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Abstract

Bioorthogonal Chemistries for Labeling Living Systems
by
Ellen May Sletten
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Carolyn R. Bertozzi, Chair

Bioorthogonal is defined as not interfering or interacting with biology. Chemical
reactions that are bioorthogonal have recently become valuable tools to visualize
biomolecules in their native environments, particularly those that are not amenable to
traditional genetic modification. The field of bioorthogonal chemistry is rather young,
with the first published account of the term bioorthogonal in 2003, yet it is expanding at a
rapid rate. The roots of this unique subset of chemistry are in classic protein modification
and subsequent bioconjugation efforts to obtain uniformly and site-specifically
functionalized proteins. These studies are highlighted in Chapter 1. Chapter 2 opens with
a summary of the bioorthogonal chemical reporter strategy, a two-step approach where a
bioorthogonal functional group is installed into a biomolecule of interest, most often using
endogenous metabolic machinery, and detected through a secondary covalent reaction with
an appropriately functionalized chemical partner. It is this chemical reporter strategy that
empowers bioorthogonal chemistry and allows for a wide variety of biological species to
be assayed.

Chapter 2 proceeds to outline the discovery of the Staudinger ligation, the first
chemical reaction developed for use in the bioorthogonal chemical reporter strategy. The
Staudinger ligation employed the azide as the chemical reporter group and, since its debut
in 2000, many laboratories have capitalized on the exquisite qualities of the azide (small,
abiotic, kinetically stable) that make it a versatile chemical reporter group. The success of
the azide prompted the development of other bioorthogonal chemistries for this functional
group. One of these chemistries, Cu-free click chemistry, is the 1,3-dipolar cycloaddition
between cyclooctynes and azides. The cycloaddition is promoted at physiological
conditions by the ~18 kcal/mol of ring strain contained within cyclooctyne, and further
modifications to the cyclooctyne reagents have lead to increased reactivity through
augmentation of the ring strain or optimization of orbital overlap. When I began my
graduate work, a difluorinated cyclooctyne (DIFO), which was 60-fold more reactive than
other existing bioorthogonal chemistries, had just been synthesized and employed for
labeling azides on live cells and within living mice. DIFO performed very well on



cultured cells, but it was outperformed by the slower Staudinger ligation in the more
complex environment of the mouse. We hypothesized that DIFO was too hydrophobic to
be effective in mice and designed a more hydrophilic cyclooctyne reagent, a
dimethoxyazacyclooctyne (DIMAC). DIMAC was synthesized in nine steps in a 10%
overall yield (Chapter 3). As predicted, DIMAC displayed reaction kinetics similar to
early generation cyclooctynes, but exhibited improved water-solubility. Consequently,
DIMAC labeled cell-surface azides with comparable efficiencies to the early generation
cyclooctynes but greater signal-to-noise ratios were achieved due to minimal background
staining. Encouraged by these results, we assayed the ability for DIMAC to label azides in
living mice and found that DIMAC was able to modify azides in vivo with moderate signal
over background. However, the Staudinger ligation was still the superior bioorthogonal
reaction for labeling azides in vivo. Our results collectively indicated that both
hydrophilicity and reactivity are important qualities when optimizing the cyclooctynes for
in vivo reaction with azides (Chapter 4).

We were also interested in modifying DIMAC so that it would become fluorescent
upon reaction with an azide. Previous work in the lab had established that fluorogenic
reagents could be easily created if a functional group was cleaved from the molecule upon
reaction with an azide. We envisioned a leaving group could be engineered into the
azacyclooctyne scaffold by strategically positioning a labile functional group across the
ring from a nitrogen atom. The cyclooctyne structure should be stable, as it is rigid and
intramolecular reactions are not favorable. However, upon reaction with an azide, a
significant amount of strain is liberated and the intramolecular reaction should readily
occur. Efforts toward the synthesis of this modified DIMAC reagent are chronicled in
Chapter 5.

Chapter 6 is a very short account of our early work to use DIFO-based reagents for
proteomics. The results contained in this chapter are preliminary and further endeavors
towards this goal are underway by others within the group.

Chapters 7, 8 and 9 are devoted to strategies to increase the second-order rate
constant of Cu-free click chemistry. In Chapter 7, various routes toward a tetrafluorinated
cyclooctyne are outlined, although none of them successfully yielded this putatively highly
reactive cyclooctyne. Chapter 8 describes the synthesis of a difluorobenzocyclooctyne
(DIFBO), which is more reactive than DIFO, but unstable due to its propensity to form
trimer products. However, DIFBO can be kinetically stabilized by encapsulation in 8-
cyclodextrin. Only B-cyclodextrin and not the smaller (o) or larger (y) cyclodextrins were
able to protect DIFBO. We did observe an intriguing result when complexation with the
larger y-cyclodextrin was attempted. It appears as though two DIFBO molecules can fit
inside the y-cyclodextrin and dimeric products, which were not apparent in the absence of
v-cyclodextrin, were observed. We hypothesized that all oligomer products of DIFBO
were derived from a common cyclobutadiene intermediate. While DIFBO was chemically
interesting, it was not a useful reagent for labeling azides in biological settings. Thus,
Chapter 9 is devoted to the modification of DIFBO, with the aim of identifying a reactive
yet stable cyclooctyne. The data from Chapter 9 suggest we are rapidly approaching the
reactivity/stability limit for cyclooctyne reagents.



The results contained within Chapters 7-9 indicated that it was time to explore
other bioorthogonal chemistries. When embarking on the development of a new
bioorthogonal chemical reaction, we aimed to explore unrepresented reactivity space, such
that the new reaction would be orthogonal to existing bioorthogonal chemistries. We
became attracted to the highly strained hydrocarbon quadricyclane and performed a screen
to find a suitable reactive partner for this potential chemical reporter group (Chapter 10).
Through this analysis, we discovered that quadricyclane cleanly reacts with Ni
bis(dithiolene) reagents and this transformation appeared to be a good prototype for a new
bioorthogonal chemical reaction. After a thorough mechanistic investigation and many
rounds of modification to the Ni bis(dithiolene) species, a nickel complex with suitable
reaction kinetics, water-solubility, and stability was obtained (Chapter 11). Gratifyingly,
this Ni bis(dithiolene) reagent selectively modified quadricyclane-labeled bovine serum
albumin, even in the presence of cell lysate (Chapter 12). Other results in Chapter 12
highlight that this new bioorthogonal ligation reaction is indeed orthogonal to Cu-free click
chemistry as well as oxime ligation chemistry. Additionally, quadricyclane-dependent
labeling is observed on live cells, although further optimization is necessary.

The final chapter of this dissertation outlines the current state of the field. There
are now many methods to modify biomolecules including several new, although relatively
untested, bioorthogonal chemistries. The rapid pace of this field makes it an exciting time
to be pursuing bioorthogonal chemistry.
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Chapter 1
Chemistry Meets Biology

Introduction

During the past century, the chemical modification of biomolecules has evolved
from a means of defining protein composition to a highly selective method for monitoring
cellular events. Proteins, with their myriad of side chain functionalities, complex tertiary
structures, and diverse biological functions, were early favorites for chemical modification,
initially with the goal of defining their amino acids components' and identifying side chain
structures involved in enzyme catalysis.” However, organisms contain an array of
different biomolecules, which are all essential components, and recent attention has been
drawn toward developing general methods to study any biological species of interest.

Chemical biologists have focused on chemistry-based methods to study all
biomolecules and metabolites. These techniques are particularly useful for studying post-
translational modifications and metabolites not directly encoded by the genome. This field
has dramatically expanded in the past decade, something that I aim to highlight in this
dissertation. The first two chapters of this dissertation depict the state of bioorthogonal
chemistry when I began my doctoral work, while the last chapter showcases the rapid
progression of the field and describes the advances made within the last five years. My
contributions to the field are described in the middle ten chapters.

Protein Modification
Canonical Residue Modification

The roots of bioorthogonal chemistry- chemistry that does not interfere or interact
with biology- lie in classic protein bioconjugation methods. Classic protein bioconjugation
primarily encompasses simple second-order reactions that selectively target the
functionalities present in the side chains of the canonical, proteogenic amino acids.'”* Of
those, cysteine and lysine are the most commonly modified residues. The thiol group of
cysteine can undergo disulfide exchange to form mixed disulfides (Figure 1.1, entry 1) as
well as alkylation with alkyl halides or Michael addition with o, f-unsaturated
electrophiles to yield thioethers (Figure 1.1, entries 2-3). Further, as cysteine is one of the
rarest amino acids, cysteine modification can often be used as a method for single-site
protein modification. Although considerably more prevalent than cysteine within proteins,
lysine residues are often chosen as points of modification due to the surplus of methods
available to selectively modify primary amines. Lysines can be treated with activated
esters, sulfonyl chlorides, isocyanates or isothiocyanates to afford amides, sulfonamides,
ureas or thioureas, respectively (Figure 1.1, entries 4-7). Lysine residues also undergo
reductive amination reactions with aldehydes.””® It is of note that reagents which target
lysine residues often additionally modify the N-terminus of proteins.
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Figure 1.1. Classic bioconjugation reactions for the modification of Cys and Lys residues.
Cys residues are modified through disulfide exchange, alkylation with iodoacetamide
reagents, and Michael addition with maleimides (entries 1-3, respectively). Lys residues
are modified through amide, sulfonamide, urea, and thiourea formation with NHS-
activated esters, sulfonyl chlorides, isocyanates and isothiocyanates (entries 4-7,
respectively).



By comparison, the remaining 18 amino acids have been minimally exploited for
residue-selective modification reactions. The phenol moiety of tyrosine has been modified
through electrophilic aromatic substitution reactions with diazonium salts, iodine, or
nitrous acid. *'° Glutamate and aspartate residues have been targeted for bioconjugation
through coupling with amines via carbodiimide reagents,'""'>'* although the potential to
crosslink proteins limits the utility of this technique. Pyrocarbonates have also been
employed to successfully modified histidine residues.'>'*'*!

Using these classical methods, conjugation of small molecule probes such as biotin
and fluorophores to proteins is quite routine. Similar methods are widely used to
immobilize proteins on chromatography matrices, soluble polymers, plastic surfaces, and
microarray chips. More recently, new methods have been developed for the modification
of cysteine, lysine, tyrosine, and tryptophan (Figurel.2). Many of these modern methods
involve metal-mediated transformations.'* Additionally, the N-terminus has emerged as a
popular target for protein modification (Figure 1.3).

While the classic bioconjugation techniques for cysteine and lysine have been
widely used, new methods are continually being developed. Francis and coworkers have
modified the lysine conjugation method of reductive amination by altering the reducing
agent. In this variant of the reductive amination, an iridium catalyst is used instead of
sodium cyanoborohydride (Figure 1.2, entry 1).'°

Many recent efforts to discover bioconjugation reactions have focused on the
modification of aromatic residues and often employ transition metal-mediated
transformations that are compatible with aqueous conditions.'” These residues are
relatively rare on protein surfaces, and thus offer opportunities for controlled single-site
modification.' Initial work toward metal-mediated tyrosine modification involved the
oxidative coupling of two phenol groups. This method was first explored by Kodadek and
coworkers using a Ni(II) catalyst and a co-oxidant to crosslink two proteins (Figure 1.2,
entry 2)."”” Finn and coworkers have since validated this method as a bioconjugation tool
by coupling biotin and alkyne reagents to tyrosine residues on the capsid proteins of a virus
particle.”” Francis and coworkers have also explored the modification of tyrosine residues
through a three-component Mannich reaction with aldehydes and anilines (Figure 1.2,
entry 3) *"'*!7 as well as through palladium m-allyl chemistry (Figure 1.2, entry 4)."

Additionally, Francis and coworkers have developed a bioconjugation reaction for
tryptophan, the rarest amino acid. Tryptophan modification was accomplished using a
rhodium carbenoid that was generated in situ from Rhy(OAc)4 and a diazo compound
(Figure 1.2, entry 5).* A reliable method for selective tryptophan modification is
advantageous due to the scarcity of this residue; unfortunately, this reaction requires acidic
conditions (pH ~2), which hinders the study of many proteins in their native
conformations.
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Figure 1.2. Modern methods to modify Lys, Tyr, and Trp. Lys is modified through a
reductive amination using an Ir hydride as the reductant (entry 1). Tyr is modified by a
Ni(IT)-mediated radical coupling with magnesium monoperoxyphthalate (MMPP) as a
stoichiometric oxidant (entry 2), a three-component Mannich reaction with aldehyde and
aniline reagents (entry 3), or a Pd-catalyzed m-allylation (entry 4). Trp modification is
performed using a Rh carbenoid (entry 5).




N-Terminal Modification

While the previous methods target a single type of residue, it is often desirable to
singly modify a whole protein. This approach was first actualized by exploiting the N-
terminus. The initial effort to selectively modify a protein’s N-terminus capitalized on the
decreased pKa of the N-terminal amine relative to the amino groups on lysine side
chains,” but these efforts were impeded by the abundance of lysine residues relative to the
N-terminus. Although these attempts were ineffective, they prompted the development of
other chemistries for the N-terminal modification of peptides and proteins. The most
general of these modifications is the transamination reaction. Transamination of the N-
terminus dates back to 1956, when it was attempted by Bonetti and coworkers at 100 °C, a
temperature that often denatures proteins (Figure 1.3, entry 1a).** Almost a decade later,
Dixon and coworkers performed a transamination at room temperature using glyoxylate,
catalytic base, and Cu(I), which facilitated imine formation between the N-terminus and
the glyoxylate (Figure 1.3, entry 1b).”

Even with the improvements made by Dixon and coworkers, the transamination
reaction did not receive considerable attention until Francis and coworkers reported a
biomimetic transamination that proceeded under physiological conditions without the need
for metal or base additives (Figure 1.3, entry 1¢).*® This transamination reaction occurs via
condensation of the N-terminal amine with pyridoxal-5-phosphate and subsequent
hydrolysis to result in a pyruvamide. The protein can then be further modified through the
ketone of the pyruvamide via reactions with hydrazide or aminooxy reagents (see Chapter
2). The Francis group has extensively characterized this transamination reaction and
discovered that Ala, Gly, Asp, Glu, and Asn are the optimal N-terminal residues for the
transamination. While transamination is possible with other N-terminal residues, the
yields are variable.”’

Other chemical methods for N-terminal modification rely on a specific residue at
the N-terminus. For example, N-terminal serine or threonine residues undergo periodate
oxidation to form glyoxylamides (Figure 1.3, entry 2).*® The glyoxylamide’s aldehyde
moiety can then be modified with hydrazide and aminooxy reagents. A Pictet-Spengler
reaction can selectively modify N-terminal tryptophan residues with aldehyde probes
(Figure 1.3, entry 3)."> There is also evidence that this reaction can be used to modify N-
terminal histidine residues.”® The advantage of the Pictet-Spengler reaction is that a
carbon-carbon linkage of the probe and protein is obtained in a one-step procedure,
whereas hydrazide/aminooxy based methods do not form an irreversible linkage between
the probe and protein. Additionally, aldehyde probes can be selectively conjugated to
proteins containing N-terminal cysteine residues (as well as Ser, Thr, Trp, His, and Asn)
via a bicyclic lactam-forming reaction (Figure 1.3, entry 4).>’ N-terminal cysteine residues
have also been exploited in the highly successful method of protein modification known as
native chemical ligation (Figure 1.3, entry 5).
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Figure 1.3. Methods for N-terminal modification. Modification of the N-terminus is
achieved through transamination with aldehydes, oxidation with periodate, Pictet-Spengler
reaction between an N-terminal tryptophan and an aldehyde, bicyclic lactam formation
with acyl-aldehyde reagents, or native chemical ligation with thioester reagents (entries 1-

5, respectively).



Native Chemical Ligation

In 1994, Kent and coworkers reported the ligation of thioesters with N-terminal
cysteine residues to result in a “native” amide bond, a reaction now termed native chemical
ligation (NCL, Figure 1.4A).>° Mechanistically, this transformation involves a rapid
equilibration of the thioester and cysteine thiol (i.e., thioesterification), which is interrupted
by an irreversible intramolecular attack of the amino-terminus of the protein on the
thioester to ultimately result in a stable amide bond (i.e., S-N acyl shift). The formation of
a native amide bond via a S-N acyl shift was first discovered by Wieland and coworkers in
1953, but was not applied as a protein modification technique until much later.”’ NCL can
be used to selectively ligate two highly functionalized molecules under physiological
conditions without the use of protecting groups. As such, NCL has become a powerful
tool for protein modification, protein synthesis, and semisynthesis. Through NCL, proteins
larger than the traditional limits of solid phase peptide synthesis have been chemically
generated and studied.’> Further, NCL has allowed for portions of proteins to be
isotopically labeled for structural biology studies®>* or for the selective addition of post-
translational modifications and chemical probes.*”

Many of the applications of native chemical ligation have been enhanced by
expressed protein ligation (EPL, Figure 1.4B) and protein-trans splicing (PTS, Figure
1.4C) technologies. EPL and PTS both rely on NCL’s biological relative: self-splicing
proteins.”® Protein self-splicing is a natural phenomenon where a domain of a protein,
referred to as an intein, is extruded in a post-translational process that mechanistically
mimics NCL. EPL is the NCL of a chemically prepared species (often containing an N-
terminal cysteine) with a recombinantly expressed thioester-containing protein. PTS is
similar to EPL in that a synthetically generated compound can be joined to a
recombinantly expressed protein through a native amide bond; however, in PTS the two
components must have complementary peptide sequences instead of a thioester and an N-
terminal cysteine.

EPL exploits inteins as a means to biologically create a C-terminal thioester, which
can then be modified through native chemical ligation (Figure 1.4B). Using recombinant
expression techniques, a desired polypeptide is fused with an intein that has been mutated
so that it is unable to undergo an S-N acyl shift. Often a chitin-binding domain is added to
the fusion protein on the C-terminal side of the intein to facilitate purification. The
expressed fusion protein is isolated on a chitin affinity matrix and, following the removal
of all other biomolecules, the desired protein is cleaved from the chitin matrix via NCL
with a synthetic peptide or other molecule containing an N-terminal cysteine residue.’’®

Further expansion of NCL and protein splicing occurred with the discovery that the
intein domain can be separated into two polypeptides (Intc and Inty). The two
polypeptides must have affinity for each other, and when they noncovalently interact,
splicing occurs to result in the union of two originally separate species (Figure 1.4C).*
These split-inteins are used in PTS and allow two species to be connected via the addition
of simple peptide sequences. PTS has allowed for the extension of NCL into living
systems, facilitating the study of protein-protein interactions,*’ the synthesis of cyclic
peptides,*'"** and the semi-synthesis of proteins in vivo.* Yao and coworkers have also



performed traditional NCL in E. coli by the detection of overexpressed N-terminal
cysteine-containing proteins with thioester fluorophore conjugates.* In this study only the
proteins modified with the thioester fluorophore were detected, but there are many natural
thioester containing species that could also modify the protein of interest, including
coenzyme A (CoA) derivatives and polyketide and fatty acid synthases. These naturally
occurring thioesters primarily limit NCL to in vitro techniques, such as the preparation of
semisynthetic protein samples.
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Figure 1.4. Native chemical ligation and intein-based technologies. A. Native chemical
ligation of two peptides. Peptide 1 contains a C-terminal thioester that undergoes
thioesterification with the N-terminal cysteine of peptide 2. A S-N acyl transfer results in
a native peptide bond. B. Expressed protein ligation. A protein is recombinantly expressed
fused to a mutated intein and a chitin binding domain to facilitate purification. The intein
is mutated so that it undergoes thioester formation but not S-N acyl exchange, allowing for
the recombinant protein to be selectively cleaved from the immobilized chitin by a species
containing an N-terminal cysteine. C. Protein-trans splicing. A protein is recombinantly
expressed fused to a portion of a split intein (Intc). The complementary portion of the
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intein (Inty) is connected to an unnatural chemical species. When the two inteins associate
noncovalently, splicing occurs to generate a modified protein.

