 Hz, 4H), 2.33 (s, 3H), 2.11 (s, 6H). 13C NMR (101 MHz, CDCl3): δ 

170.7, 156.3, 156.2, 105.9, 67.3, 54.2, 45.8, 45.8, 21.1. HRMS (ESI) calcd. for C16H24N3O4 

(M+H)+: 322.1762; found 322.1786. 

 

(4-(4-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazin-1-yl)pyridine-2,6-diyl)bis(methylene) 

bis(3,7-bis(prop-2-yn-1-yloxy)-2-naphthoate) (7.27). To a vial containing diol 7.23 (63 mg, 

0.151 mmol, 1.00 equiv) was added naphthalene PFPester 5.21 (168 mg, 0.377 mmol, 2.5 equiv) 

and DMAP (18 mg, 0.15 mmol, 1.0 equiv). Anhydrous DMF (2 mL, 0.076 M) and DIPEA (0.60 

mL, 0.35 mmol, 2.3 equiv) were added. The reaction was stirred for 3 days, and then DMF was 

removed under a stream of compressed air. The crude product was evaporated onto SiO2, and 

purified by column chromatography (silica gel, 50% ®60%®80% EtOAc/hexanes ®100% 

EtOAc). The product 7.27 was isolated (93 mg). Additional mixed fractions of desired 7.27 and 

mono-ester product were purified by preparatory thin layer chromatography. In total, the product 

7.27 was concentrated from heptane to a white fluffy solid (107 mg, 0.114 mmol, 75% yield). Rf 

= 0.42 in 70% EtOAc/hexanes. 1H NMR (500 MHz, CDCl3): δ 8.33 (s, 2H), 7.69 (d, J = 8.8 Hz, 

2H), 7.35 (s, 2H), 7.26 – 7.21 (m, 4H), 6.91 (s, 2H), 5.45 (s, 4H), 4.86 (d, J = 2.4 Hz, 4H), 4.76 

(d, J = 2.4 Hz, 4H), 3.53 – 3.38 (m, 6H), 2.70 (t, J = 5.1 Hz, 4H), 2.55 (t, J = 2.4 Hz, 2H), 2.53 

(t, J = 2.4 Hz, 2H), 1.04 (d, J = 3.0 Hz, 21H). 13C NMR (101 MHz, CDCl3): δ 165.9, 156.6, 

156.4, 154.9, 152.6, 132.4, 131.7, 128.9, 128.4, 122.5, 121.8, 110.0, 108.4, 105.7, 101.6, 87.0, 
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78.5, 78.4, 76.3, 76.1, 67.8, 57.1, 56.1, 51.2, 48.1, 46.2, 18.8, 11.3. HRMS (ESI) calcd. for 

C57H60N3O8Si (M+H)+: 942.4144; found 942.4272. 

 

(4-(4-(3-(triisopropylsilyl)prop-2-yn-1-yl)piperazin-1-yl)pyridine-2,6-diyl)bis(methylene) 

bis(2,7-bis(prop-2-yn-1-yloxy)phenanthrene-9-carboxylate) (7.29). In a 25 mL flask, diol 

7.23 (170 mg, 0.407 mmol, 1.00 equiv), phenanthrene PFPester 6.12 (606 mg, 1.22 mmol, 3.0 

equiv), and DMAP (50 mg, 0.41 mmol, 1.00 equiv) were dissolved in DMF (4 mL, 0.1 M). 

DIPEA (0.15 mL, 0.855 mmol, 2.1 equiv) was added. After 22 h, the reaction was concentrated. 