Selective Protein Modification Through Protein and Peptide Fusions

Many research groups have sought to selectively modify a protein in its native
environment through the fusion of unique peptide sequences or enzymes to a protein of
interest. The process of tagging a protein of interest with a series of amino acids is facile,
as it only involves standard cloning methods. This technique has been widely used in the
preparation of fluorescent protein chimeras. Fluorescent proteins, most notably the green
fluorescent protein (GFP), have become an essential tool for biologists. These proteins
enable visualization of the localization, dynamics, and interactions of proteins within live
cells and organisms.”****" The genetic fusion of GFP to a protein results in 100%
efficiency of labeling, minimizing the possibility that certain subsets of proteins are
invisible to a study. Unfortunately, the large size of these fluorescent proteins (~200
residues) can disrupt the function of proteins fused to them.*® In an effort to reduce the
size of the unnatural amino acid sequence appended to a target protein, while still
incorporating a unique label using the simple and highly efficient method of genetic
engineering, peptide sequences with high affinity for secondary reagents have been
developed.

Fluorogenic Bisarsenical Reagents

The landmark study employing peptide sequences to target proteins in live cells
was the genetic implementation of a tetracysteine-containing peptide (CCXXCC) and its
subsequent detection via bisarsenical dyes.***” This method was developed by Tsien and
coworkers, and since its introduction, bisarsenical dyes that span the visible spectrum have
been developed. The most frequently used are fluorescein arsenical hairpin binder (FIAsH,
Figure 1.5A) and resorufin arsenical hairpin binder (ReAsH, Figure 1.5B). ***° These dyes
are initially nonfluorescent because the arsenic is chelated with ethane dithiol (EDT), and
upon ligand exchange of EDT with the tetracysteine motif, the dyes become fluorescent.
Dyes that become fluorescent upon a specific event are termed “fluorogenic”. Fluorogenic
probes are highly desirable because they display low levels of background fluorescence,
require minimal washing procedures, and allow for real-time imaging.

Although the bisarsenical dyes are fluorogenic, they do exhibit background
fluorescence due to cross-reactivity with other biological thiols. The background
fluorescence due to nonspecific ligand exchange makes it difficult to detect low abundance
and dispersed proteins.’'”* In order to overcome this limitation, Tsien and coworkers have
developed a labeling mixture that includes hydrophobic molecules to avert non-specific
binding of the dyes and increased concentrations of EDT to avoid the reaction of the dyes
with other thiol-containing biomolecules.” Additionally, the peptide sequence has been
optimized for an enhanced association constant, allowing more stringent washing
conditions.”



Numerous studies have employed the tetracysteine methodology, demonstrating its
importance in chemical biology. The tetracysteine tag and bisarsenical dyes have been
used to study mRNA translation,” G-protein-coupled receptor activation,’® amyloid
formation,”” ATP-gated P2X receptors,”® and trafficking of HIV-1 complexes.” The
tetracysteine methodology also allows electron microscopy,” pulse-chase,’ Western
blotting,” and affinity purification®® experiments to be performed on suitably modified
proteins.
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Figure 1.5. Fluorogenic bisarsenical reagents for site-specific labeling of recombinant
proteins with tetracysteine motifs. A. Fluorescein arsenical hairpin binder (FIAsH) B.
Resorufin arsenical hairpin binder (ReAsH).

Peptide Tags Detected Through the Chelation of Transition Metals

The hexahistidine peptide, extensively used for purification of recombinantly
expressed proteins, has also been exploited for labeling proteins in cellular systems. The
imidazole side chains within the polyhistidine motif bind to nickel-nitrilotriacetate (Ni-
NTA) with good affinity.”> Consequently, rhodamine derivatives,”* cyanine dyes,” and
fluorescein® have all been conjugated to Ni-NTA and used for imaging proteins
containing Hise or Hisjo sequences (Figure 1.6, entry 1). These methods have not seen
widespread use perhaps due to the fact that the paramagnetic nature of Ni(Il) often
quenches fluorescence.®” Lippard and coworkers have sought to address this problem,
reporting a chlorinated fluorescein probe that is not as readily quenched by Ni(1I).**
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Longer peptide tags have been used to detect proteins in complex systems. Through
library screens, Imperiali and coworkers have discovered peptides that become
luminescent upon binding to terbium(III) (Figure 1.6, entry 2).°** Tb**-binding sequences
have been used to identify tagged ubiquitin in cell lysates’’ and to study, through
luminescence resonance energy transfer, peptide-protein interactions between
phosphopeptides and Src homology 2 domains.®® The applications of lanthanide-binding
tags are primarily limited to in vitro studies due to the cell-impermeability of these metals
and their potential toxicity if they are able to cross the cell membrane.”!

(Artiﬁcial peptide tag
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Figure 1.6. Site-specific protein modification through the detection of artificial peptide
tags by metal-mediated chelation with chemical reagents. Polyhistidine peptides chelate
Ni(II) and are detected with Ni-NTA reagents (entry 1). Peptides that have been engineered
to bind terbium(III) can be visualized following chelation, due to the luminescent
properties of Tb(III) (entry 2).

Enzymatic Modification of Peptide Tags

The unifying disadvantage of peptide tags is that a covalent linkage between the
peptide and detection moiety is not obtained. One way to overcome this is to employ
peptide sequences that can be uniquely modified by enzymes that exclusively recognize
them.””” Often times these enzymes are coaxed to accept a small-molecule substrate that
is modified with an unnatural group, facilitating further detection. The optimal enzyme-
mediated strategies employ a small perturbation to the protein of interest (i.e., a short tag)
and only require a few steps in the overall labeling procedure.

This technique has been popularized by Alice Ting, who initially demonstrated the
utility of this strategy with the enzyme biotin ligase. This method utilizes the biotin ligase
from E. coli, BirA, to biotinylate a lysine within a 15-residue acceptor peptide (Figure 1.7,
entry 1).”* The acceptor peptide for BirA is orthogonal to the peptide recognized by
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mammalian biotin ligases and, consequently, is well suited for modifying proteins in
mammalian systems. Proteins were adorned with quantum dots through a two-step
labeling procedure that involved treatment of acceptor peptide-tagged cell-surface proteins
with biotin ligase followed by introduction of streptavidin-conjugated quantum dots.”
This method installs biotin, BirA’s natural substrate, but Ting and coworkers also
demonstrated that BirA can accept a ketone-containing analogue of biotin, termed keto-
biotin, as a substrate.”® The ketone can subsequently be modified with hydrazide or
aminooxy compounds as demonstrated by the conjugation of fluorescein and
benzophenone to cell-surface proteins tagged with the acceptor peptide. Unfortunately, the
poor promiscuity of BirA prevented the ligation of molecules other than biotin and keto-
biotin to proteins.

The success of the biotin ligase technology prompted Ting and coworkers to
develop other enzyme-mediated protein tagging strategies. They focused their attention on
transglutaminase (TGase, Figure 1.7, entry 2),”” which had been employed previously for
the in vitro modification of glutamine-tagged proteins with amine-conjugated probes.”””®
Ting and coworkers were the first to perform transglutaminase labeling on live cells.”’
Site-specific modification of proteins has also been accomplished through the exploitation
of bacterial sortases (Figure 1.7, entry 3). Sortase A (SrtA), the most commonly used
enzyme, naturally catalyzes the addition of proteins to the bacterial cell wall.

The enzyme recognizes a peptide sequence (LPXTG) near the C-terminus, cleaves
the Thr-Gly bond, and forms an amide bond between the new C-terminal threonine and the
N-terminal glycine of a polyglycine species.”” SrtA only recognizes the polyglycine
sequence, and thus large, unnatural groups can be ligated to a protein using this method.
Sortase has been used for many in vitro applications including peptide-, protein-, and
carbohydrate-peptide ligations.”"*

Cell-surface proteins have also been selectively modified using
phosphopantetheinyl transferases (PPtases) from E. coli (AcpS) and B. subtilis (Stp).
PPtases catalyze the addition of a CoA activated-phosphopantetheine group to the serine of
an acyl or peptidyl carrier protein (Figure 1.7, entry 4).” AcpS and Sfp do not load
mammalian carrier proteins, and, therefore, these enzymes and their complementary
bacterial carrier proteins can be used orthogonally within a mammalian system.”® These
enzymes are highly promiscuous and can introduce a variety of functionality into proteins,
including biotin and cyanine dyes.”””® PPtases have been used to study the trafficking of
the transferrin receptor 17 and yeast cell-wall protein Sag1.*® In the latter work, a two-
color labeling strategy was employed that takes advantage of the pseudo-orthogonality of
AcpS and Sfp. Sfp is not selective for the type of carrier protein it labels, while AcpS only
modifies acyl carrier proteins. Thus, if a cell is exhaustively labeled with AcpS and then
subj ectegc(l) to Sfp, two separate proteins may be selectively tagged and simultaneously
studied.
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Figure 1.7. Protein modification through the enzymatic elaboration of peptide tags. Biotin
ligase (BirA) catalyzes the attachment of biotin (not shown) or keto-biotin to proteins
containing the appropriate peptide substrate (entry 1). Transglutaminase (TGase) catalyzes
the attachment of primary amine-containing probes to proteins tagged with polyglutamine
sequences (entry 2). Sortase A catalyzes the attachment of a polyglycine-containing probe
to proteins that contain an LPXTG motif near the C-terminus (entry 3).
Phosphopantetheinyl transferases (AcpS or Sfp) catalyze the attachment of a coenzyme A
(CoA) probe to proteins containing the appropriate protein/peptide substrate (entry 4). A
protein is recombinantly expressed as a fusion with the human repair protein O°-
alkylguanine-DNA alkyltransferase (hAGT). The enzyme hAGT is alkylated at a cysteinie
residue with the benzyl group from O°-benzylguanosine derivatives (entry 5).
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The carrier protein/phosphopantetheinyl transferase system of protein modification
suffers the same liability as GFP in that carrier proteins (80-120 residues) are often
substantial perturbations to the protein of interest. In order to overcome this limitation,
Walsh and coworkers performed phage display selections to obtain an 11 amino acid
peptide, called ybbR, that was selectively modified by Sfp.*' Further phage display
screening resulted in two more effective peptide sequences: one for Sfp and one for AcpS.
The two new peptides (A1 and S6) both contain twelve residues and are superior to ybbR.
Additionally, these peptides display orthogonal reactivity to each other because Al is
selective for modification by AcpS and S6 is selective for Sfp.** This makes the two-color
labeling strategy originally demonstrated by Johnsson and coworkers™ considerably more
straightforward.

Johnsson and coworkers have also developed a protein-labeling method that
utilizes the human DNA repair protein O°-alkylguanine-DNA alkyltransferase (hAGT),
which repairs guanosine residues that are alkylated at the 6-oxo position by transferring the
alkyl group to a resident cysteine.”® Through this work, it was found that when O°-
benzylguanosine derivatives are introduced to cells, the benzyl group is readily transferred
to hAGT. Thus, if hAGT is fused to a protein of interest, guanosine derivatives can be
utilized to specifically label the desired protein (Figure 1.7, entry 5).**% This technology
is known as the SNAP-tag.

From Protein Modification to Bioorthogonal Chemistry

While peptide-tag/small-molecule probe combinations provide a means of
detecting certain proteins within a living system, they cannot be extended to the study of
biomolecules that are not directly genetically encoded (e.g. post-translational modifications
and small-molecule metabolites). This deficiency prompted the development of new
methods for analyzing biomolecules in their native environments.

In the late 1990s, the Bertozzi group was interested in exploring glycosylation
using chemical tools. Toward this end, it was necessary to overcome two obstacles: 1)
appending an unnatural moiety to a specific set of glycans and 2) the selective detection of
the unnatural glycans. The first difficulty was overcome by building on the work of
Reutter and coworkers, who demonstrated that unnatural N-acetylmannosamine (ManNAc)
derivatives could be incorporated into cell-surface sialic acids in live cells and animals
(Figure 1.8).%**” Reutter and coworkers introduced varying lengths of alkyl chains into
sialoglycans to study host-virus interactions®® and neuronal cell differentiation.* These
unnatural carbohydrates have also been used to study polysialic acid.” The introduction of
unnatural functionality into glycans using unnatural monosaccharide precursors became
known as metabolic oligosaccharide engineering.”’ Reutter’s work showed that a
metabolic strategy could be used to modify glycans; however, only small perturbations
were accepted. Thus, the existing methods to selectively modify proteins in native settings
via unique peptide sequences were not applicable to a metabolism-based labeling strategy.

Luckily, other work from the early 1990s had established that ketone or aldehyde
containing peptides, proteins, and polymers could be selectively modified with hydrazide
or aminooxy reagents.'”>>** These amine nucleophiles are enhanced by the alpha effect
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and form stable oxime or hydrazone linkages under physiological conditions (Figure 1.9).
While other biological nucleophiles such as amines and alcohols do condense with ketones
and aldehydes, the equilibrium at pH 7 favors the carbonyl.”” Due to the thermodynamic
stability of the oxime and hydrazone linkages, this chemistry is selective in complex
environments. Rideout and coworkers had even demonstrated that the selective
condensation of hydrazine and aldehyde groups could be harnessed to assemble toxins
from inactive prodrugs within live cells.”®"’
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Figure 1.8. Metabolic oligosaccharide engineering pioneered by Reutter and coworkers.
N-Acetyl mannosamine derivatives with elongated acetyl groups (propyl, butyl, pentyl) are
substrates for the sialic acid biosynthetic pathway, and cells are able to incorporate the
unnatural metabolites into cell-surface sialoglycans with good efficiencies.
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Figure 1.9. Selective chemistries for aldehydes/ketones. Aldehydes and ketones can
condense with aminooxy (top) or hydrazide (bottom) reagents to form stable oxime or
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Combining Reutter’s metabolic oligosaccharide engineering strategy with the
condensation chemistry of carbonyl compounds and alpha effect amine nucleophiles, the
Bertozzi group introduced a two-step procedure for the selective covalent labeling of
glycans. A ketone-containing N-acetylmannosamine derivative, known as N-
levulinoylmannosamine (ManLev), was synthesized and introduced into glycans in a
variety of mammalian cell lines.”® The enzymes of the sialic acid biosynthetic pathway
proved to be promiscuous enough to accept ManLev, and ketones were displayed on cell-
surface glycans.””'?" The keto-glycans were then modified with biotin-hydrazide and
detected by flow cytometry (Figure 1.10). This method was also used to promote gene
transfer and adenoviral uptake through the targeting of an anti-adenovirus antibody to
ketone-containing glycans.'"'

o
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Detect by
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Figure 1.10. The metabolic incorporation of ketones into cell-surface glycans by
treatment with N-levulinoylmannosamine (ManLev) and subsequent detection through
condensation with hydrazide probes.

Around the same time, a similar strategy was reported by Schultz and coworkers
for the selective modification of ketone-containing T4 lysozyme.'*® In this case, the
ketone was incorporated using the amber stop codon unnatural amino acid mutagenesis
strategy, which was well-established, although not particularly user friendly at this
time.'"'%1% This method utilizes the codon UAG (the amber nonsense stop codon),
which normally directs termination of protein synthesis, to instead encode an unnatural
amino acid loaded onto a complementary tRNA.'” The tolerance of the ribosome for
unnatural amino acids allows for their incorporation into proteins during normal
translation. A tRNA recognizing the amber stop codon was synthetically loaded with a
keto-amino acid and subjected to the mutated T4 lysozyme gene in an in vitro
transcription/translation system. The keto-T4 lysozyme was then detected by treatment
with a fluorescein-hydrazide probe (Figure 1.11).
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Figure 1.11. The site-specific incorporation of a ketone into T4 lysozyme and subsequent
chemical modification with a fluorescent hydrazide.

These initial studies foreshadowed the power selective chemical reactions could
have as an instrument for biological discovery and biotechnology. However, the reaction
between carbonyl compounds and alpha effect nucleophiles was not ideal. Ketones and
aldehydes are endogenously found in many intracellular metabolites and cofactors such as
pyruvate, oxaloacetate, free sugars, and pyridoxal phosphate, which limit the utility of
these groups to studying extracellular biological events. An additional disadvantage of
ketone and aldehyde condensation reactions is that the optimal pH of the reaction is
between 3 and 5, below physiological pH.”> Furthermore, when monosaccharides other
than ManNAc were modified with ketones, robust metabolic labeling was not observed,'®’
suggesting a smaller unnatural group was necessary for widespread use of this chemical
labeling strategy. Despite these limitations, the ketone was a crucial functional group in
creating the field of bioorthogonal chemistry, which the following chapter is dedicated to.
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Chapter 2
Bioorthogonal Chemistry

The Bioorthogonal Chemical Reporter Strategy

Bioorthogonal chemistry is chemistry that does not interfere or interact with
biology (Figure 2.1A)." The use of bioorthogonal chemistry to probe biomolecules in
living systems typically follows a two-step process, which has become known as the
bioorthogonal chemical reporter strategy. First, a metabolic substrate, small molecule
ligand, or enzyme inhibitor is adorned with a bioorthogonal functional group and
introduced to the biological system. The structural perturbation imposed by the functional
group, also referred to as a “chemical reporter,” must be minimal so as not to undermine
the molecule’s natural bioactivity. Once the labeled molecule has been delivered to its
target (e.g., a metabolically labeled glycan, lipid, or protein, or an inhibitor-bound receptor
or enzyme), the second step involves a bioorthogonal chemical reaction with an
appropriately functionalized probe (Figure 2.1B).”
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Figure 2.1. A. A generic bioorthogonal chemical reaction between X and Y that proceeds
in biological systems. B. A common experimental platform for biomolecule probing using
bioorthogonal chemistry. First, a non-native functional group, often called a “chemical
reporter,” is installed in a biomolecule of interest. The modified biomolecule is
subsequently labeled using a bioorthogonal chemical reaction.
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From a chemist’s perspective, bioorthogonal reaction development has unusually
restrictive boundary conditions. The reaction must form a stable covalent linkage between
two functional groups that are bio-inert and ideally nontoxic. The reaction must have fast
kinetics so that product is formed at a reasonable rate even when reactant concentrations
are very low, as is required in many biological labeling experiments. Also, such fast
kinetics must be achieved in the physiological ranges of pH and temperature. For optimal
utility as chemical reporters, at least one of the bioorthogonal reactive partners should be
small and highly stable.

The Staudinger Ligation

Taking the above stipulations into consideration, Bertozzi and coworkers became
interested in the reduction of azides with triphenylphosphine and water (Figure 2.2A), a
famously mild transformation that was reported by Hermann Staudinger in 1919.’
Advantageous features of this reaction were the small size of the azide,* its kinetic
stability,” and its absence from biological systems.® Also, the azide’s behavior as a “soft
electrophile” that prefers “soft nucleophiles” (such as phosphines) situates this functional
group in a reaction space that is distinct from most of biology,” wherein nucleophiles are
typically “hard”. That organic azides would be well tolerated by cells and organisms was
hinted at by the established use of aryl azides as photocrosslinkers'® and by the favorable
toxicity profiles of commercially approved drugs such as azidothymidine''. Additionally,
phosphines, the other reactive group, are naturally absent from living systems.
Mechanistically, the classic Staudinger reduction (Figure 2.2A) proceeds through
nucleophilic attack of the phosphine (2.1) on the azide (2.2), followed by loss of nitrogen
to yield an aza-ylide species (2.3). In aqueous environments, the aza-ylide is rapidly
hydrolyzed to produce a phosphine oxide (2.4) and an amine (2.5). The Staudinger
reduction appeared well-suited as a prototype for bioorthogonal reaction development
because the two participants were abiotic, mutually and selectively reactive, essentially
unreactive with biological functionalities, and tolerant of water. The main problem was
that the initial covalent linkage formed (intermediate 2.3) was later lost to hydrolysis.
Thus, this reaction needed to be modified to redirect the aza-ylide intermediate to a stably
ligated product. This was achieved by introducing an ester group ortho to the phosphorous
atom on one of the aryl rings (2.6). Formation of the aza-ylide intermediate (2.7)
proceeded analogously to the Staudinger reduction; however, the ester group offered a new
path of reactivity in which the nucleophilic nitrogen atom reacted with the electrophilic
trap to form intermediate 2.8, which, upon hydrolysis, yielded a stable amide-linked
product (2.9)."
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Figure 2.2. The mechanism of the Staudinger reduction (A) and Staudinger ligation (B).

This adjustment to the Staudinger reduction was sufficient to generate a
bioorthogonal chemical reaction. The engineered phosphines were exquisitely selective
for azides in a variety of environments. Equally exciting was the efficiency with which
azides could be incorporated into sialoglycans by metabolic labeling with N-azidoacetyl
mannosamine (ManNAz).'?

(0] (0]
Biomolecule
HsCO H,0 N
Biomolecule—N; + H
Ph,P i Ph,R;
N, 0
CH4OH

Figure 2.3. The bioorthogonal Staudinger ligation between an azide and triarylphosphine
reagent to yield an amide bond ligation product.

Phosphine-biotin (2.10) and phosphine-FLAG probes (2.11) displayed selective
labeling of azide-modified glycoproteins (Figure 2.3A) in cell lysates (Figure 2.3B)."
Additionally, the phosphine reagents proved to be non-toxic, and therefore the Staudinger
ligation can be performed on live cells. Flow cytometry data from a typical experiment in
which cell-surface glycans were labeled with AcsManNAz and then reacted with a
phosphine probe are shown in Figure 2.3C.'*'*
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Figure 2.4. The Staudinger ligation enables selective biomolecule labeling in a variety of
environments. A. Phosphine-biotin (Phos-biotin, 2.10) and Phosphine-FLAG (Phos-FLAG,
2.11) probes for the detection of azides through the Staudinger ligation. B/C. Selective
labeling of azide-modified glycoproteins in lysates and on live cells. Jurkat cells were
treated with (+ Az, blue bars) or without (- Az, green bars) peracetylated-N-azidoacetyl
mannosamine (AcsManNAz), which is metabolized to N-azidoacetyl neuraminic acid and
incorporated into glycoproteins. B. Lysates were treated with Phos-biotin (2.10, 250 uM)
overnight, and analyzed by Western blot probing with an a-biotin-horse radish peroxidase
(a-biotin-HRP) antibody. C. Live cells were treated with Phos-biotin (2.10, 250 uM) for 1
h, followed by incubation with a fluorescent avidin protein (FITC-avidin) and analyzed by
flow cytometry. D. Mice were injected with (blue bars) or without (green bars)
AcsManNAz once daily for 7 d. On the eighth day, phosphine conjugated to the FLAG
peptide (2.11, Phos-FLAG) was injected into the mice. After 3 h, the mice were sacrificed,
their splenocytes were isolated, incubated with a fluorescent anti-FLAG antibody (FITC-a.-
FLAG), and analyzed by flow cytometry. Au = arbitrary units.

These results showcased the exquisite selectivity that the triarylphosphine reagent
had for the azide, and the Staudinger ligation appeared equipped for use in vivo. Mice
were injected once daily for 7 days with AcsManNAz and on the eighth day the mice were
injected with a phosphine reagent connected to the FLAG peptide (Phos-FLAG, 2.11).
After 90 min, the mice were sacrificed, their splenocytes were harvested, incubated with a
fluorescent a-FLAG antibody, and the degree of labeling was measured by flow cytometry
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(Figure 2.3D). The results indicated that the Staudinger ligation enabled the selective in
vivo covalent modification of cell-surface glycans with chemical probes.” This
unprecedented feat was a testament to the mutual selectivity of the Staudinger ligation
reagents; no previously reported reaction could have reliably formed products in such a
complex reaction vessel.

The entirety of the Staudinger ligation was an enormous advance for the field, but
the real gem of this early work was the azide. The benefits of its small size were
immediately apparent. Unlike the previously studied keto-sugars, several glycan
biosynthetic pathways were quite accommodating of azidosugar substrates in cell culture
and in living mice (Figure 2.4)."*'®!"1%1% 1p fact, the azide was so small that the efficiency
of metabolic incorporation of ManNAz (2.12) though the sialic acid biosynthetic pathway
was equivalent to the degree of incorporation of N-azidoacetyl neuraminic acid (2.13), a
substrate for the sialic acid salvage pathway. In contrast, the larger modification of an aryl
azide showed minimal incorporation through the sialic acid biosynthetic pathway
(metabolic labeling with 2.14) while significant labeling was achieved though the sialic
acid salvage pathway (metabolic labeling with 2.15).”” The 9-position of sialic acid was
also successfully modified with an aryl azide by introduction of sialic acid 2.16.*'
Furthermore, azides could be incorporated into mucin-type O-linked glycans'® and O-
GlcNAcylated proteins'’ using N-azidoacetyl galactosamine (2.16) and N-azidoacetyl
glucosamine precursors (2.17).
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Figure 2.5. Azide-modified monosaccharides for incorporation into glycoproteins by
metabolic oligosaccharide engineering.

A metabolic labeling strategy followed by detection with the Staudinger ligation
was also applied to proteins by Tirrell and coworkers."> The Tirrell group has pioneered
the use of auxotrophic cell lines to globally replace a canonical amino acid with an
unnatural group of similar size, which is still accepted by the aminoacyl-tRNA synthetases
(aaRSs) (Figure 2.5).2%2* This concept dates back to the 1950s, when methionine
residues were shown to be replaced by their selenium analogs by adding selenomethionine
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to methionine-depleted growth media.”> Surrogates for methionine, leucine, tryptophan, or
phenylalanine are commonly incorporated into proteins expressed in E. coli, although
reports can be found for replacement of almost any amino acid with an unnatural
derivative. The yields are optimal when the E. coli strain is rendered auxotrophic for the
amino acid being targeted for replacement, and overexpression of the required aaRS can be
helpful as well.***”** Fortunately, the small size of the azide readily allowed incorporation
of azidohomoalanine (2.19, Figure 2.7) as a methionine surrogate. The resulting azido-
proteins were labeled with Phos-FLAG (2.11) and analyzed by Western blot (Figure 2.6)."

Cell auxotrophic +
for amino acid X
Gene for aaRS % % % %j%

+ (if necessary) Grow cells
—_—
0 o W 2%
Ho N o)KrNH2
R

Unnatural Natural
amino acid amino acid (X)

Global replacement of X
with unnatural amino acid

A\ = chemical reporter group
(e.g., azide, ketone)

Figure 2.6. Global metabolic incorporation of unnatural amino acids into proteins using
auxotrophic cell lines and promiscuous aminoacyl tRNA synthetases (aaRSs).

The ease of metabolic incorporation of the azide into proteins also showcased the
benefits of the Staudinger ligation over oxime ligation chemistry, as a ketone-bearing
amino acid p-acetylphenylalanine (2.21) could only be metabolically introduced into
proteins if a mutant phenylalanine tRNA synthetase was employed.”® This mutant tRNA
synthetase also allowed for the incorporation of p-azido, p-bromo-, and p-
iodophenylalanines into proteins (2.20, 2.22-2.23).”2° The latter halogen derivatives can
be modified using Pd-catalyzed cross-coupling methodologies.*'**

HoN._COOH  HpN._COOH gt Re ?K
\N \©\ 2.22 R=Br
3
R 223 R=|

2.19 2.20, R = N3
Azidohomoalanine

Figure 2.7. Selected unnatural amino acids metabolically incorporated into proteins.
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Shortly after the report of the Staudinger ligation, azides were incorporated into
farnesyl (2.24) and geranylgeranyl metabolites (2.25) as well as S-adenosyl methionine
(SAM) analogues (2.26, 2.27) (Figure 2.8). Upon introduction of an azido-farnesyl group
to live cells and Staudinger ligation mediated enrichment, Zhou and coworkers discovered
new farnesylated proteins.” Additionally, Rajski and coworkers probed DNA-

methyltransferase activity using azido-SAM mimics and phosphine secondary reagents.**~

H  NH
N
R<\ | )
= Z ¥z N DN N
HO 3 (o}
n
2.24,n=1
225 n=2 HO OH
2.26, R = Nj

2.27, R = NH(CH,)sN3

Figure 2.8. Azido-lipid and azido-SAM analogues.

The Staudinger ligation also proved to be a valuable tool for activity-based protein
profiling. Activity-based protein profiling (ABPP) allows for the study of specific classes
of enzymes based on their catalytic mechanism, often through the use of mechanism-based
covalent inhibitors conjugated to a probe (i.e., fluorophore or biotin). The bioorthogonal
chemical reporter strategy eliminated the need for a large chemical probe during the
covalent labeling process (Figure 2.9).**7 In its initial form, ABPP employed an
electrophilic group (known as a warhead) that covalently modifies the targeted class of
enzymes and is conjugated to an affinity probe such as a biotin or a fluorophore. While
useful for tagging active enzymes from cell lysates, such large probes often had poor
pharmacokinetic properties that prevented their use in vivo.”® Overkleeft and coworkers
applied the Staudinger ligation to ABBP by targeting proteasomes in live cells with an
azide-functionalized vinyl sulfone.” Once the enzymes were covalently modified, cell
lysates were generated and subsequently reacted with a biotinylated triarylphosphine probe
through the Staudinger ligation. Additionally, Ploegh and coworkers have used an azido-
epoxide warhead, a triarylphosphine-biotin probe, and streptavidin-Alexa Fluor 647 for
live-cell imaging of cathepsin proteases.*’
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Figure 2.9. Activity-based protein profiling using the bioorthogonal chemical reporter
strategy. A warhead group is functionalized with a chemical reporter and introduced to
cells. Following cell lysis, a bioorthogonal chemical reaction facilitates identification or
visualization of the modified enzymes.

Clearly, the Staudinger ligation had an immediate impact on the chemical biology
community, but there were also limitations to this reaction. The phosphine reagents slowly
underwent oxidation within biological systems, and appeared to be metabolized by
cytochrome P450* or flavin monooxygenase*” enzymes in mice. Additionally, the kinetics
of the reaction were somewhat slow (typical second-order rate constant of 0.0020 M''s™),”
which necessitated the use of high concentrations of phosphine reagent. This, in turn, was
found to be problematic for fluorescence imaging applications because excess probe
reagent was difficult to wash away, resulting in high background signal .**

A detailed mechanistic study revealed that the rate-determining step of the
Staudinger ligation is the initial nucleophilic attack of the phosphine on the azide.” Thus,
increasing the electron density on the phosphorous atom could, in principle, increase the
rate of the Staudinger ligation. While the addition of electron donating groups to the aryl
substituents did indeed increase the rate of the desired reaction, these more reactive
substrates were also rapidly oxidized in air.

Frustrated by our inability to improve the intrinsic kinetics of the Staudinger
ligation, we turned to alternate means of reducing background fluorescence in cell imaging
experiments. An appealing feature of the Staudinger ligation is that its mechanism lends
itself to the invention of fluorogenic reagents for real-time biomolecule imaging. This was
first exploited within the Bertozzi group by replacing one of the aryl rings of 2.6 with a
coumarin dye (compound 2.28, Figure 2.10).* Fluorescence of 2.28 was quenched by the
lone pair of electrons on the phosphorus atom. Phosphine oxidation during the course of
the Staudinger ligation relieved the quenching effect, producing a highly fluorescent
biomolecule-bound product (2.29).
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Figure 2.10. A coumarin-based fluorogenic phosphine for the Staudinger ligation. This
molecule becomes fluorescent upon phosphine oxidation.

The Staudinger ligation has also been adapted for applications beyond biomolecule
labeling, most significantly as a tool for protein synthesis. “Traceless” versions of the
Staudinger ligation have been developed to produce amide bonds without inclusion of the
phosphine oxide moiety.*® Raines and coworkers merged this concept with thioester
chemistry reminiscent of NCL in order to develop a traceless Staudinger ligation for
peptide couplings (Figure 2.11).*”*** This traceless Staudinger-mediated peptide
coupling involves the attack of a peptide containing a C-terminal phosphothioester (2.30)
with an azide-labeled peptide. Attack of the phosphine in 2.30 on the azide results in aza-
ylide 2.31, which rearranges to 2.32. Hydrolysis of 2.32 facilitates the ligation of the two
original peptides via a native amide bond (2.33). Unlike the canonical NCL process,
Raines’s method does not require the presence of a cysteine residue at the ligation site.
Additional reagents have been synthesized for the traceless Staudinger ligation including
an ester-linked version.”® Optimization of the phosphine reagents for steric, electronic, and
coulombic factors has also been performed.’'*

47,48

N3

s PPh, 231

PhoR{ SH
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2.32

Figure 2.11. Peptide coupling via the traceless Staudinger ligation. The phosphine
appended to peptide 1 through a C-terminal thioester (2.30) attacks the azide attached to
peptide 2 in a manner analogous to the original Staudinger ligation to yield aza-ylide 2.31,
which rearranges to 2.32. Hydrolysis of 2.32 results in coupling product 2.33 plus a
phosphine oxide byproduct.

33



While still the reaction of choice for a wide range of bioconjugation applications,
the slow kinetics of the Staudinger ligation remains an unsolved problem and an obstacle
for in vivo chemistry. Consequently, during the mid-2000s, we and others turned our
attention to new chemistries for the azide.

Cu-Catalyzed Azide-Alkyne Cycloaddition (CuAAC)

An alternate mode of reactivity for the azide is its participation as a 1,3-dipole in a
[3+2] cycloaddition with alkenes and alkynes (Figure 2.12). This reaction, first reported in
the late 1800s,” has been proposed to proceed via a concerted cycloaddition since the
1950s, when Rolf Huisgen introduced the concept of 1,3-dipolar cycloadditions.>
However, the high temperatures or pressures required to promote cycloaddition of azides
and most dipolarophiles are not compatible with living systems.”® Nevertheless, the
potential of this transformation, especially the cycloaddition of azides and alkynes to form
aromatic triazole products (AG® ~ -61 kcal/mol),* was too great for it to be overlooked.

N, N
A N” "N-R R~yeN

R-N; + R————R" > )=< + ):<

R' R" R R"

Figure 2.12. The 1,3-dipolar cycloaddition of azides and alkynes to yield regioisomeric
triazole products.

In separate efforts, Sharpless and Meldal discovered that the formal 1,3-dipolar
cycloaddition of azides with terminal alkynes to produce 1,4-disubstituted 1,2,3-triazoles
could be effectively catalyzed by Cu(I) (Figure 2.13).””>® This reaction, now termed the
copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC), takes advantage of Cu-
acetylide formation to activate terminal alkynes toward reaction with azides. The result of
Cu(I) catalysis is a reaction that proceeds roughly seven orders of magnitude faster than the
uncatalyzed cycloaddition,’® and the reaction can be further accelerated by the use of
specific ligands for Cu(I).””® CuAAC has all the properties of a “click” reaction
(including efficiency, simplicity, and selectivity), as defined by Sharpless and coworkers.*'
In fact, it has become the quintessential click reaction and is often referred to simply as
“click chemistry.” CuAAC has gained widespread use in organic synthesis, combinatorial
chemistry, polymer chemistry, materials chemistry, and chemical biology.®***** The
formal cycloaddition between azides and terminal alkynes can also be catalyzed by Ru(II)
to obtain 1,5-disubstituted 1,2,3-triazole products,65 but this reaction is used far less
frequently than CuAAC.
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Figure 2.13. Cu(I) catalyzed formal cycloaddition between an azide and terminal alkyne to
yield a 1,4-triazole product.

The first report of CuAAC as a bioconjugation strategy was demonstrated by Finn
and coworkers through the attachment of dyes to cowpea mosaic virus.’® Since that time,
CuAAC has been applied in many azido-biomolecule labeling experiments. The Tirrell
group has used click chemistry with a fluorogenic azidocoumarin dye (2.34) to study
newly synthesized proteins that contain homopropargylglycine (2.35) as a methionine
surrogate or ethynylphenylalanine (2.36) as a phenylalanine surrogate; however, the latter
required a mutant tRNA synthetase (Figure 2.14).%” Click chemistry has also been applied
to proteomic analysis of newly synthesized proteins containing azidohomoalanine (2.19), a
process termed bioorthogonal noncanonical amino acid tagging (BONCAT).®
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HyoN._COOH HoN._COOH
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2.35 2.36

Homopropargylglycine  Ethynylphenylalanine

Figure 2.14. Metabolic incorporation of alkynyl functionality into proteins and
subsequent detection by Cu(I)-catalyzed click chemistry with a fluorogenic azidocoumarin
dye.

CuAAC has been employed for ABPP with great success by the Cravatt group. In
a report that was published concurrent to Overkleeft’s use of the Staudinger ligation,
Cravatt and coworkers targeted serine hydrolyses in live cells with an azide functionalized
phenyl sulfonate warhead.” Cell lysates were treated with an alkyne-rhodamine probe in
the presence of Cu(I). Cravatt and coworkers further showed that this two-step procedure
allowed the extension of ABPP to live mice.”” Shortly after their original report, Cravatt
and coworkers used this strategy to profile breast cancer cells. They also determined that
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the Cu(I)-catalyzed labeling procedure is more effective when the alkyne is attached to the
electrophilic trap and detection is performed with an azido-probe.”

The reagents necessary for click chemistry are small and simple. In addition,
CuAAC gives one flexibility regarding the choice of chemical reporter group because both
azides and terminal alkynes are compact, stable, and readily metabolically incorporated.
CuAAC also benefits from fast reaction kinetics without compromising selectivity. These
advantages have resulted in many fields of chemistry exploiting CuAAC. Unfortunately,
CuAA7(13 has a limited scope in terms of chemical biology applications due to the toxicity of
Cu(l).

Strain-Promoted Azide-Alkyne Cycloaddition

To overcome the liability of CuAAC, the Bertozzi group sought to avoid the use of
transition metal catalysts altogether, hoping that a more biologically compatible method of
activating alkynes toward reaction with azides could be found by mining the classic
mechanistic literature. One intriguing strategy for enhancing the rate of the cycloaddition
is the addition of ring strain. The first reports of rate-enhancement via ring strain precede
the Huisgen era and date back to the 1930s when Alder and Stein discovered that
dicyclopentadiene reacted considerably faster than cyclopentadiene in reactions with
azides.”>” Studies on strained alkenes and alkynes continued through the 1960s, and
during this time, Wittig and Krebs reported that cyclooctyne, the smallest stable
cycloalkyne, reacted “like an explosion” when combined with phenylazide to form triazole
products.”* The explosiveness of this transformation was noted years prior by Blomquist
and Liu shortly after cyclooctyne was first synthesized, although they were unaware that
the blast they observed was a result of a highly selective chemical reaction.”” These early
reports concerning the reactivity of cyclooctyne with azide were the foundation of the
strain-promoted cycloaddition (Figure 2.15).

T Biomolecule__ .N.
Biomolecule—N; —— @

+ regioisomer

Figure 2.15. The strain-promoted cycloaddition between an azide and cyclooctyne to
yield a triazole product.

Cyclooctyne 2.38 (Figure 2.16A, OCT) was the first cyclooctyne synthesized for
the purpose of labeling azido-biomolecules.”® OCT was further conjugated to biotin
(OCT-biotin, 2.39) and the FLAG peptide (OCT-FLAG, 2.40) for detection of the
cycloadducts in biological samples. While linear alkynes are essentially unreactive with
azides at physiological temperature, OCT-biotin readily reacted with azide-labeled glycans
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on proteins, within cell lysates, and on live cultured cells (Figure 2.16B/C). Most
importantly, the compound exhibited no apparent toxicity, in stark contrast to the reagents
for the Cu-catalyzed reaction. However, with a second-order rate constant of 0.0024 M™'s™
in model reactions, OCT was no faster than the Staudinger ligation, and the compound also
displayed unfavorable water-solubility properties.