The crude product was evaporated onto SiO2 and purified by column chromatography (silica gel, 

30% ®50%®60% EtOAc/hexanes). Excess phenanthrene PFPester was recovered. The product 

7.29 was isolated as a pale yellow foam (381 mg, 0.366 mmol, 90% yield). Rf = 0.32 in 60% 

EtOAc/hexanes.  1H NMR (500 MHz, CDCl3): δ 8.48 (d, J = 2.7 Hz, 2H), 8.46 (s, 2H), 8.42 (d, J 

= 9.2 Hz, 2H), 8.37 (d, J = 9.2 Hz, 2H), 7.30 (ddd, J = 9.1, 7.1, 2.7 Hz, 4H), 7.18 (d, J = 2.7 Hz, 

2H), 6.89 (s, 2H), 5.53 (s, 4H), 4.81 (d, J = 2.4 Hz, 4H), 4.69 (d, J = 2.4 Hz, 4H), 3.50 – 3.42 (m, 

6H), 2.70 (t, J = 5.1 Hz, 4H), 2.58 – 2.52 (m, 4H), 1.09 – 0.97 (m, 21H). 13C NMR (126 MHz, 

CDCl3): δ 167.3, 156.6, 156.4, 156.3, 155.7, 133.4, 130.2, 129.5, 127.4, 125.7, 125.4, 124.0, 

123.9, 120.5, 117.9, 110.7, 108.4, 106.4, 101.4, 87.1, 78.7, 78.4, 76.1, 75.7, 67.6, 56.1, 56.0, 

51.1, 48.0, 46.1, 18.8, 11.3. HRMS (ESI) calcd. for C65H63N3O8Si (M+H)+: 1042.4457; found 

1042.4553. 

 

1,3,4,6-Tetra-O-acety-N-4-acetoxy-2,3,5,6-tetrafluorophenyl-D-mannosamine (7.36). In a 15 

mL flask, mannosamine-HCl (100 mg, 0.464 mmol, 1.0 equiv) was dissolved in anhydrous 

MeOH (3.3 mL, 0.14 M). TEA (0.13 mL, 0.928 mmol, 2.0 equiv) was added, and the solution 
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was stirred vigorously to dissolve the sugar. 2,3,5,6-tetrafluoro-4-hydroxybenzoic acid (146 mg, 

0.696 mmol, 1.5 equiv) was added, and the solution was cooled to 0 °C. HOBt (65 mg, 0.464 

mmol, 1.0 equiv) and EDC-HCl (89 mg, 0.464 mmol, 1.0 equiv) were added. After 48 h, the 

solution was concentrated and evaporated onto SiO2. The crude product was purified by column 

chromatography (silica gel, 20% ®40% MeOH/EtOAc). The product was collected and 

dissolved in pyridine (2 mL) and acetic anhydride (1 mL). The reaction was stirred overnight, the 

solvent was removed, and then the crude product was evaporated onto SiO2. The crude product 

was purified by column chromatography (silica gel, 30% ®40%®50% EtOAc/hexanes) to 

provide 7.36 as a white foamy (86 mg, 0.148 mmol, 32% yield). 1H NMR (500 MHz, CDCl3): δ 

6.57 (d, J = 9.2 Hz, 1H, Ha1), 6.51 (d, J = 9.0 Hz, 0.6H, Ha2), 6.14 (d, J = 1.8 Hz, 1H, NH1), 5.93 

(d, J = 1.8 Hz, 0.6H, NH2), 5.39 (dd, J = 10.2, 4.4 Hz, 1H, Hc1), 5.26 (t, J = 10.0 Hz, 1H, Hd1), 

5.19 (t, J = 9.8 Hz, 0.6H, Hd2), 5.13 (dd, J = 10.0, 4.0 Hz, 0.6H, Hc2), 4.96 (ddd, J = 9.0, 4.0, 1.7 

Hz, 0.6H, Hb2), 4.83 (ddd, J = 9.2, 4.4, 1.9 Hz, Hb1), 4.29 – 4.21 (m, 1.6H, Hf1+2), 4.11 – 4.00 (m, 

1H + 1.6H, He1 +Hf’1+2), 3.83 (ddd, J = 9.8, 5.0, 2.4 Hz, 0.6, He2), 2.42 (s, 1.5H), 2.42 (s, 3H), 

2.20 (s, 3H), 2.12 (s, 1.5H), 2.07 (s, 1.5H), 2.06 (s, 7.5H), 2.03 (s, 1.5H), 2.03 (s, 3H). 13C NMR 

(126 MHz, CDCl3): δ one anomer 170.7, 170.3, 169.60, 168.2, 166.3, 158.0, 143.3 (C-F), 140.01 

(C-F), 131.2, 112.6, 91.3, 70.4, 69.0, 65.2, 62.0, 50.2, 21.0, 20.8, 20.7, 20.7, 20.1. 19F NMR (376 

MHz, CDCl3): δ -140.70 – -140.88 (m, anomer 1), -140.88 – -141.04 (m, anomer 2), -150.65 – -

150.84 (m, anomer 1), -150.84 – -151.02 (m, anomer 2). HRMS (ESI) calcd. for C23H24F4NO12 

(M+Na)+: 604.1048; found 604.1092. 