Two modifications of OCT were made in an effort to accelerate the reaction and to
improve its physical properties. The “aryl-less octyne” 2.41 (ALO, Figure 2.17A) had
better water solubility but its kinetic properties were similar to those of OCT (k= 0.0013
M'S™).”” The first significant rate enhancement was achieved by addition of an electron-
withdrawing fluorine atom at the propargylic position to yield a monofluorinated
cyclooctyne (MOFO, 2.42). 77 MOFO proved more reactive than OCT and ALO (k =
0.0043 M's™), and accordingly labeled azides in cell lysates and on cell-surfaces more
rapidly when OCT-biotin (2.39), ALO-biotin (2.43), and MOFO-biotin (2.44) were
compared (Figure 2.17B). A nonfluorinated version of MOFO (NOFO, 2.47) was also
synthesized to explore the effects of propargylic fluorination. NOFO proved to have
similar reaction kinetics to ALO (k =0.0012 M's™).
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©’ Cell Phos-biotin

2.38, R=COOH . FITC-avidin
ocT 0 o s
k =0.0024 M's™’ OCT-biotin > 150
o m a-biotin-HRP g - Az
R "’,IJL /\/‘6 /\9/\ 9 m +Az
= (=
- oct < 100
. o
2.39, OCT-biotin Az. + - + £
a-biotin .- o
i 7 CKDDDDKYD-NH O-1g | e e w— 2 50
i o
R= ‘f"{lLN/\/\N d A ’ 3
H Cys-FLAG peptide ";
° 3 o
2.40, OCT-FLAG 2 ocT Phos

Figure 2.16. Cyclooctyne selectively reacts with azides through a strain-promoted
cycloaddition. A. The original cyclooctyne OCT (2.38) as well as biotin and FLAG
conjugates of OCT (2.39 and 2.40, respectively). B. OCT-biotin selectively labels an
azide-modified form of the recombinant glycoprotein GlyCAM-IgG. Purified GlyCAM-
IgG or azido-GlyCAM-IgG were incubated with 0 or 250 uM OCT-biotin (2.39) overnight
at rt. The samples were analyzed by Western blot probing with an a-biotin-HRP antibody.
An a-IgG antibody confirmed equal protein loading. C. OCT-biotin labels live cells in an
azide-dependent manner. Jurkat cells were grown in the presence (+ Az, blue bars) or
absence (- Az, green bars) of AcsManNAz (25 uM). The cells were incubated with 100
uM OCT-biotin (2.39) or Phos-biotin (2.10) for 1 h at rt, followed by treatment with FITC-

avidin and analyzed by flow cytometry.
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The Tirrell group was quick to label proteins with cyclooctyne reagents. OCT-
biotin (2.39) was used in a flow cytometry assay to screen for incorporation of
azidonorleucine into recombinant proteins. This study successfully identified a key
mutation in the methionyl-tRNA synthetase, which allowed for incorporation of this long-
chain azido-amino acid.”

While labeling of cell-surface glycans with cyclooctyne reagents was apparent, the
efficiency of labeling was subpar. The Staudinger ligation still outperformed the
cyclooctyne reagents in both Western blot and live cell-labeling experiments.”” Thus, the
major focus surrounding the strain-promoted cycloaddition was further enhancing the
water-solubility and reactivity of these reagents so that dynamic biological processes could
be monitored in real-time.
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ALO MOFO NOFO
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Figure 2.17. Initial improvements to cyclooctyne reagents for reaction with azides in
biological systems. A. A more water-soluble aryl-less octyne (ALO, 2.41), a more reactive
monofluorinated cyclooctyne (MOFO, 2.42) and a nonfluorinated cyclooctyne (NOFO,
2.47) for determining the effect of propargylic fluorination on rate of reaction with azide.
Also shown are biotin and FLAG conjugates of ALO and MOFO for further biological
labeling experiments. B. Comparison of cyclooctyne reagents’ ability to label cell-surface
glycans. Jurkat cells were grown in the presence (+ Az, blue bars) or absence (- Az, green
bars) of AcsManNAz (25 uM for 3 d). The cells were incubated with OCT-biotin, ALO-
biotin, or MOFO-biotin (250 uM) for 1 h at rt, followed by treatment with FITC-avidin
and analyzed by flow cytometry.
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Chapter 3

A Hydrophilic Azacyclooctyne

Cu-Free Click Chemistry

At the beginning of my doctoral work, the potential of cyclooctynes as
bioorthogonal reactive partners for azides was just becoming a reality in the Bertozzi
group. A difluorinated cyclooctyne (DIFO, 3.1, Figure 3.1A) with enhanced reaction
kinetics had just been synthesized.' This cyclooctyne was 60-times more reactive than
previous bioorthogonal chemistries for the azide (the Staudinger ligation and early
generation cyclooctynes for the strain-promoted cycloaddition, 2.38, 2.41-2.42) and DIFO
transformed the strain-promoted cycloaddition into Cu-free click chemistry. The large
second-order rate constant for the reaction of DIFO with benzyl azide (k= 0.076 M's™h)
was attributed to the two propargylic fluorine atoms lowering the LUMO level of the
cyclooctyne. Since the report of DIFO, this rate-enhancement has been confirmed by DFT
studies;>” although theoretical work has shown that other factors such as distortion energy
and bond polarization also contribute to the reactivity of DIFO.*

A _
_— F S04 S0;
©4F H,N NH,
o} R=
> = COOH
R H &
H N N
_ RO~
3.1, DIFO, R = COOH ?;W( 5 5
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3.2, DIFO-488

Figure 3.1. A. Difluorinated cyclooctyne (DIFO) 3.1 and an Alexa Fluor-488 conjugate
(DIFO-488, 3.2) for direct imaging of azides. B/C. DIFO-488 enables dynamic live cell
labeling of azides. B. Chinese Hamster Ovary (CHO) cells were grown in the presence of
peracetylated N-azidoacetyl mannosamine (AcsManNAz, 100 uM) for 3 d. The cells were
washed and incubated with DIFO-488 (100 uM) for 1 min. Images were then collected at
varying time points and glycan endocytosis over this time was observed. Green = DIFO-
488. Blue = Hoechst 3342 nuclear stain. C. CHO cells treated with DIFO as described in
part B but not grown in the presence of azidosugar.
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The highly reactive nature of DIFO allowed dynamic imaging experiments to be
performed using bioorthogonal chemistry for the first time. Sialic acid containing glycans
on live Chinese Hamster Ovary (CHO) cells were labeled with azides through the
metabolic incorporation of N-azidoacetyl mannosamine (ManNAz) and subsequently
treated with DIFO-488 (3.2). The azido-glycoproteins could be visualized after only 1 min
of labeling, facilitating the study of glycan endocytosis (Figure 3.1B/C).'

Initial Attempts at Cu-Free Click Chemistry in Mice

The success of DIFO reagents at imaging azido-glycan dynamics prompted the use
of DIFO in higher organisms. The laboratory mouse is widely regarded as the model
organism of choice for human disease,” and thus, a major goal for Cu-free click chemistry
was for it to proceed efficiently in this organism. To analyze the ability for DIFO to label
azides in mice, DIFO was conjugated to the FLAG peptide (DIFO-FLAG, 3.3, Figure
3.2A).'° DIFO-FLAG was injected into mice that were treated with or without
AcsManNAz once daily for 7 days prior. Three hours after injection of DIFO-FLAG, the
mice were scarified and the organs were harvested. Mice treated with and without azide
were also injected with Phos-FLAG (2.10) as a control. A live-cell analysis of the
splenocytes treated with DIFO-FLAG vs. Phos-FLAG revealed that, while Cu-free click
chemistry had more favorable reaction kinetics in vitro and displayed enhanced azide-
dependent labeling on live cells than the Staudinger ligation (Figure 3.2B), the Staudinger
ligatiogl was the superior reaction for labeling cell-surface azido-glycans in mice (Figure
3.2C).

Some insight regarding the sub par performance of DIFO in vivo was gained upon
Western blot analysis of organ lysates (heart, live, and intestines). While both DIFO and
Phos displayed azide-dependent labeling in these organs (Figure 3.3A/B), DIFO exhibited
a striking amount of background labeling centered around 65 kDa.® A series of
immunoprecipitation experiments indicated that the band at 65 kDa in the vehicle treated
mice corresponded to mouse serum albumin (MSA, Figure 3.3C-F), a highly abundant
protein known to strongly bind hydrophobic molecules.” Thus, we hypothesized that the
hydrophobicity of DIFO was severely limiting its bioavailable concentration inside the
mouse, precluding efficient labeling of azido-glycans.
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Figure 3.2. A. DIFO conjugated to the FLAG peptide (3.3) or biotin (3.4) for labeling
azides on live cells and in living mice. B. Cu-free click chemistry with DIFO is superior to
the Staudinger ligation at labeling cell-surface azides. Jurkat cells were grown in the
presence (blue bars) or absence (green bars) of AcsManNAz (25 uM) for 3 d. The cells
were incubated with Phos-biotin (2.10) or DIFO-biotin (3.4) (100 uM) for 1 h at rt,
followed by treatment with FITC-avidin and analyzed by flow cytometry. C. The
Staudinger ligation is the superior reaction for labeling cell-surface associated azido-
glycans in mice. Mice were injected once daily with (blue bars) or without (green bars)
AcsManNAz for 7 d. On the eighth day, Phos-FLAG (2.11) or DIFO-FLAG (3.3) was
injected (0.16 mmol/kg, IP). After 3 h, the mice were sacrificed, their splenocytes were
isolated, incubated with FITC-a-FLAG and analyzed by flow cytometry. Au = arbitrary
units.
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Figure 3.3. A/B. Cu-free click chemistry and Staudinger ligation products are observed in
a variety of tissues in vivo. Mice were injected with AcsManNAz (300 mg/kg, + Az) or
vehicle (70% DMSO, — Az) once daily for 7 d. On day 8, the mice were injected with
either or (A) Phos-FLAG (0.8 mmol/kg) or (B) DIFO-FLAG (0.16 mmol/kg). Three hours
post-injection of the FLAG conjugate, the mice were euthanized, and organs (liver, heart,
intestines) were harvested and homogenized. The organ lysates were analyzed by Western
blot probing with a-FLAG-HRP. Each lane represents organ lysate from a single
representative mouse. C-F. DIFO-FLAG binds mouse serum albumin (MSA). Liver lysates
generated as described in (B) were immunoprecipitated with (C-D) an a-FLAG antibody
(FLAG) or an isotype control (iso), or (E-F) an a-MSA antibody (MSA) or an isotype
control (iso). The samples were analyzed by Western blot probing for (C, E) FLAG or (D,
F) MSA.

Other results obtained when earlier generation cyclooctynes (OCT, ALO, MOFO)
were analyzed for their ability to label azides within mice supported the hypothesis that the
hydrophobic nature of the cyclooctynes was hindering Cu-free click chemistry in vivo. Of
the three earlier generation cyclooctynes, ALO-FLAG (2.45) was the only cyclooctyne
reagent, which displayed azide-dependent labeling in vivo, even though OCT-FLAG (2.40)
and MOFO-FLAG (2.46) both exhibited improved reaction kinetics with azides (Figure
3.4).° We attributed this result to the fact that ALO-FLAG did not contain an aryl ring and
was more hydrophilic than OCT-FLAG and MOFO-FLAG. Taking all these data into
consideration, we felt Cu-free click chemistry in vivo would be improved by a
considerably more hydrophilic cyclooctyne.
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Figure 3.4. Early generation cyclooctynes do not display robust azide-dependent labeling
in vivo. Mice were injected with either AcsManNAz (300 mg/kg, IP, blue bars) or vehicle
(70% DMSO, green bars) once daily for 7 d. On day 8, the mice were injected IP with
various doses (as indicated) of OCT-FLAG (2.40), ALO-FLAG (2.45), or MOFO-FLAG
(2.46). After 3 h, the mice were euthanized, and splenocytes were isolated, labeled with
FITC-0-FLAG and analyzed by flow cytometry. Each point represents the average mean
fluorescence intensity value of three replicate samples from an individual mouse. Each bar
represents the average mean fluorescence intensity value of splenocytes isolated from
separate mice (n = 3-6). Au = arbitrary units. For all in vivo experiments, ex vivo reactions
of isolated splenocytes with FLAG conjugates verified the presence of cell-surface azides
for all of these probes.

Design of a More Hydrophilic Cyclooctyne

To design a more hydrophilic cyclooctyne, we looked toward nature’s most
abundant cyclic molecules: carbohydrates. Carbohydrates not only contain polar
functionality appended to their core ring structure, but also have an oxygen to break up the
hydrocarbon chain. We envisioned applying these two components to a cyclooctyne with
our heteroatom of choice being the nitrogen of an exocyclic amide. Additionally, for
synthetic ease and long-term stability of the cyclooctyne,® we chose to append ether groups
off the core scaffold.

Our initial target cyclooctyne was azacyclooctyne 3.5 (Scheme 3.1), which could
be obtained from a carbohydrate starting material. Strained-alkyne formation could be
achieved from cyclooctene 3.6 through a bromination-double elimination sequence
commonly employed for cyclooctyne synthesis.” The azacyclooctene core could be
formed through ring-closing metathesis of 3.7. Amide 3.7 could be prepared from an
appropriately functionalized glucopyranoside (3.9) by a one-pot zinc reduction/reductive
amination with allylamine.
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Scheme 3.1. Retrosynthesis of hydrophilic azacyclooctyne 3.5.
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Synthesis of a Hydrophilic Azacyclooctyne

Standard carbohydrate chemistry commencing from commercially available methyl
4,6-0-benzylidine-a,,D-glucopyranoside (3.10) facilitated the formation of 3.9 (Scheme
3.2)."° The C-2 and C-3 hydroxyl groups were converted to methyl ethers by alkylation
with methyl iodine to yield 3.11 in 92% yield. Subjecting 3.11 to N-bromosuccinamide
under radical conditions converted the benzylidine protecting group into a C-4 benzoate
group and concomitantly installed a bromine atom at the C-6 position.'' Saponification of
the benzoate group resulted in the desired glucopyranoside 3.9 in 88% yield over 2 steps.

Scheme 3.2. Synthesis of 6-bromo-1,2,3-trimethoxy-o,D-glucopyranoside (3.9).
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Methyl 6-deoxy-6-bromo-2,3-di-O-methyl-a,D-glucopyranoside 3.9 was treated
with zinc, which reduced the bromine atom causing a chain elimination reaction that
displaced the anomeric methoxy group and yielded in sifu generated aldehyde 3.12, which
immediately underwent reductive amination with allylamine to afford 3.13."> The amine
was acetylated with acetic anhydride before purification. This sequence resulted in 62%
yield of amide 3.7, that upon treatment with Grubbs second-generation catalyst gave
desired azacyclooctene 3.6."> The allylic alcohol was protected as a fert-butyl dimethyl
silyl ether using standard conditions to give 3.14 (Scheme 3.3).

49



Scheme 3.3. Conversion of 6-bromoglucopyranoside 3.9 to azacyclooctene 3.14.
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All attempts to isolate 3.15 through subjecting 3.14 to bromine were unsuccessful.
Instead, a bicyclic compound containing only one bromine atom (either isomer 3.17 or
3.18) was isolated (Scheme 3.4). This monobrominated product presumably arose from
the intramolecular reaction of the C-2 methoxy group with the bromonium ion in
intermediate 3.16. Reactivity of this type is well-precedented when cyclooctene-ols are
subjected to bromine;'* however, it was unexpected that the much less nucleophilic
methoxy group rapidly underwent this transformation.

Scheme 3.4. Bromination of azacyclooctene 3.14.
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It appeared that alkyne formation from an alkene precursor was not going to be a
productive synthetic pathway for the azacyclooctyne, as it was complicated by reactivity of
the appended polar functionality. Instead, we looked to another common strained alkyne
synthon— the ketone."> The allylic alcohol of 3.6 was easily converted to ketone 3.19
through oxidation with PCC followed by reduction with H, and Pd/C. Conversion of
ketone 3.19 to the strained alkyne would result in a different azacyclooctene than the
original target molecule (3.20). Luckily, bioorthogonal reaction development gives one
the flexibility to change a target molecule as long as it still contains the initial
requirements. In this case, the nitrogen atom within the ring as well as the polar functional
groups appended to the ring were still present. The main modification was the propargylic
hydroxyl group in 3.5 was eliminated. This was the intended point of attachment of a
chemical probe; however, a probe group could also be envisioned off the exocyclic acetyl
group.

The synthesis of MOFO (2.42) and DIFO (3.1) both proceeded through ketone
synthons by formation of a vinyl triflate and subsequent syn-elimination of triflic acid with
LDA."'® Performing this same sequence on ketone 3.19 (Scheme 3.5) did yield vinyl
triflate 3.21; however, when 3.21 was subjected to LDA, transfer of the triflate to the
acetyl group (compound 3.22) was observed. A screen of other bases did not yield the
desired cyclooctyne.

Scheme 3.5. Attempts at the synthesis of an azacyclooctyne through vinyl triflate 3.21.
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The results from compound 3.21 suggested that enolizable protons on the acetyl
group were problematic for the harsh basic conditions necessary to convert 3.21 to 3.20.
To solve this problem, we exchanged the acetyl group for a linker group that did not
contain any enolizable protons. Altering the acetyl group necessitated exchanging the
activated carbonyl compound employed after the one-pot zinc reduction/reductive
amination reaction. We chose methyl 4-(chlorocarbonyl)benzoate (3.23) as the activated
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carbonyl compound as it would not only remove enolizable protons but it contained a
methyl ester, which would allow for easy conjugation of probes to the azacyclooctyne.
Although it should be noted that the addition of the aryl group was not ideal for reaching
the end goal of a hydrophilic cyclooctyne.

The synthesis with the aryl linker group (Scheme 3.6) proceeded analogously to the
synthesis of 3.19 without problems to yield ketone 3.26. The ketone was again converted
to a vinyl triflate (3.27) and subjected to LDA. Without enolizable protons, compound
3.27 was surprisingly stable toward LDA and numerous other strong bases. When forcing
conditions were employed, only decomposition and hydrolysis of the methyl ester were
observed. These results indicated vinyl triflate formation, like bromination, was not a
productive alkyne formation strategy for a hydrophilic azacyclooctyne.

Scheme 3.6. Synthesis of vinyl triflate 3.27 containing an aryl ring linker group.
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While vinyl triflate precursors have been the most advantageous precursor for
cyclooctynes in our hands, there are a number of synthetic pathways for formation of a
strained alkyne from a ketone. Another option involves formation of a selenadiazole by
condensation with semicarbazide and oxidation with selenium dioxide. The selenadiazole
can undergo thermal or nucleophile-promoted extrusion of N, and Se to yield an
alkyne.''®!""2° Alternatively, oxidation to a diketone followed by condensation with
hydrazine yields a bis(hydrazone) which upon treatment with a metal oxide (generally lead
tetraacetate) results in an alkyne.”'**
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Figure 3.5. Strategies for cyclooctyne synthesis from a ketone. A. Selenadiazole
formation followed by fragmentation to the cyclooctyne. B. Oxidation to the diketone,
condensation with hydrazine, and treatment of the bishydrazone with a metal oxide to form
the desired cyclooctyne.

The selenadiazole strategy appeared attractive, as the thermal elimination of Se and
N had the potential to be compatible with a variety of hydrophilic functional groups and
did not employ a heavy metal, which could be a concern for toxicity during in vivo
experiments. Additionally, this method had previously been employed in the synthesis of
oxa- and thiacyclooctynes.”**  Ketone 3.26 was condensed with semicarbazide under
acidic conditions to yield semicarbazone 3.28. Compound 3.28 was oxidized with SeO; to
the desired selenadiazole (3.29), and gratifyingly, when heated in refluxing toluene,
azacyclooctyne 3.30 was isolated in 33% yield. With compound 3.30, we had successfully
synthesized the first azacyclooctyne; however, the aryl ring in the linker group hindered its
water-solubility, which was the motivation for the synthesis of 3.30. Thus, before moving
to biological experiments, we removed the aryl linker group. Luckily the selenadiazole
strategy did not necessitate harsh basic conditions and allowed a linker group with
enolizable protons to be employed.

Scheme 3.7. Synthesis of azacyclooctyne 3.30.
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The synthetic pathway, which successfully yielded 3.30 was repeated with
replacement of the aryl linker group with two methylene units (Scheme 3.8). To this end,
methyl succinyl chloride was employed as the activated carbonyl group utilized for amide
bond formation to yield 3.31. As was the case for the transformation of 3.24 to 3.26, the
change in linker region did not affect the chemistry necessary to obtain ketone 3.33.
Ketone 3.33 was converted to selenadiazole 3.34 by aniline-catalyzed condensation® with
semicarbazide and oxidation with selenium dioxide. Upon heating selenadiazole 3.34 in
m-xylene for 3 days, the desired azacyclooctyne was produced in 47% yield. Simple
saponification of the methyl ester with LiOH yielded the desired compound 3.35,
DIMethoxy AzaCyclooctyne (DIMAC), ready for kinetic analysis and conjugation to an
epitope tag of choice.?

Scheme 3.8. Synthesis of dimethoxyazacyclooctyne (DIMAC).
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Kinetic and Structural Analysis of DIMAC

The ability for DIMAC to react with azides was analyzed using the model
compound benzyl azide (Scheme 3.9). The cycloaddition reaction proceeded cleanly with
a second-order rate constant of 3.0 x 10° M™'s™ to yield triazole products 3.36 and 3.37 in
a 1:1.4 ratio. This rate constant is slightly higher than OCT and ALO (1-2 x 10> M's™),
perhaps due to added ring strain from the shorter C-N bond length or the sp® character of
the amide nitrogen.”’

54



Scheme 3.9. Reaction of DIMAC with benzyl azide to yield two triazole products.
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Figure 3.6. Plot of 1/[DIMAC] vs. time for the reaction of DIMAC with benzyl azide in
CD;CN at rt. The slope of the line represents the second-order rate constant for the
reaction.

We further explored the structure of DIMAC through X-ray crystallography. An
X-ray crystal structure of DIMAC shows that the two strained bond angles in DIMAC are
similar in the solid state at 157.5 and 157.0 degrees. The alkyne bond length is 1.2 A,
which is relatively consistent with linear alkynes. The amide does indeed introduce a true
sp” center to the cyclooctyne core as 120° angles are observed between the three
substituents on the nitrogen. Additionally, as expected, the C-N bond lengths are
shortened relative to the C(sp®)-C(sp’) bonds in the azacyclooctyne ring (1.48 A vs. 1.54
A). These two factors likely contribute to the rate-enhancement of DIMAC relative to the
all carbon analogues OCT and ALO.
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Figure 3.7. Crystal structure of DIMAC. Thermal ellipsoid plot for DIMAC 3.35 at 50%
probability. Gray atoms correspond to carbon, red atoms correspond to oxygen, and the
blue atom is nitrogen. The hydrogen atoms have been removed for clarity.

With the synthesis and kinetic analysis of DIMAC complete, it was time to test if
the increased water-solubility of DIMAC improved Cu-free click chemistry in vitro and in
Vivo.

Materials and Methods
General Experimental Procedure

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI
chemicals and used without purification unless noted otherwise. Anhydrous DMF and
MeOH were purchased from Aldrich or Acros in sealed bottles; all other solvents were
purified as described by Pangborn ez al.*® In all cases, magnesium sulfate was used as a
drying agent and solvent was removed by reduced pressure with a Buchi Rotovapor R-114
equipped with a Welch self-cleaning dry vacuum. Products were further dried by reduced
pressure with an Edwards RVS5 high vacuum. Thin layer chromatography was performed
with Silicycle® 60 A silica gel plates. Unless otherwise specified, R values are reported in
the solvent system the reaction was monitored in. Flash chromatography was performed
using Merck 60 A 230-400 mesh silica or a Biotage Flash+" system with Biotage® 10S,
10M, 40S or 40M prepacked silica gel columns. All 'H and '°C NMR spectra are reported
in ppm and referenced to solvent peaks. When mixtures of rotomers are present the minor
rotomer is designated as “rot”. Spectra were obtain on Bruker AV-300, AVQ-400, AVB-
400, DRX-500, AV-500 or AV-600 instruments. IR spectra were obtained using a Varian
3100 FT-IR using thin films on NaCl plates. Optical rotations were measured using a
Perkin Elmer 241 polarimeter. High resolution fast atom bombardment (FAB) and
electrospray ionization (ESI) mass spectra were obtained from the UC Berkeley Mass
Spectrometry Facility. Elemental analysis was performed at the UC Berkeley
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Microanalytical Facility. X-ray crystallography was performed at the UC Berkeley X-ray
Crystallography Facility.

Experimental Procedures

Methyl 4,6-0-benzylidine-2,3-di-O-methyl-o.,D-glucopyranoside (3.11). Methyl 4,6-O-
benzylidene-o,D-glucopyranoside (1.416 g, 5.176 mmol, 1 equiv, Acros) was dissolved in
toluene (55 mL, anhydrous). To this solution, KOH was added (1.73 g, 30.8 mmol, 6
equiv) followed by methyl iodide (2.20 mL, 35.3 mmol, 7 equiv.). The mixture was heated
to reflux while stirring under N, and monitored by TLC (1:1 hexane/ethyl acetate) for the
disappearance of 3.10 (R¢= 0.2). Upon reaction completion (approx 4 h), the mixture was
cooled to rt and toluene (50 mL) was added and the organic layer was washed with H,O (3
x 30 mL). The organic extracts were evaporated to dryness and twice azeotroped (50 mL)
with toluene to result in 3.11 as a white powder (1.516 g, 4.885 mmol, 94%, R¢=0.7). Mp
123.2-124.0 °C (1it.* 121-123 °C). '"H NMR (400 MHz, CDCls): 8 7.48-7.46 (m, 2H),
7.34-7.28 (m, 3H), 5.51 (s, 1H), 4.82 (d, /= 3.4 Hz, 1H), 4.25 (dd, J=9.9, 4.5 Hz, 1H),
3.79 (td, J= 5.1, 4.4 Hz, 1H), 3.70 (t, J = 10.1 Hz, 1H), 3.66 (t, /= 9.2 Hz, 1H), 3.60 (s,
3H), 3.52 (s, 3H), 3.50 (t, J=9.3 Hz, 1H), 3.41 (s, 3H), 3.26 (dd, J=9.2, 3.7 Hz, 1H). °C
NMR (100 MHz, CDCls): 6 137.4, 129.0, 128.3, 126.1, 101.4, 98.4, 82.2, 81.5, 79.9, 69.1,
62.3, 61.1, 59.4, 55.3. HRMS (FAB): calcd. for C1sH2306 [M + H]", 311.14946; found,
311.14930.

Methyl 6-bromo-6-deoxy-2,3-di-O-methyl-o,D-glucopyranoside (3.9). Methyl 4,6-O-
benzylidene-o,D-glucopyranoside (37.97 g, 122.4 mmol, 1 equiv.) was dissolved in CCly
(1.5 L, anhydrous) and CaCO; (13.54 g, 135.3 mmol, 1.11 equiv.) was added. This
mixture was heated to reflux under N,. N-bromosuccinimide (24.228 g, 136.13 mmol,
1.11 equiv, recrystallized) was then added, and the reaction was monitored by TLC (1:1
hexane/ethyl acetate) for the disappearance of 3.11 (R¢= 0.7). Upon completion (approx 1
h), the reaction was cooled to rt and evaporated to dryness. The residue was dissolved in
CH,Cl; (1 L) and washed with 10% Na,SO; (1 x 1 L) and sat. NaHCOs (1 x 1 L). Each
aqueous wash was extracted with CH,Cl, (2 x 500 mL). All organic layers were
combined, dried, decanted, and evaporated to dryness. The residue was dissolved in a
solution of 1% NaOH in methanol (1.5 L). After 1 h, the solution was neutralized with 3M
HCI and evaporated to dryness. The residue was dissolved in H>O (1.5 L) and extracted
with CH,Cl, (8 x 500 mL). The organic layers were combined, dried, decanted, and
evaporated to dryness. The crude product was purified by flash chromatography on 5
Biotage 40M columns with a gradient solvent system of 4:1 hexane/ethyl acetate to 1:1
hexane/ethyl acetate to result in pure 3.9 as a clear oil (30.10 g, 105.6 mmol, 86%, R¢=
0.3). '"H NMR (400 MHz, CDCls): 8 4.73 (d, J = 3.5 Hz, 1H), 3.60-3.53 (m, 3H), 3.49 (s,
3H), 3.49-3.43 (m, 1H), 3.35-3.24 (m, 8H), 3.11 (dd, J=9.1, 3.5 Hz, 1H). >C NMR (100
MHz, CDCls): § 97.3, 82.7, 81.7, 71.6, 69.9, 61.2, 58.5, 55.3, 33.5. HRMS (FAB): calcd.
for CoH17BrOsLi [M + Li]", 291.041939; found, 291.041570.
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N-allyl-N-((2R,3S,4R)-4-hydroxy-2,3-dimethoxyhex-5-enyl)acetamide (3.7). Methyl 6-
bromo-6-deoxy-2,3-di-O-methyl-a,D-glucopyranoside (2.80 g, 9.83 mmol, 1 equiv.) was
dissolved in 19:1 1-propanol/water (330 mL). To this solution NaBH3CN (2.62 g, 42.9
mmol, 4.2 equiv.), allylamine (22 mL, 293 mmol, 29.9 equiv.), and zinc (31.9 g, 486
mmol, 49.4 equiv., acid treated) were added. The solution was heated to reflux for 1.5 h,
at which point not starting material remained. The mixture was cooled to rt, filtered
through Celite, and the filtrate was evaporated to dryness. The resulting residue was
dissolved in 200 mL of 6:4:1 CH,Cl,/MeOH/1.5 M HCI and stirred for 3 h checking to
make sure the pH was acidic the entire time and adding 3M HCI as necessary. The mixture
was then basified and with 10% NaOH and extracted with CH,Cl, (3 x 200 mL). The
organics were combined, dried, decanted, and evaporated to dryness. The crude product
was dissolved in MeOH (150 mL, anhydrous) and diisopropylethylamine (1.65 mL, 9.47
mmol, 0.964 equiv.) and acetic anhydride (0.90 mL, 9.5 mmol, 0.96 equiv.) were added.
The reaction stirred for 4 h at rt, at which point the methanol was removed by evaporation.
The residue was dissolved in water (50 mL) and extracted with CH,Cl, (3 x 75 mL). The
organic layers were combined, dried, decanted, and evaporated to dryness to yield crude
3.7, which was purified by silica gel chromatography on a Biotage 40M column with a
toluene/acetone solvent system (8:1 to 1:1; product elutes at 4:1). This procedure resulted
in 1.57 g pure 3.7 (6.11 mmol, 62%). R¢= 0.6 in 9:1 CH,Cl,/MeOH. 'H NMR (400 MHz,
CDCls): & 5.87-5.80 (m, 1H), 5.68-5.64 (m, 1H), 5.23 (dd, J=17.2, 4.7 Hz, 1H), 5.10-4.98
(m, 3H), 4.22-4.17 (m, 1 H), 4.04-3.79 (m, 2H), 3.67-3.56 (m, 1H), 3.44-3.37 (m, 4H),
3.32-3.27 (m, 4H), 3.13-3.04 (m, 1H), 2.04 (s, 1.2H), 1.96 (s, 1.8H). *C NMR (100 MHz,
CDCl3): 8 171.8, 171.6, 138.4, 138.4, 133.64, 132.9, 117.2, 116.6, 116.2, 116.1, 83.6, 83.0,
80.4, 80.2, 72.4, 71.4, 60.6, 60.5, 59.8, 59.7, 53.0, 49.3, 48.6, 47.9, 21.9, 21.7. IR: 3405,
3081, 2932, 2829, 1628, 1417, 1097 cm™. HRMS (FAB): calcd. for C;3H,NO," [M+H]",
258.1705; found, 258.17009.

N-acetyl-(35,4S,5R,672)-3,4-bis(methoxy)-5-hydroxy-3.,4,5,8-tetrahydroazocine (3.6).
Compound 3.7 (42.3 mg, 0.164 mmol) and Grubbs 2™ generation catalyst (11.9 mg, 14.0
umol, 8.5 mol%) were combined in CH,Cl, (10 mL) and heated to reflux. The reaction
was monitored by TLC (20:3:1:3 CH,Cl,/CH3CN/CH3;OH/hexane) for the disappearance
of 3.7 (R¢= 0.37, approx. 30 min). The completed reaction was cooled to rt, filtered
through Celite, and the filtrate was evaporated to dryness. The crude product was
chromatographed through silica gel using 80:12:3:40 CH,Cl,/CH3CN/MeOH/hexane to
yield pure 3.6 as a 1:0.2 mixture of rotamers (28.9 mg, 0.126 mmol, 77%, R¢= 0.31). '"H
NMR (400 MHz, CDCl5): 6 5.71 (ddd, J=11.8, 6.6, 2.4 Hz, 1H), 5.64 (d, /= 32 Hz,
0.4H), 5.53 (dm, J= 9.8 Hz, 1H), 4.60-4.48 (m, 0.4H), 4.42 (t, /= 8.4 Hz, 1H), 4.29
(apparent d, J=17.5 Hz, 1H), 4.14 (dd, J = 13.8, 32 Hz, 1H), 3.80 (dd, J=17.5, 5.1 Hz,
1H), 3.76-3.67 (m, 1.4H), 3.64 (s, H), 3.58 (s, 3H), 3.54 (s, 0.6H), 3.52- 3.38 (m, 0.4H),
3.34 (s, 0.6H), 3.25-3.20 (m, 0.2H), 3.00 (dd, /=9.4, 7.5 Hz, 1H), 2.87 (dd, /= 13.8, 9.6
Hz), 2.23 (s, 0.6H), 2.14 (s, 3H). °C NMR (125 MHz, CDCl;): d 171.0, 170.9, 134.6, 32.7,
125.5, 124.0, 85.6, 85.4, 82.3, 80.8, 68.0, 67.0, 61.1, 60.6, 58.2, 58.1, 49.1, 47.1, 45.2,
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45.0,22.2,22.1. IR: 3439, 2931, 2872, 1651, 1417, 1361, 1251, 1190, 1098 cm™'. HRMS
(FAB): calcd. for C;;HxNO4" [M+H]", 230.1392; found, 230.1391.

1-((5R,6R,7S,2)-5-(tert-butyldimethylsilyloxy)-6,7-dimethoxy-5,6,7,8-
tetrahydroazocin-1(2H)-yl)ethanone (3.14). Azacyclooctene 3.6 (82 mg, 0.27 mmol, 1
equiv.) was dissolved in DMF (4.0 mL, anhydrous). To this solution was added imidazole
(94 mg, 1.4 mmol, 5.0 equiv.) and tert-butyldimethylsilyl chloride (325 mg, 2.1 mmol, 7.7
equiv.). The mixture was heated to 85 °C for 5 h, at which point the reaction was
quenched with water (10 mL) and extracted with ether (3 x 10 mL). The organics were
combined and washed with sat. NaHCO3 (15 mL) and brine (15 mL). The ether was dried,
decanted, and evaporated to dryness to yield crude 3.14. The crude product was purified
by silica gel chromatography on a Biotage 40M column using a hexane/ethyl acetate
solvent system (8:1 to 1:2). This procedure resulted in 26 mg of pure 3.14 (0.076 mmol,
28%) as a 1:0.8 mixture of rotamers. Ry= 0.2 in 1:1 hexane/ethyl acetate. "H NMR (300
MHz, CDCls): § 5.58 (ddt, J=11.5, 5.9, 1.4 Hz, 1rotH), 5.51- 5.38 (m, 2H, 1rotH), 4.58-
4.52 (m, 1H, 1rotH), 4.42- 4.33 (m, 1H, 1rotH), 4.14-4.04 (m, 1H), 3.92-3.76 (m, 1H,
IrotH), 3.62 (dd, J=16.9, 3.6 Hz, IrotH), 3.52-3.35 (m, 7H, 8rotH), 3.22 (dd, J = 8.4, 4.1
Hz,1H), 3.09-3.02 (m, 1H, IrotH), 2.15 (s, 3rotH), 2.08 (s, 3H), 0.88 (s, 9H, 9rotH) 0.06-
0.03 (m, 6H, 6rotH).

1-((18,55,6S8,7S,8R)-5-bromo-7-(tert-butyldimethylsilyloxy)-8-methoxy-9-oxa-3-
azabicyclo[4.2.1]nonan-3-yl)ethanone (3.17) or 1-((15,5R,6S,7S,8R)-6-bromo-7-(tert-
butyldimethylsilyloxy)-8-methoxy-9-oxa-3-azabicyclo[3.3.1]nonan-3-yl)ethanone
(3.18). TBS-protected azacyclooctene 3.14 (26 mg, 0.076 mmol, 1.0 equiv.) was dissolved
in CH,Cl, (2.0 mL, anhydrous). Bromine (13 uL, 0.51 mmol, 6.6 equiv., diluted in 2 mL
CH,Cl,) was added to the solution of 3.14 over 15 min. After 3 h, the reaction was
quenched with H>O (10 mL). The organic layer was then washed with sat. NaHCO; (10
ml) followed by H,O (10 mL). The organics were dried, decanted, evaporated to dryness,
and purified on a Biotage 10S column with a hexane/ethyl acetate solvent system. This
procedure resulted in pure 3.17 or 3.18 (11 mg, 0.027 mmol, 36%) as a ~1:1 mixture of
rotamers. Ry=0.53 in 1:1 toluene/acetone. "H NMR (400 MHz, CDCl3): 8 5.10 (d, J =
14.2 Hz, 1H), 4.63 (d, J = 13.8 Hz, 1H), 4.37 (d, /= 13.7 Hz, 1H), 4.20- 4.15 (m, 2H),
4.08-3.98 (m, 6H), 3.90 (d, /= 13.4 Hz, 1H), 3.38- 3.37 (m, 4H), 3.35- 3.33 (m, 4H), 3.30-
3.27 (m, 2H), 2.88 (dd, J=14.1, 3.9 Hz, 1H), 2.81 (dd, J=13.7, 4.2 Hz, 1H), 2.17 (s, 3H),
2.10 (s, 3H), 0.91 (s, 18H), 0.14 -0.10 (m, 6H), 0.07 (s, 6H). °C NMR (150 MHz, CDCls):
0 169.5, 169.4, 83.82, 83.76, 74.01, 73.96, 72.6, 72.1, 69.0, 68.7, 58.5, 58.2, 54.9, 53.8,
45.0,43.7, 39.9, 38.6, 29.9, 26.32, 26.30, 26.0, 21.5, 21.3, 18.60, 18.59, -3.9, -4.0, -4.2, -
4.5. HRMS (ESI): calcd. for C1H3;04NBrSi'" [M + H]", 408.1200; found, 408.1207.

N-acetyl (35,4S5,6Z)-3,4-bis(methoxy)-5-one-3,4,8-trihydroazocaine. Compound 3.6
(13.6 mg, 0.0593 mmol, 1.00 equiv.) was dissolved in CH,Cl, (2 mL) and PCC (18.6 mg,
0.0863 mmol, 1.46 equiv.) was added. The reaction was stirred at rt and monitored by
TLC (20:3:1:3 CH,Cl,/CH3CN/CH30OH/hexane) for the disappearance of 3.6 (R¢= 0.30).
When there was no more 3.6 present (approx. 9 h), water was added and the mixture was

59



extracted with three portions of 4 mL of CH,Cl,. The organic layers were combined,
dried, decanted and evaporated to dryness. The residue was purified via silica gel
chromatography using 40:1 CH,Cl,/MeOH to yield N-acetyl (35,4S,6Z)-3,4-bis(methoxy)-
5-one-3,4,8-trihydroazocaine as a 1:1 mixture of rotamers (9.6 mg, 0.042 mmol, 71%, Ry
=0.4). 'HNMR (500 MHz, CDCls): § 6.23-6.19 (ddd, J=11.9, 4.2, 3.1 Hz, 0.5H), 5.97
(s, 1H), 5.78 (d, 11.8 Hz, 0.5H), 4.35 (dd, J=17.5, 4.3 Hz, 0.5H), 4.09 (d, /= 19.7 Hz, 0.5
Hz), 3.95 (d, J=19.6 Hz, 0.5H), 3.91-3.86 (m, 0.5H), 3.82-3.79 (m, 1.5H), 3.75(q, J=5.5
Hz, 0.5H), 3.70-3.61 (m, 1.75H), 3.54 (s, 3H), 3.46-3.38 (m, 3.25H), 2.05 (s, 1.5H), 1.95
(s, 1.5H). ®C NMR (125 MHz, CDCl3): § 202.5, 201.7, 171.5, 170.9, 136.9, 132.3, 129.1,
126.3, 88.8, 87.5, 80.8, 79.2, 59.4, 59.1, 58.8, 58.1, 51.0, 50.5, 47.9,46.2, 21.3, 21.2. IR:
2917, 2849, 2360, 2342, 1689, 1661, 1463, 1091 cm™. HRMS (FAB): calcd. for

C HsNO," [M+H]", 228.1236; found, 228.1234.