 

Perfluorophenyl 2,3,5,6-tetrafluoro-4-hydroxybenzoate (7.39). 2,3,5,6-tetrafluoro-4-

hydroxybenzoic acid (700 mg, 4.76 mmol, 1.0 equiv) and bis(perfluorophenyl) carbonate (2.25 



 355 

g, 5.71 mmol, 1.2 equiv) were dissolved in anhydrous DMF (24 mL, 0.2 M). The solution was 

cooled to 0 °C, and DIPEA (1.0 mL, 5.7 mmol, 1.2 equiv) was added. The DMF was removed 

under a stream of compressed air overnight. The crude product was evaporated onto SiO2 and 

purified by column chromatography (silica gel, 5% MeOH/DCM®10% MeOH/DCM). The 

DIPEA salt of 7.39 was isolated (1.1846 g). To isolate the free protonated phenol, 7.39 was 

repurified (silica gel, 80% EtOAc/hexanes + 0.1% AcOH). 7.39 was isolated as white solid (513 

mg, 1.36 mmol, 29%). Rf = 0.2 in 10% MeOH/DCM. 19F NMR (376 MHz, CDCl3): δ -136.4, -

151.9, 156.8, -161.28, -161.7. LRMS (ESI) calcd. for C13F9O3 (M-H)-: 375.0; found 375.0. 

 

2-(diphenylphosphaneyl)phenyl 2,3,4,5,6-pentafluorobenzoate (7.45). In a 25 ml flask, 2-

(diphenylphosphaneyl)phenol 7.43 (212 mg, 0.761 mmol, 1.0 equiv) was dissolved in anhydrous 

THF (5 mL, 0.15 M). Triethylamine (0.16 mL, 1.14 mmol, 1.5 equiv) was added, and the 

reaction mixture was stirred for 30 min. Then, perfluorobenzoylchloride (0.14 mL, 0.99 mmol, 

1.3 equiv) was added. After 5.5 h, the reaction mixture was poured into water and extracted with 

Et2O (4x). The combined organics were dried (MgSO4), filtered, and concentrated. The crude 

product was evaporated onto SiO2 and purified by column chromatography (silica gel, 5% 

acetone/pentane) to yield the product 7.45 as a colorless oil (334 mg, 0.707 mmol, 93% yield). Rf 

= 0.42 in 10% EtOAc/hexanes. 1H NMR (400 MHz, Acetone-d6): δ 7.55 (ddd, J = 7.9, 7.2, 1.7 

Hz, 1H), 7.48 – 7.20 (m, 12H), 6.99 (ddd, J = 7.7, 4.2, 1.6 Hz, 1H).13C NMR (101 MHz, 

Acetone-d6): δ 135.1, 134.7, 134.5, 131.4, 130.0, 129.6, 129.5, 128.1, 123.5. 31P NMR (162 

MHz, Acetone-d6): δ -11.73. 19F NMR (376 MHz, Acetone-d6): δ -133.0, -144.6, -157.8. HRMS 

(ESI) calcd. for C25H15F5O2P (M+H)+: 473.0725; found 473.0861. 
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7.6.5 NMR titrations 
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Trial 1
(mam-IV-238)

Trial 2 
(GL-IV-251)

795 ± 3% 808 ± 2%
∆ Ka1 = 23.85 ∆ Ka2 = 16.16

Ka,avg = (Ka1 + Ka2)/2 = 3800.5

∆ Ka,avg = 0.5 * sqrt((∆ Ka1 )2 + ((∆ Ka2 )2 ) = 125

Ka,avg = 3.8 x 103 ± 3%

Complex of 7.14a and 7.1 in CDCl3: Example error calculation
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7.6.6 NMR spectra 
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