(3S,4R)-1-acetyl-3,4-dimethoxyazocan-5-one (3.19). N-acetyl (35,4S,67)-3,4-
bis(methoxy)-5-one-3,4,8-trihydroazocaine (39 mg, 0.17 mmol, 1.0 equiv.) was dissolved
in EtOH (10 mL). The solution was flushed with nitrogen and Pd/C was added until the
solution was light gray. The reaction mixture was flushed with hydrogen and remained
stirring under a H, atmosphere overnight. The following morning, the Pd/C was removed
by filtration through Celite. The filtrate was evaporated to dryness and pushed through a
plug of silica with 40:1 CH,Cl,/MeOH. This procedure resulted in 36 mg of pure 3.19
(0.16 mmol, 91%) as a 1:0.7 mixture of rotamers. Ry= 0.4 in 1:1 toluene/acetone. 'H
NMR (500 MHz, CDCls): 6 4.05 (dd, J = 13.8, 4.2 Hz, 1H), 3.92 (d, J = 8.1 Hz, 1rotH),
3.82-3.78 (m, 1H), 3.76-3.76 (m, 1rotH), 3.69-3.46 (m, 4H, 6rotH), 3.40 (s, 3rotH), 3.30 (s,
3H), 3.32-3.23 (m, 1H, 1rotH), 3.13 (dt, J = 14.6, 5.5 Hz, 1H), 2.71 (dd, /= 13.5, 10.7 Hz,
1H), 2.51-2.35 (m, 2H, 2rotH), 2.21-2.11 (m, 2H, 2rotH), 1.99 (s, 3rotH), 1.96 (s, 3H). °C
NMR (100 MHz, CDCls): 6 209.5 (rot), 209.0, 172.2 (rot), 171.8, 88.5, 86.4 (rot), 82.4
(rot), 80.5, 59.9, 59.3 (rot), 58.8 (rot), 58.0, 50.5, 49.5 (rot), 47.6, 47.2 (rot), 41.2, 37.9
(rot), 26.1 (rot), 25.6, 22.0, 22.0 (rot). HRMS (ESI): calcd. for C;H,0OsN" [M + H],
230.1387; found, 230.1390.

(3S,4R,E)-1-acetyl-3,4-dimethoxy-1,2,3,4,7,8-hexahydroazocin-5-yl
trifluoromethanesulfonate (3.21). Potassium bis(trimethylsilyl)amide (0.28 mL, 0.14
mmol, 1.5 equiv., 0.5M in toluene) was further diluted in THF (1.5 mL, anhydrous) and
cooled to -78 °C. Ketone 3.19 (22 mg, 0.95 mmol, 1.0 equiv.) was dissolved in THF (1.5
mL, anhydrous) and added to the bis(trimethylsilyl)amide solution over 30 min. After
addition of 3.19, the mixture was stirred for an additional hour at which point N-
phenyltrifluoromethanesulfonimide (59 mg, 0.14 mmol, 1.5 equiv.) was added and the
reaction mixture was warmed to 0 °C over 2.5 h. The mixture was evaporated to dryness
and purified by silica gel chromatography with a dichloromethane/methanol solvent
system (100:1, 80:1, 60:1, 40:1). This procedure resulted in 16 mg of 3.21 (0.044 mmol,
45%) as a 1:0.9 mixture for rotamers. Ry= 0.4 in 9:1 CH,Cl,/MeOH. 'H NMR (400 MHz,
CDCls): 6 6.03 (t,J=7.8 Hz, 1H), 5.98 (dd, J=9.8, 8.1 Hz, 1rotH), 4.12 (d, /= 7.9 Hz,
1H), 4.03-3.93 (m, 2H, 2rotH), 3.75-3.68 (m, 1H), 3.62-3.55 (m, 1H, 1rotH), 3.50-3.47 (m,
4H, 3rotH), 3.44-3.41 (m, 3H, 4rotH), 3.36- 3.28 (m, 1H), 3.02-2.98 (m, 1rotH), 2.62
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(apparent dt, J= 7.8, 4.7 Hz, 1H), 2.49-2.43 (m, 1rotH), 2.35-2.22 (m, 3H, IrotH), 2.02 (s,
3rotH). "’F NMR (376 MHz, CDCls): & -73.60 (s, 3F), -73.67 (s, 3rotF). HRMS (ESI):
caled. for C1,H9OsNF3S" [M + H]', 362.0880; found, 362.0885.

1-((3S,4R)-3,4-dimethoxy-5-ox0azocan-1-yl)vinyl trifluoromethanesulfonate (3.22).
Vinyl triflate 3.21 (7 mg, 0.019 mmol, 1.0 equiv.) was dissolved in THF 1.5 mL,
anhydrous) and cooled to 0 °C. Lithium diisopropylamide (0.8 mL of 0.2 M solution in
THF prepared from nBuLi and diisopropylamine, 0.16 mmol, 8.3 equiv.) was added
dropwise over 1 h at which point the reaction was quenched with methanolic ammonium
chloride and evaporated to dryness. The crude product was purified by silica gel
chromatography with a toluene/acetone solvent system. This produced resulted in 2 mg of
3.22 (0.0055 mmol, 29%). R¢=0.7 in 1:1 toluene/acetone. 'H NMR (500 MHz, CDCl;) §
4.56 (q, J = 14.8 Hz, 2H), 3.82 (d, /= 4.5 Hz, 1H), 3.75-3.72 (m, 3H), 3.66-3.62 (m,1H),
3.57 (s, 3H), 3.55 (s, 3H), 3.55-3.48 (m, 1H), 2.67 (td, J=11.2, 3.9 Hz, 1H), 2.50-2.38 (m,
2H), 1.97-1.92 (m, 1H).

Methyl 4-(allyl((2R,3S,4R)-4-hydroxy-2,3-dimethoxyhex-5-enyl)carbamoyl)benzoate
(3.24). Methyl 6-bromo-6-deoxy-2,3-di-O-methyl-a,D-glucopyranoside (9.73 g, 34.1
mmol, 1 equiv.) was dissolved in 19:1 1-propanol/water (800 mL). To this solution
NaBH;CN (9.54 g, 152 mmol, 4.5 equiv.), allylamine (76 ml, 1.01 mol, 29.7 equiv.), and
zinc (113 g, 1.79 mol, 52.6 equiv., acid treated) were added. The solution was heated to to
~ 85 °C for 2 h stirring with a mechanical stirred. The mixture was cooled to rt, filtered
through Celite, and the filtrate was evaporated to dryness. The resulting residue was
dissolved in 660 mL of 6:4:1 CH,Cl,/MeOH/1.5 M HCI and stirred for 3 h checking to
make sure the pH was acidic the entire time and adding 3M HCI as necessary. The mixture
was then basified and with 10% NaOH and extracted with CH,Cl, (3 x 500 mL). The
organics were combined, dried, decanted, and evaporated to dryness. The crude product
was dissolved in MeOH (500 mL, anhydrous) and diisopropylethylamine (6.50 mL, 37.4
mmol, 1.10 equiv.) and methyl 4-(chlorocarbonyl)benzoate (6.89 g, 34.8 mmol, 1.02
equiv.) were added. The reaction stirred for 2.5 h at rt, at which point reaction was
quenched with water and the MeOH was removed by evaporation. The resulting aqueous
solution was extracted with CH,Cl, (3 x 500 mL). The organic layers were combined,
dried, decanted, and evaporated to dryness to yield crude 3.24, which was purified by silica
gel chromatography on a Biotage 40M column with a toluene/acetone solvent system
(25:1, 20:1, 15:1). This procedure resulted in 6.13 g pure 3.24 (16.3 mmol, 48%) as a
1:0.5 mixture of rotamers. R¢= 1:1 toluene/acetone. 'H NMR (500 MHz, CDCl3): § 7.88
(d, J=8.1 Hz, 2H, 2rotH), 7.35 (d, J = 7.6 Hz, 2rotH), 7.29 (d, J = 7.9 Hz, 2H), 5.86-5.79
(m, 1H), 5.77-5.72 (m, 1rotH), 5.65-5.58 (m, 1rotH), 5.55- 5.50 (m, 1H), 5.19 (d,J=17.2
Hz, 1H), 5.11-4.89 (m, 4H, 4rotH), 4.19-4.15 (m, 1H, lrotH), 3.96 (dd, J = 14.7, 4.6 Hz,
IrotH), 3.84-3.73 (m, 5H, 6rotH), 3.44-3.39 (m, 3H, lrotH), 3.31- 3.21 (m, 5H, 7rotH),
3.11-3.03 (m, 2H, IrotH), 2.92-2.84 (m, 1H). °C NMR (125 MHz, CDCl;, no rotamer
tabulated): 8 171.0, 166.0, 140.4, 138.0, 132.7, 126.1, 117.25, 115.5, 83.3, 79.1, 75.2, 71.6,
60.0, 59.2, 52.0, 46.3. HRMS (ESI): calcd. for CooH2s06N" [M + H]", 378.1911; found,
378.1914.
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Methyl 4-((35,4S5,5R,Z)-5-hydroxy-3,4-dimethoxy-1,2,3,4,5,8-hexahydroazocine-1-
carbonyl)benzoate (3.25). Compound 3.24 (590 mg, 1.56 mmol) and Grubbs 2™
generation catalyst (113 mg, 0.133 mmol, 8.5 mol%) were combined in CH,Cl, (100 mL)
and heated to reflux. The reaction was monitored by TLC (1:1 toluene/acetone) for the
disappearance of 3.24 (R¢= 0.5, approx. 25 min). The completed reaction was cooled to rt,
filtered through Celite, and the filtrate was evaporated to dryness. The crude product was
chromatographed on a Biotage 40S column using a toluene/acetone solvent system (10:1,
7:1, 4:1; product elutes at 7:1). This procedure yielded pure 3.25 as a 1:0.2 mixture of
rotamers (414 mg, 1.18 mmol, 76%). R¢=0.4 in 1:1 toluene/acetone. 'H NMR (400
MHz, CDCls, no rotamer tabulated): 6 7.95 (d, J= 8.1 Hz, 2H), 7.38 (d, /= 8.2 Hz, 2H),
5.61 (d,J=10.4 Hz, 1H), 5.25 (d, J=12.0 Hz, 1H), 4.57 (t,J=7.5 Hz, 1H), 4.19 (dd, J =
13.6,2.9 Hz, 1H), 4.08 (d, /= 18.4 Hz, 1H), 3.81 (s, 3H), 3.66-3.64 (m, 1H), 3.60-3.50 (m,
4H), 3.47 (s, 3H), 3.37-3.30 (m, 1H), 2.95 (apparent t, J = 8.3 Hz, 1H), 2.90-2.84 (m, 1H).
3C NMR (100 MHz, CDCls, no rotamer tabulated): 8 170.4, 166.0, 139.7, 134.0, 131.3,
129.6, 126.7, 124.2, 85.9, 79.7, 67.1, 61.1, 58.2, 52.2, 51.6, 46.3. HRMS (ESI): calcd. for
CisH2406N" [M+H]", 350.1598; found, 350.1602.

Methyl 4-((35,4R)-3,4-dimethoxy-5-oxoazocane-1-carbonyl)benzoate (3.26).
Azacyclooctene 3.25 (414 mg, 1.18 mmol, 1.0 equiv.) was dissolved in CH,Cl, (75 mL,
anhydrous) and pyridinium chlorochromate (PCC, 390 mg, 1.8 mmol, 1.5 equiv.) was
added. The mixture was stirred overnight at rt. The following morning the reaction was
not complete and more PCC (110 mg) was added and the solution was heated to reflux.
After 3 h, the reaction was complete and cooled to rt. It was quenched with water (75 mL)
and extracted with CH,Cl, (3 x 100 mL). The organics were combined, dried, decanted,
and evaporated to dryness. The crude product was purified by silica gel chromatography
on a Biotage 40S column using a toluene/acetone solvent system. The product elutes with
7:1 toluene/acetone. Ry=0.8 in 1:1 toluene/acetone. The resulting enone (306 mg, 0.88
mmol, 74%; HRMS (ESI): calcd. for C;sH2,06N" [M+H]", 348.1442; found, 348.1446.)
was immediately hydrogenated to ketone 3.26. The enone was dissolved in ethanol (80
mL) and this solution was flushed with nitrogen. Palladium on carbon (34 mg) was added
and the reaction mixture was flushed with hydrogen. It was stirred overnight under a
hydrogen atmosphere. The following morning the mixture was filtered through Celite,
washed with ethanol, and the filtrate was evaporated to dryness to yield 304 mg of pure
3.26 (0.87 mmol, 74% from 3.25) as a 1:0.5 mixture of rotamers. R¢=10.7 in 1:1
toluene/acetone. 'H NMR (600 MHz, CDCls): 6 7.96 (d, J = 7.5 Hz, 2H, 2rotH), 7.37-7.29
(m, 2H, 2rotH), 4.13 (dd, J=13.5, 3.3 Hz, 1H), 3.99 (d, /= 8.0 Hz, 1H), 3.81 (bs, 3H,
SrotH), 3.70 (bs, 1rotH), 3.63 (bs, 1rotH), 3.52-3.46 (m, 3H, IrotH), 3.40 (bs, 1rotH), 3.33-
3.23 (m, 5H, 5rotH), 3.11 (dd, J = 9.5, 3.7 Hz, 1rotH), 3.02-3.00 (m, 1H), 2.87 (t, /= 12.1
Hz, 1H), 2.54-2.44 (m, 1H, 1rotH), 2.37- 2.19 (m, 1H, 2rotH), 2.06-1.90 (m, 2H, 1rotH).
BC NMR (150 MHz, CDCl3): § 209.7 (rot), 209.5, 171.7, 171.3 (rot), 166.3, 166.3 (rot),
140.6 (rot), 140.6, 130.9, 130.5 (rot), 129.8, 129.5 (rot), 126.5 (rot), 126.0, 87.9, 86.3 (rot),
81.5 (rot), 80.2, 59.8, 59.0 (rot), 58.4 (rot), 57.7, 53.5 (rot), 52.2, 50.7, 49.3 (rot), 47.1
(rot), 47.8, 41.7, 37.7 (rot), 26.1 (rot), 25.6. HRMS (ESI): calcd. for C;sHx4O¢N" [M + H]",
350.1598; found, 350.1603.
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Methyl 4-((3S,4R,E)-3,4-dimethoxy-5-(trifluoromethylsulfonyloxy)-1,2,3,4,7,8-
hexahydroazocine-1-carbonyl)benzoate (3.27). Potassium bis(trimethylsilyl)amide (1.4
mL, 0.70 mmol, 1.3 equiv., 0.5 M in toluene) was further diluted in THF (6 mL,
anhydrous) and cooled to -78 °C. Ketone 3.26 (195 mg, 0.558 mmol, 1.0 equiv.) was
dissolved in THF (2 mL, anhydrous) and this solution was added dropwise to the solution
of base over 45 min. Upon addition of all 3.26, the mixture was stirred for 1.5 h at -78 °C,
at which point, N-phenyltrifluormethansulfonamide (360 mg, 1.0 mmol, 1.5 equiv.) in
THF (2 mL, anhydrous) was added. The reaction was stirred for 30 min at -78 °C and then
warmed to -20 °C when it was quenched with methanolic ammonium chloride (2 mL).

The mixture was evaporated to dryness and purified by silica gel chromatograph on a
Biotage 12M column with a toluene/acetone solvent system. The product elutes with 15:1
toluene/acetone. This procedure resulted in 3.27 (105 mg, 0.218 mmol, 39%) as a 1:0.5
mixture of rotamers. Ry= 0.6 in 1:1 toluene/acetone. "H NMR (400 MHz, CDCls): & 8.07
(d, J=8.1 Hz, 2H, 2rotH), 7.49 (d, J = 8.3 Hz, 2rotH), 7.39 (d, /= 8.1 Hz, 2H), 6.11 (t,J =
8.7 Hz, 1rotH), 5.98 (t, J = 8.8 Hz, 1H), 4.15 (d, /J=9.2 Hz, 1H), 4.09-3.97 (m, 1H, 2rotH),
3.93 (s, 3H, 3rotH), 3.78-3.68 (m, 1H), 3.65-3.27 (m, 9H, 6rotH), 3.14-3.12 (m, 1rotH),
2.76 (s, 3rotH), 2.70-2.56 (m, 1H, IrotH), 2.47-2.40 (m, IrotH), 2.17-2.13 (m, 1H). °F
NMR (376 MHz, CDCl;): 8 -73.61 (s, 3F), -73.63 (s, 3rotF). HRMS (ESI): calcd. for
C19H,305NF3S" [M + H]', 482.1091; found, 482.1100.

Methyl 4-((3S,4S,E)-5-(2-carbamoylhydrazono)-3,4-dimethoxyazocane-1-
carbonyl)benzoate (3.28). Ketone 3.26 (477 mg, 1.36 mmol, 1.0 equiv.) was dissolved in
ethanol (10 mL) in the presence of molecular sieves. To this solution, semicarbazide
hydrochloride (1.42 g, 12.7 mmol, 9.4 equiv.) and acetic acid (~ 100 uL) was added. The
mixture was monitored by TLC in 1:1 toluene/acetone for the disappearance of 3.26 (R¢=
0.7). Acetic acid (~ 100 uL) was added every 4 h until the reaction was complete. After
9.5 h the reaction was evaporated to dryness. The residue was dissolved in water (100 mL)
and extracted with ethyl acetate (3 x 100 mL). The organics were combined, dried,
decanted, and evaporated to dryness. The crude product was purified by silica gel
chromatography eluting with 10:3:1 ethyl acetate/methanol/water. This procedure resulted
in 3.28 (316 mg, 0.778 mmol, 57%) as a mixture of hydrazone regioisomers and rotamers
which was taken directly onto next step. See appendix for NMR spectra. HRMS (ESI):
caled. for C1oH2706N," [M + H]', 407.1925; found, 407.1930.

Methyl 4-((8S5,95)-8,9-dimethoxy-4,5,6,7,8,9-hexahydro-[1,2,3]selenadiazolo[5,4-
dlazocine-6-carbonyl)benzoate (3.29). Semicarbazone 3.28 (181 mg, 0.447 mmol, 1.0
equiv.) was dissolved in dioxane (0.6 mL). Selenium dioxide (111 mg, 1.47 mmol, 3.3
equiv.) was dissolved in dioxane (0.6 mL) and water (0.4 mL). The SeO, solution was
added dropwise to the solution of semicarbazone 3.28. The mixture was stirred at rt
overnight. The following day an additional 50 mg of SeO, was added and the reaction was
allowed to stir at rt for another 24 h, at which point the dioxane was evaporated and water
was added (20 mL). The aqueous solution was extracted with CH,Cl, (3 x 30 mL). The
organics were combined, dried, decanted and evaporated to dryness. The crude product
was purified on a Biotage 40S column using a CH,Cl,/MeOH solvent system. The product
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elutes between 80:1 and 50:1 CH,Cl,/MeOH. This procedure resulted in pure 3.29 (141
mg, 0.321 mmol, 72%) as a 1:0.5 mixture of rotamers. "H NMR (400 MHz, CDCL;): §
8.08 (d, /=7.9 Hz, 2H, 2rotH), 7.49 (d, J = 6.9 Hz, 2rotH), 7.35 (d, J= 7.6 Hz, 2H), 5.54
(s, 1H), 5.38 (s, 1rotH), 4.42-4.39 (m, 1H, 1rotH), 4.13 (d, /= 10.3 Hz, 1H), 3.94 (s, 3H,
3rotH), 3.74-3.22 (m, 10H, 8rotH), 3.06 (s, 3rotH), 3.01-2.95 (m, 1rotH), 2.80 (apparent t,
J=11.1 Hz, 1H). ®C NMR (125 MHz, CDCl;): 8 171.7 (rot), 171.4, 166.44 (rot), 166.37,
161.1 (rot), 158.9, 157.1, 155.8 (rot), 141.2, 141.0 (rot), 131.03, 130.92 (rot), 130.1, 129.6
(rot), 127.3 (rot), 126.1, 81.8 (rot), 80.0, 79.1, 78.6 (rot), 58.5, 57.9, 57.9 (rot), 57.7 (rot),
53.6 (rot), 52.5, 52.5 (rot), 50.9, 50.5 (rot), 48.1, 26.4, 25.1 (rot). HRMS (ESI): calcd. for
CisH,,05N3Se” [M + H]', 440.0719; found, 440.0726.

Dimethoxyazacyclooctyne with aryl linker (3.30). Selenadiazole 3.29 (41 mg, 0.093
mmol, 1.0 equiv.) was dissolved in toluene (3 mL, anhydrous). This mixture was heated to
reflux for 3 d, at which point water (10 mL) was added and extracted with CH,Cl, (3 x 10
mL). The organics were combined, dried, decanted and evaporated to dryness. The crude
product was purified by silica gel chromatography with a toluene/acetone solvent system.
The desired cyclooctyne elutes with 15:1 toluene/acetone to yield 10 mg of 3.30 (0.030
mmol, 33%) as a 1:0.3 mixture of rotamers. 'H NMR (500 MHz, CDCL;): & 8.10 (d, J =
10.1 Hz, 2rotH), 8.07 (d, J = 10.2 Hz, 2H), 7.56 (d, J = 10.0 Hz, 2rotH), 7.44 (d, /= 10.2
Hz, 2H), 4.67- 4.64 (m, 1rotH), 4.45 (d, J=16.6 Hz, 2H), 4.26 (dt, /=9.9, 3.4 Hz, 1H),
4.14-4.11 (m, 1rotH), 4.05-4.01 (m, 4H, 4rotH), 3.84 (s, 3H), 3.77 (dd, J=17.5, 7.2 Hz,
1H), 3.55 (s, 3H), 3.45 (s, 3rotH), 3.33-3.25 (m, 1H, 2rotH), 3.21-3.19 (m, 1rotH), 3.16-
3.15 (m, 1rotH), 3.12 (dd, /= 16.9, 10.9 Hz, 1H), 2.70 (s, 3rotH), 2.67-2.58 (m, 1H), 2.40
(dm, J=20.2 Hz, lrotH), 2.25 (ddd, J=20.3, 5.4, 3.4 Hz, 1H). >C NMR (125 MHz,
CDCls, no rotamer peaks tabulated): & 171.9, 166.5, 141.5, 131.3, 130.2, 126.1, 95.2, 93.0,
86.4,77.8,59.5,57.8, 55.2, 52.7, 52.6, 22.3. HRMS (ESI): calcd. for C;3H»OsN" [M +
H]', 332.1492; found, 332.1497.

(25, 38, 4R) N-allyl, N-(methyl succinyl)-4-hydroxy-2,3-dimethoxyhex-5-ene amine
(3.31). Pyranoside 3.9 (18.2 g, 63.8 mmol, 1.0 equiv.) was dissolved in 19:1 1-
propanol/H,O (1.5 L) in an Erlenmeyer flask equipped with an overhead stirring unit. To
this solution, allylamine (150 mL, 2.0 mol, 31 equiv.), zinc (223.9 g, 3.423 mol, 54 equiv.,
acid treated), and NaBH3;CN (18.97 g, 301.9 mmol, 5 equiv.) were added. The reaction
was heated to 90 °C and monitored by TLC (ethyl acetate) for the disappearance of 3.9 (R¢
=0.7). Upon reaction completion (approx 1 h), the mixture was cooled to rt and filtered
through Celite. The filtrate was evaporated to dryness and dissolved in 6:4:1
MeOH/CH;Cl,/1.5M HCI (1.32 L) and stirred for 1 h (adding 3M HCI as necessary to keep
the solution acidic) at which point, H,O (300 mL) was added and the mixture was
extracted with CH,Cl, (3 x 600 mL). The organics were dried, decanted, and evaporated
to a residue. The resulting crude amine was dissolved in methanol (600 mL, anhydrous).
To this solution, N,N-diisopropylethylamine (12.2 mL, 70.0 mmol, 1.1 equiv) followed by
methyl succinyl chloride (8.6 mL, 70 mmol, 1.1 equiv.) were added and the mixture was
stirred at rt under N, for 1 h, at which point the reaction was quenched with H,O (100 mL)
and the methanol was removed via rotary evaporation. To the resulting aqueous solution,
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H,0 (500 mL) was added and extracted with CH,Cl, (3 x 650 mL). The organic extracts
were combined, dried, decanted, and evaporated to dryness. The crude product was
purified via flash chromatography using 3 Biotage 40M columns with a gradient solvent
system starting with 25:1 toluene/acetone and ending with 3:1 toluene/acetone (product
begins to elute at 10:1 toluene/acetone) to result in pure 3.31 as a colorless oil (14.8 g, 44.9
mmol, 70%). R¢=0.61in 1:1 toluene/acetone. [a]}; -38.8° (¢ 0.943, CH,Cly). 1:0.5
mixture of rotamers (designated rot) '"H NMR (500 MHz, CDCls): § 5.98-5.88 (m, 1H,
IrotH), 5.79-5.71 (m, 1H, 1rotH), 5.36 (d, /= 17.2 Hz, 1rotH), 5.35 (d, /= 17.2 Hz, 1H),
5.24-5.11 (m, 3H, 3rotH), 4.32-4.27 (m, 1H, 1rotH), 4.16-4.13 (m, 1H, 1rotH), 4.07-4.03
(m, 1H), 3.98-3.94 (m, 1rotH), 3.78 (dd, /= 13.9, 3.6 Hz, 1H), 3.72-3.67 (m, 4H, 3rotH),
3.63-3.59 (m, 2rotH), 3.52 (s, 3H, 3 rotH), 3.45-3.38 (m, 3H, 4rotH), 3.25-3.21 (m, 1H,
IrotH), 3.15 (t, J= 4.2 Hz, 1H), 2.85-2.80 (m, 1rotH), 2.73-2.60 (m, 5H, 3rotH), 2.33 (d, J
= 6.5 Hz, 1rotH). *C NMR (125 MHz, CDCls): 8 173.9, 173.7, 172.2, 172.1, 138.4, 133.6,
132.8,117.2,116.7, 116.31, 116.25, 83.4, 82.7, 80.5, 80.4, 72.4, 71.5, 60.7, 60.6, 59.8,
59.7,52.02, 51.95, 51.9, 48.9, 48.3, 48.2, 29.5, 29.2, 28.2, 28.1. IR: 3441 (b), 3082, 2981,
2933, 2832, 1737, 1641 cm™. HRMS (FAB): calcd for C1sHosNOg [M + H]", 330.191663;
found, 330.192190. Anal. calcd for CisH,7NOg: C, 58.34; H, 8.26, N, 4.25; found: C,
58.41; H, 8.22, N, 4.38.

(SR, 6S, 7S, Z) N-(methyl succinyl)-5-hydroxy-6,7-dimethoxyazacyclooct-3-ene (3.32).
Compound 3.31 (790 mg, 2.40 mmol, 1 equiv.) was dissolved in dichloromethane (200
mL, anhydrous) and heated to reflux while stirring under N,. Once at reflux, Grubbs
second generation catalyst (163.3 mg, 0.1927 mmol, 0.08 equiv.) was added and the
reaction was carefully monitored by TLC in 1:1 toluene/acetone for the disappearance of
3.31 (Rf=0.6) adding more catalyst if necessary (at 2.25 h 61 mg catalyst added). Upon
completion (approx 5 h), the mixture was cooled to rt, evaporated to dryness, and
immediately purified via flash chromatography using a Biotage 40M column with a
gradient of 8:1 toluene/acetone, 6:1 toluene/acetone, 4:1 toluene/acetone. This procedure
resulted in pure 3.32 as a brown oil (500 mg, 1.66 mmol, 69%, R¢= 0.4). [al} -82.6° (¢
1.12, CH,CLy). 1:0.2 mixture of rotamers. 'H NMR (500 MHz, CDCls): & 5.63 (ddd, J =
11.9, 6.4, 2.0 Hz, 1H), 5.56-5.54 (m, 2rotH), 5.48-5.45 (m, 1H), 4.41-4.30 (m, 2rotH), 4.35
(t,J=8.0 Hz, 1H), 4.30 (apparent d, J = 17.5 Hz, 1H), 4.07 (dd, J=13.8, 3.1 Hz, 1H),
3.73 (dd, J=17.2, 5.0 Hz, 1H, 2rotH), 3.66 (s, 3H, 3rotH), 3.62-3.56 (m, 4H, 3rotH), 3.50
(s, 3H), 3.45 (s, 3rotH), 3.42-3.39 (m, 2rotH), 3.27 (s, 1H), 3.08 (apparent dd, /= 9.0 Hz,
5.6 Hz, 1rotH), 2.93 (dd, J=9.4, 7.7 Hz, 1H, 1rotH), 2.81 (dd, J = 13.8, 9.6 Hz, 1H), 2.68-
2.52 (m, 4H, 4rotH). >C NMR (100 MHz, CDCl3): § 173.3, 173.1, 171.5, 134.5, 132.4,
125.3,123.7, 85.5, 85.2, 81.4, 80.5, 68.1, 66.8, 60.8, 60.1, 58.0, 57.8, 51.6, 47.8, 46.0,
45.3,45.2,29.0,28.7,28.3. IR: 3472 (b), 2933, 2828, 1735, 1636 cm™. HRMS (FAB):
caled. for C14Ha4NOg [M + H]', 302.160363; found, 302.159780.

(6R, 78, Z) N-(methyl succinyl)-6,7-dimethoxy-5-oxoazacylclooct-3-ene. To a solution
of 3.32 (436 mg, 1.51 mmol, 1 equiv) in dichloromethane (100 mL, anhydrous),
pyridinium chlorochromate (494 mg, 2.29 mmol, 1.5 equiv.) was added. The mixture was
heated to 40 °C and stirred under N, overnight. The following day, the reaction was cooled
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to rt, water (75 mL) was added, and extracted with CH,Cl, (3 x 100 mL). The organic
extracts were combined, dried, decanted, and evaporated to dryness to result in crude
product, which was purified via flash chromatography using a Biotage 40S column with a
gradient solvent system of 8:1 toluene/acetone, 6:1 toluene/acetone, 4.5:1 toluene/acetone
to yield pure (6R, 7S, Z) N-(methyl succinyl)-6,7-dimethoxy-5-oxoazacylclooct-3-ene as a
clear oil (360 mg, 1.21 mmol, 80%). R¢= 0.6 in 1:1 toluene/acetone. [a]5 +35.5° (c 4.46,
CH>CL). 1:1 mixutre of rotamers. '"H NMR (500 MHz, CDCls): & 6.17 (apparent d, J =
11.8 Hz, 1H), 5.95-5.88 (m, 2H), 5.69 (d, /= 11.9 Hz, 1H), 4.26 (dd, /= 17.4, 4.3 Hz, 1H),
4.11 (d, J=19.7 Hz, 1H), 3.96 (d, J=19.7 Hz, 1H), 3.81-3.71 (m, 6H), 3.61-3.59 (m, 8H),
3.48-3.30 (m, 13H), 2.62-2.40 (m, 7H), 2.36-2.31 (m, 1H). “C NMR (125 MHz, CDCl;):
$203.2,202.2,173.8,173.7, 172.5, 171.9, 137.5, 132.5, 129.1, 126.3, 89.1, 87.3, 81.1,
79.3, 59.6, 59.09, 59.07, 58.3, 51.9, 51.8, 50.4, 49.7, 48.5, 46.8, 29.1, 29.0, 28.02, 27.95.
IR: 3590, 3516, 2944, 2830, 1743, 1691, 1655 cm™ . HRMS (FAB): calcd. for C4Hx»NOg
[M + H]", 300.144713; found, 300.144130. Anal. calcd for C14H2NOy: C, 56.18; H, 7.07,
N, 4.68; found: C, 56.17; H, 7.09, N, 4.57.

(38, 4R) N-(methyl succinyl)-3,4-dimethoxy-5-oxoazacyclooctane (3.33). (6R, 7S, Z) N-
(methyl succinyl)-6,7-dimethoxy-5-oxoazacylclooct-3-ene (331 mg, 1.11 mmol, 1 equiv.)
was dissolved in ethanol (60 mL) and 10 % Pd/C (27.8 mg) was added. The mixture was
stirred overnight at rt under H, (1 atm). The following day, the mixture was filtered
through Celite and the filtrate was evaporated to dryness to yield 3.33 (295 mg, 0.980
mmol, 89%). R¢=0.51n 1:1 toluene/acetone. [a] +29.7° (¢ 6.24, CH,Cly). 1:0.7
mixture of rotamers. '"H NMR (500 MHz, CDCl;): 6 4.00 (dd, J = 14.0, 4.5 Hz, 1H), 3.87
(d, J=8.0 Hz, 1H), 3.75-3.69 (m, 3rotH), 3.65-3.39 (m, 8H, 6rotH), 3.34 (s, 3rotH), 3.29-
3.20 (m, 3H, 2rotH), 3.08 (dt, J = 14.5, 5.0 Hz, 1H), 2.69-2.25 (m, 6H, 8rotH), 2.12-2.07
(m, 3H), 1.96 (s, IrotH). >C NMR (125 MHz, CDCls): & 209.7, 209.0, 173.8, 173.5, 172.8,
172.4, 88.4, 86.1, 82.3, 80.4, 59.8, 59.1, 58.8, 57.9, 51.9, 51.8, 49.4, 48.3, 47.8, 47.5, 41.3,
37.7,29.2, 28.9, 28.5, 28.3, 26.0, 25.3. IR: 3587, 3518, 2940, 2831, 1743, 1711, 1655 cm™".
HRMS (ESI): calcd. for C14H23NOgNa [M + Na]", 324.1418; found, 324.1420. Anal. calcd
for C14H23NOg: C, 55.80; H, 7.69, N, 4.65; found: C, 55.91; H, 7.77, N, 4.63.

Compound 3.34. Ketone 3.33 (1.528 g, 5.075 mmol, 1 equiv.) was dissolved in 1:1
water/ethanol containing 100 mM aniline® (40 mL). To this solution, semicarbazide
hydrochloride (5.898 g, 52.66 mmol, 10 equiv.) and AcOH (4 mL) was added. The
reaction was stirred at rt and monitored by TLC (1:1 toluene/acetone) for the
disappearance of 3.33 (R¢= 0.5). After the reaction was complete (approx 8 h), the
reaction was neutralized with 10% NaOH and the ethanol was removed via evaporation
under reduced pressure. The aqueous layer was extracted with ethyl acetate (4 x 75 mL).
The ethyl acetate was combined, dried, decanted, and evaporated to dryness to result in
crude semicarbazone that was directly converted to selenadiazole 3.34. The crude
semicarbazone was dissolved in dioxane (10 mL). A solution of SeO; (2.587 g, 23.31
mmol, 4.6 equiv.) in 1:1 dioxane/water (8 mL) was added dropwise over 4 h to the
semicarbazone solution. The mixture was stirred at rt and analyzed by ESI-MS for the
presence of 3.34 ((M+H]" = 392) and absence of semicarbazone ([M+H]" = 359, [M+Na]"
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=381). Upon reaction completion (approx 3 h after addition of all SeO,), the dioxane was
removed under reduced pressure and water(10 mL) was added. The aqueous solution was
extracted with ethyl acetate (3 x 40 mL) and the organic extracts were combined, dried,
decanted, and evaporated to dryness. The crude product was purified by flash
chromatographed using a Biotage 40M column with CH,Cl,, 80:1 CH,Cl,/MeOH, 60:1
CH,Cl,/MeOH to result in pure 3.34 as a yellow oil (1.18 g, 3.03 mmol, 60%). R¢=0.3 in
60:1 CH,Cl,/MeOH. [05]2D8 +17.6° (¢ 1.27, CH,Cl,). 1:0.8 mixture of rotamers. "HNMR
(500 MHz, CDCl3): 6 5.39 (s, 1rotH), 5.37 (d, /= 5.4 Hz, 1H), 4.36 (m, 1rotH), 4.07-4.02
(m, 2rotH), 3.91 (q, J= 5.3 Hz, 1H), 3.73 (bs, 2H), 3.67 (s, 3rotH), 3.65 (s, 3H), 3.59-3.53
(m, 4H, 3rotH), 3.45-3.39 (m, 2H, 2rotH), 3.33-3.19 (m, 3H, 5rotH), 2.91-2.83 (m, 1rotH),
2.74-2.53 (m, 5H, 1rotH), 2.48-2.36 (m, 2rotH). *C NMR (125 MHz, CDCl;): § 173.9,
173.7,173.4, 171.7, 161.2, 159.3, 157.0, 156.3, 82.6, 80.1, 78.8, 77.9, 58.7, 58.5, 57.94,
57.88,52.0,51.9,51.3, 50.5, 50.1, 49.8, 29.6, 29.1, 28.4, 28.3, 26.3, 25.4. IR: 3580, 3057,
2983, 2931, 2828, 1741, 1649 cm™. HRMS (FAB): calcd. for C14H2,N305Se [M + H]",
392.072467; found, 392.071460.

(6S, 75) N-(methyl succinyl)-6,7-dimethoxyazacyclooct-4-yne. Selenadiazole 3.34 (350
mg, 0.90 mmol, 1.0 equiv.) was dissolved in m-xylene (320 mL) and heated to 115 °C.
The reaction was monitored by TLC (1:1 toluene/acetone) for the disappearance of 3.34
(R¢=0.60, UV active, red spot when visualized with vanillin) and appearance of
azacyclooctyne methyl ester (Rf= 0.65, green spot when visualized with vanillin). Upon
completion (approx 2 d), the reaction was cooled to rt and filtered, and then the filtrate was
evaporated to dryness. The crude product was purified via flash chromatography using
silica gel and a toluene/acetone solvent system starting at 20:1 and ending with 8:1. This
procedure resulted in pure (65, 75) N-(methyl succinyl)-6,7-dimethoxyazacyclooct-4-yne
as a slightly yellow oil (120 mg, 0.423 mmol, 47%, 55% brsm, R¢= 0.6). [al}; +7.5° (¢
0.64, CH,Cl,). 1:0.15 mixture of rotamers. 'H NMR (400 MHz, D,0): 8 4.38 (apparent d,
J=17.9 Hz, 1rotH), 4.24 (dt, /= 8.6, 2.6 Hz, 1H, 1rotH), 4.17 (dd, 14.9, 5.4 Hz, 1H), 4.06
(d, J=14.3 Hz, 1H), 4.00 (s, 1rotH), 3.88 (t, J=9.2 Hz, 1rotH), 3.72-3.68 (m, 4H, 3rotH),
3.55-3.44 (m, 3H, 4rotH), 3.38-3.29 (m, 4H, 3rotH), 3.05 (dd, J = 14.3, 9.1 Hz, 1H, lrotH),
2.90-2.64 (m, 5H, 5rotH), 2.33 (dt, J=16.9, 3.2 Hz, 1H), 2.25 (apparent d, /= 16.8 Hz,
lrotH). *C NMR (100 MHz, CDCl;): § 173.6 (broad), 172.5, 171.6, 99.0, 96.0, 93.0,
91.0, 87.0, 85.2,77.8, 77.4, 59.8, 59.3, 57.5, 57.4, 56.4, 55.7, 53.2, 52.3, 52.02, 51.98,
29.5,29.3,28.7,28.3,22.1, 21.1. IR: 3489, 2931, 2827, 2203, 1736, 1648 cm™. HRMS
(FAB): calcd. for C14H,»2NOs [M + H]', 284.149798; found, 284.150650.

(6S, 78) N-(succinate)-6,7-dimethoxyazacyclooct-4-yne (3.35). (65, 75) N-(methyl
succinyl)-6,7-dimethoxyazacyclooct-4-yne (27.3 mg, 0.0964 mmol, 1.0 equiv.) was
dissolved in 2:1 water/dioxane (1.5 mL) and LiOH (45.7 mg, 1.91 mmol, 20 equiv.,
crushed) was added. The reaction was stirred overnight at rt. The following day the
mixture was neutralized with 3M HCI and the dioxane was removed via reduced pressure.
Additional water (3 mL) was added to the resulting aqueous solution, this solution was
acidified with 3M HCIl and extracted with ethyl acetate (5 x 10 mL). The organic extracts
were combined, dried, decanted, and evaporated to dryness. The crude product was
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purified via flash chromatography using silica gel and a gradient solvent system starting
with 8:1 toluene/acetone and ending with 1:1 toluene/acetone. This procedure resulted in
pure 3.35 as an off-white solid (17.1 mg, 0.0636 mmol, 66%). R¢=0.3-0.41in 1:1
toluene/acetone. [a]% -14.6° (¢ 0.357, H,0). 1:0.1 mixture of rotamers. 'H NMR (400
MHz, D,0): 8 4.37 (dt, J= 7.8, 2.3 Hz, 1rotH), 4.13 (dt, J= 8.7, 2.8 Hz, 1H, 1rotH), 4.18
(dd, J=14.9, 5.4 Hz, 1H), 4.06 (d, /= 14.3 Hz, 1H), 3.91 (s, 1rotH), 3.89 (t, /= 8.4 Hz,
IrotH), 3.71 (t, J= 8.5 Hz, 1H), 3.56 (s, 3H, 3rotH), 3.56-3.46 (m, 2rotH), 3.37-3.28 (m,
4H, 2rotH), 3.04 (dd, J=14.3, 9.0 Hz, 1H, 1rotH), 2.88-2.64 (m, 5H, 5rotH), 2.32 (dt, J =
16.6, 3.4 Hz, 1H), 2.24 (apparent d, 16.8 Hz, IrotH). >C NMR (125 MHz, D,0, no
rotamer peaks tabulated): 8 177.0, 174.9, 99.0, 89.7, 84.1, 76.1, 58.0, 56.4, 54.1, 51.9,
29.0,27.7,20.6. IR: 3434, 2935, 2830, 2358, 2207, 1729, 1642 cm™. HRMS (ESI): calcd.
for C13H;oNOsNa [M + Na]’, 292.1155; found, 292.1157.

Kinetics

The reaction in Scheme 3.6 was monitored by 'H NMR for 4 h at rt. DIMAC and
benzyl azide were separately dissolved in CD3;CN and mixed together in a 1:1 ratio at
concentrations between 20 and 30 mM. Tert-butyl acetate (approx 0.3 equiv) was used as
an internal standard. The percent conversion was calculated by the disappearance of
DIMALC relative to the fert-butyl acetate as determined by integration. No products other
than 3.36 and 3.37 were apparent by 'H NMR. The triazole isomers were produced in a ~
1:1.4 ratio. The second-order rate constant was determined by plotting 1/[3.35] versus
time. The plot was fit to a linear regression and the slope corresponds to the second-order
rate constant. Shown are data from two replicate experiments.

X-Ray Crystallography

A colorless prism 0.12 x 0.08 x 0.04 mm in size was mounted on a Cryoloop with
Paratone oil. Data were collected in a nitrogen gas stream at 150(2) K using phi and
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5 seconds
per frame using a scan width of 2.0°. Data collection was 99.8% complete to 67.00° in q.
A total of 16229 reflections were collected covering the indices, -6<=h<=6, -9<=k<=9, -
17<=I<=17. 2383 reflections were found to be symmetry independent, with an Rj, of
0.0357. Indexing and unit cell refinement indicated a primitive, monoclinic lattice. The
space group was found to be P2(1) (No. 4). The data were integrated using the Bruker
SAINT software program and scaled using the SADABS software program. Solution by
direct methods (SIR-2008) produced a complete heavy-atom phasing model consistent
with the proposed structure. All non-hydrogen atoms were refined anisotropically by full-
matrix least-squares (SHELXL-97). All hydrogen atoms were placed using a riding
model. Their positions were constrained relative to their parent atom using the appropriate
HFIX command in SHELXL-97. Absolute stereochemistry was unambiguously
determined to be S at both C2 and C3, respectively.
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Chapter 4

Labeling Azido-Glycans with DIMAC
Labeling of Azides in vitro with DIMAC

With the hydrophilic azacyclooctyne DIMAC synthesized, we were eager to
discover the advantages of a more water-soluble cyclooctyne. In order to detect the
cycloadducts in biological experiments, a biotin conjugate of DIMAC (DIMAC-biotin, 4.1,
Scheme 4.1) was prepared by activation of the acid with a pentafluorophenol group
followed by amide bond formation with amine containing biotin 4.2." The hydrophilicity
of 4.1 was immediately evident during the preparation of 2.5 mM stock solutions.
DIMAC-biotin 4.1 was readily soluble in aqueous buffer, whereas the analogous OCT-
MOFO- or DIFO- biotin conjugates (2.39, 2.44, 3.4, respectively) required an organic
cosolvent (30% DMF). Thus, DIMAC seemed poised to have minimal hydrophobic
interactions when labeling azides in living systems.

Scheme 4.1. Synthesis of DIMAC-biotin 4.1.
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We first tested the ability of DIMAC to label glycan-associated azides within cell
lysates and on the surfaces of live cells. Jurkat cells were grown in the presence (+Az) or
absence (—Az) of 25 uM N-azidoacetylmannosamine (AcsManNAz) for three days
resulting in the metabolic labeling of cell-surface glycans with N-azidoacetyl sialic acid
(SiaNAz) residues. Cell lysates were incubated overnight with 250 uM DIMAC-biotin,
ALO-biotin or Phos-biotin (the latter two for comparison purposes) and then analyzed by
Western blot probing with a horseradish peroxidase conjugated o-biotin antibody (-
biotin-HRP). All the reagents labeled glycoproteins from the lysate in an azide-dependent
manner. However, the more hydrophobic cyclooctyne ALO produced a greater extent of
non-specific protein labeling (Figure 4.1).
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Figure 4.1. DIMAC labels azido-glycoproteins in cell lysate. A. Schematic of experiment.
B. Cells were treated with (+) or without (-) AcsManNAz (25 uM) for 3 d and lysates were
generated. The cell lysate (35 ug) was reacted with 250 uM DIMAC-biotin (4.1), ALO-
biotin (2.43) or Phos-biotin (2.10) overnight at rt. The resulting protein mixtures were
analyzed by Western blot probing with a-biotin conjugated to horse-radish peroxidase (a-
biotin-HRP).

To test DIMAC’s reactivity with azides on live cells, Jurkat cells were again
incubated with 25 uM AcsManNAz for three days and then treated with various
concentration of DIMAC-biotin for 1 h or 250 uM DIMAC-biotin for various amounts of
time (Figure 4.2). The cells were incubated with fluorescein isothiocyanate modified
avidin (FITC-avidin) and analyzed by flow cytometry. DIMAC exhibited time- and dose-
dependent labeling consistent with other early generation cyclooctynes. Notably, at the
longer time points and higher concentrations there was still minimal signal for cells treated
with no azidosugar, a testament to the hydrophilic nature of the cyclooctyne. Importantly,
DIMAC did not show any cytotoxicity during cell labeling as assayed by propidium iodide
and AnnexinV staining (Figure 4.3).
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Figure 4.2. Dose- and time-dependent cell-surface glycan labeling with DIMAC-biotin
4.1. A. Schematic for live cell labeling of Jurkat cells with DIMAC-biotin. B/C. Jurkat
cells were grown in the presence (+ Az, blue square) or absence (— Az, green diamond) of
25 uM AcsManNAz for 3 d. The cells were treated with DIMAC-biotin 4.1 in (B) varying
concentrations for 1 h or (C) varying times at a concentration of 250 uM. The cells were
then treated with FITC-avidin and analyzed by flow cytometry. The error bars represent

standard deviations from three replicate samples.
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Figure 4.3. Cytotoxicity analysis of DIMAC-biotin. A/B. Jurkat cells were incubated in
the presence (+ Az) or absence (— Az) of AcsManNAz for 3 d. Cells were treated with no
reagent (FACS buffer) or DIMAC-biotin conjugate 4.1 (250 uM 4.1 in FACS buffer) for 1
h at rt, incubated with FITC-avidin, and washed. Prior to flow cytometry analysis, half the
cells were treated with (A) propidium iodide and the other half were treated with (B)
Annexin-V-PE using the BD Pharmingen Annexin-V Apoptosis Detection Kit following
the provided procedure. The samples were diluted and analyzed by flow cytometry. The
error bars represent standard deviations from three replicate samples. C-J. Representative
FL2 vs. FL1 scatter plots. In all plots, the x-axis indicates the degree of cell-surface azido-
glycan labeling as measured by FITC fluorescence (FITC MFI). For plots C-F, the y-axis
represents the degree of propidium iodide staining (PI MFI, cell death marker), while the
y-axis in plots G-J represents the degree of Annexin-V staining (Annexin-PE MFI, early
apoptosis marker). Plots C,D,G,H represent cells treated without azide and plots E,F,I,J
represent cells treated with azide. Plots C,G,E,I represent cells treated with no reagent
while plots D,H,F,J represent cells treated with DIMAC-biotin.
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A comparison experiment on Jurkat cells was performed between DIMAC-biotin
4.1 and ALO-biotin 2.43 (250 uM, 1 h). DIMAC-biotin and ALO-biotin selectively label
cell surfaces in an azide-dependent manner with comparable efficiencies (Figure 4.4A).
ALO-biotin, however, showed significantly higher non-specific background labeling. The
DIMAC reagent labeled cells with a signal:background ratio of 26:1 whereas the ratio for
ALO-biotin was 14:1. The fluorescence of cells lacking azides but treated with DIMAC-
biotin followed by FITC-avidin was indistinguishable from those treated with FITC-avidin
alone (Figure 4.4B).
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Figure 4.4. Cell-surface glycan labeling with DIMAC-biotin and ALO-biotin. Jurkat cells
were grown in the presence (+ Az) or absence (— Az) of AcsManNAz for 3 d. Cells were
incubated with no reagent (FACS buffer containing 3% DMF, gray), DIMAC- biotin (250
uM 4.1 in FACS buffer containing 3% DMEF, orange) or ALO-biotin (250 uM 2.43 in
FACS buffer containing 3% DMF, navy) for 1 h at rt, incubated with FITC-avidin, and
analyzed by flow cytometry. A. Histograms of representative samples. MFI = mean
fluorescence intensity (arbitrary units). B. Bar graph of the average of three replicates.
The error bars represent standard deviations of three replicate experiments.

DIMAC was also compared to Phos-biotin of the Staudinger ligation and to DIFO-
biotin (Figure 4.5). As expected, DIMAC did not label cell-surface azides with similar
efficiencies to these reagents. In fact, DIMAC-biotin yielded a similar degree of labeling
to 100-fold less DIFO-biotin. Nevertheless, the hydrophilicity of DIMAC appeared very
promising in terms of minimizing non-specific background labeling, which was the main
goal for this water-soluble cyclooctyne. All the in vitro experiments indicated that
DIMAC should be tested in vivo for its ability to label murine azido-glycans.
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Figure 4.5. Cell-surface glycan labeling with DIMAC-biotin, DIFO-biotin, ALO-biotin,
and Phos-biotin. Jurkat cells were incubated in the presence (+ Az, blue bars) or absence

(— Az, green bars) of 25 uM AcsManNAz for 3 d. Cells were treated with no reagent
(FACS buffer), DIMAC-biotin (200 uM 4.1 in FACS buffer), ALO-biotin (200 uM 2.43 in
FACS buffer with 3% DMF), Phos-biotin (200 uM 2.10 in FACS buffer with 3% DMF),
or DIFO-biotin (2 uM 3.4 in FACS buffer with 0.03% DMF) for 1 h at rt, incubated with
FITC-avidin, and analyzed by flow cytometry. The error bars represent standard
deviations from three replicate samples. Au = arbitrary units.

Previous work had shown that the biotin conjugates were ineffective in vivo and
FLAG conjugates proved to have superior solubility properties for use in mice.” DIMAC-
FLAG (4.3) was synthesized through a two-step process involving the coupling of DIMAC
(3.35) and maleimide-amine 4.4 to yield 4.5 followed by Michael addition of the
sulthydryl residue of the Cys-FLAG peptide onto the maleimide. HPLC purification
afforded pure DIMAC-FLAG in 40% yield (Scheme 4.2).* Phos-FLAG was also prepared
as a control for the in vivo experiments. DIMAC-FLAG exhibited the expected azide-
dependent labeling on Jurkat cells treated with or without AcsManNAz (Figure 4.6),
indicating this reagent was ready for use in mice.
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Scheme 4.2. Synthesis of DIMAC-FLAG 4.3.
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Figure 4.6. Cell-surface glycan labeling with DIMAC-FLAG (4.3). A. Schematic for live
cell labeling of Jurkat cells with DIMAC-FLAG. Jurkat cells were grown in the presence
(+Az, blue bars) or absence (—Az, green bars) of 25 uM AcsManNAz for 3 d. The cells
were treated with DIMAC-FLAG (4.3) or Phos-FLAG (2.11) (250 uM for 1 h). The cells
were then treated with FITC-a-FLAG and analyzed by flow cytometry. The error bars
represent standard deviations from three replicate samples.
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Labeling of Azides in vivo with DIMAC*

Azides were incorporated into sialoglycans in mice by injection of AcsManNAz
(300 mg/kg, IP) once a day for 7 days. On the eight day, DIMAC-FLAG (4.3) or Phos-
FLAG (2.11) were injected I[P. Two different doses of DIMAC-FLAG (0.8 mmol/kg and
1.6 mmol/kg) were tested. Three hours later, the mice were sacrificed, their splenocytes
were isolated, incubated with fluorescein isothiocyanate (FITC)-conjugated a-FLAG
(FITC-a-FLAG) and the degree of labeling was analyzed by flow cytometry. The heart,
liver, kidney, intestines, and thymus were also collected and organ lysates were generated.
Western blot analyses were performed on these organs as well as on serum proteins that
were collected during a cardiac bleed.

The live splenocyte labeling experiments allowed for quantitative comparison of
the two doses of DIMAC-FLAG and for comparison to Phos-FLAG. Gratifyingly, we
found that DIMAC-FLAG displayed azide-dependent labeling at both doses with a
reasonable dose-dependence also being observed (Figure 4.7).
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Figure 4.7. DIMAC-FLAG labels cell-surface azidoglycans on splenocytes of live mice.
A. Schematic of experiment. B. Mice were injected with either AcsManNAz (300 mg/kg,
IP, blue bars) or vehicle (70% DMSO, IP, green bars) once daily for 7 d. On day 8, the
mice were injected I[P with DIMAC-FLAG (0.8 mmol/kg or 1.6 mmol/kg). After 3 h, the
mice were euthanized, and splenocytes were isolated, labeled with FITC-a-FLAG and
analyzed by flow cytometry. Error bars represent the standard deviation of the average
MFT value of splenocytes isolated from separate mice (n = 3-5). Au = arbitrary units.

* Pamela Chang and Jeremy Baskin contributed to results in this section.
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When the efficiency of azide-labeling with DIMAC-FLAG was compared to Phos-
FLAG, it was apparent that the Staudinger ligation was still dramatically outperforming
Cu-free click chemistry in vivo (Figure 4.8). In fact, when the splenocytes were treated
with additional Phos-FLAG ex vivo, we found no additional increase in labeling for the
splenocytes that came from mice treated with azide and Phos-FLAG; however, there was
an increase in signal for the splenocytes treated with azide and with DIMAC-FLAG
(Figure 4.8A). This result indicates that all accessible azides are labeled by the in vivo
Staudinger ligation but not by in vivo Cu-free click chemistry. An a-FLAG Western blot
of serum proteins from mice treated with and without azide followed by Phos-FLAG or
DIMAC-FLAG also indicated that the Staudinger ligation outperformed DIMAC-FLAG in
vivo (Figure 4.8B).
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Figure 4.8. The Staudinger ligation is the superior bioorthogonal reaction for labeling
azides in live mice. Mice were injected with either AcsManNAz (300 mg/kg, IP, blue bars,
red bars) or vehicle (70% DMSO, green bars) once daily for 7 d. On day 8, the mice were
injected IP with Phos-FLAG or DIMAC-FLAG (0.8 mmol/kg). A. After 3 h, the mice were
euthanized and the splenocytes were isolated. Half the cells were labeled with FITC-a-
FLAG and analyzed by flow cytometry immediately (green and blue bars). The other half
was incubated with Phos-FLAG (250 uM) for 1 h. These cells were then incubated with
Phos-FLAG and analyzed by flow cytometry (red bars, data for vehicle treated mice not
shown). Error bars represent the standard deviation of the average MFI value of
splenocytes isolated from separate mice (n = 3). Au = arbitrary units. B. After 3 h, the
mice were anesthetized and whole blood was collected by cardiac puncture from the closed
thorax. After removal of red blood cells and leukocytes, serum samples were analyzed by
Western blot probing with an a-FLAG-HRP.

79



We wondered if the decreased efficiency of labeling of DIMAC-FLAG in vivo as
compared to cultured live cell labeling experiments was due to background reactivity, as at
the onset of the synthesis of DIMAC we hypothesized this was the main problem with
DIFO-FLAG (Figure 3.2). To assess the background labeling of DIMAC-FLAG, we
performed Western blot analyses of organ lysates (Figure 4.9). DIMAC gives robust
azide-dependent signal in the liver, heart, kidneys, and intestine. The most intense signal
appears in the intestines, most likely due to its proximity to the injection site (all injections
were intraperitoneal). In the heart and kidney blots, faint signal is observed in the vehicle
treated mice around 65 kDa. This band could correlate to mouse serum albumin (as was
the case for DIFO). Due to the intrinsic reactivity differences between DIFO and DIMAC,
it is difficult to conclude whether the decrease in background labeling is due to the
hydrophilicity or reactivity of the reagents. We suspect that both are contributing factors.
A better comparison would be that of DIMAC and ALO; however, ALO did not display
efficient enough labeling in vivo for azide-dependent labeling in the heart and kidney to be
observed.

260
1104
) Isolate organs and lyse — . =

/Jf FITC-o-FLAG Detection by / 40— ;i
Western blot

a-FLAG

B Liver Heart Kidney Intestines
@ @ﬂ Az - + - + - + - +

‘

Figure 4.9. DIMAC-FLAG labels azides in many organisms within the mouse. A.
Schematic for the experiment. B. Mice were injected with AcsManNAz (300 mg/kg, IP, +
Az) or vehicle (70% DMSO, — Az) once daily for 7 d. On day 8, the mice were injected
with DIMAC-FLAG (0.8 mmol/kg, IP). Three hours post-injection of the FLAG conjugate,
the mice were euthanized, and organs (liver, heart, kidney, intestines) were harvested and
homogenized. The organ lysates were analyzed by Western blot probing with a-FLAG-
HRP. Each lane represents an organ lysate from a single representative mouse.

Interestingly, DIMAC-FLAG did not display significant background labeling when
serum samples were analyzed by Western blot, even though the protein we suspected was
responsible for background reactivity, MSA, was a serum protein (Figure 4.10A). This is
in stark contrast to DIFO, which displayed robust labeling of MSA in the serum (Figure
4.10B). This result could indicate that the hydrophilicity of DIMAC caused it to be readily
cleared from the serum. Additional pharamacokinetic studies, ideally with radiolabeled
cyclooctynes, will be necessary to answer this question.
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Figure 4.10. Comparison of cyclooctyne reagents’ ability to label azides in vivo. Mice
were injected with either AcsManNAz (300 mg/kg, IP, +, blue bars) or vehicle (70%
DMSO, -, green bars) once daily for 7 d. On day 8, the mice were injected IP with various
doses (as indicated) of OCT-FLAG (2.39), ALO-FLAG (2.45), DIMAC-FLAG (4.3),
MOFO-FLAG (2.46), or DIFO-FLAG (3.3). A. After 3 h, the mice were anesthetized and
whole blood was collected by cardiac puncture from the closed thorax. After removal of
red blood cells and leukocytes, serum samples were analyzed by Western blot probing with
an a-FLAG-HRP. B. After 3 h, the mice were euthanized, and splenocytes were isolated,
labeled with FITC-a-FLAG and analyzed by flow cytometry. Each point represents the
average MFI value of three replicate samples from an individual mouse. Each bar
represents the average MFI value of splenocytes isolated from separate mice (n = 3-11).
MFI = Mean fluorescence intensity in arbitrary units (au). For all in vivo experiments, ex
vivo reactions of isolated splenocytes with FLAG conjugates verified the presence of cell-
surface azides for all of these probes

While a direct quantitative comparison of DIMAC-FLAG to the earlier generation
cyclooctynes was precluded due to the large amount of compound and mice necessary to
perform these experiments simultaneously, serum samples frozen from mice treated with
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earlier generation cyclooctynes could be compared to the DIMAC serum samples by
Western blot (Figure 4.10A). These Western blot data highlighted that the hydrophilicity
of DIMAC was critical to improving Cu-free click chemistry in vivo, as all these
cyclooctynes react with azides with similar efficiencies but only DIMAC displays robust
signal (if the blot is further exposed ALO also displays azide-dependent labeling).”
Additionally, splenocyte labeling experiments from the earlier generation cyclooctyne in
vivo experiments could be normalized for comparison with the DIMAC (and DIFO)
experiments (Figure 4.10C). These normalized data also indicate that DIMAC-FLAG was
more efficient than cyclooctynes with similar reaction kinetics at labeling cell-surface
azido-glycoproteins in vivo. However, from these data it is evident that the reaction
kinetics of DIFO outweigh the hydrophilicity of DIMAC when comparing the effects of
these two factors at labeling azides in vivo, as DIFO and DIMAC show comparable
labeling efficiencies only when 10 times as much DIMAC-FLAG is employed relative to
the concentration of DIFO-FLAG.

Overall, the hydrophilicity of DIMAC did improve azide-dependent labeling in
vivo. However, our results from the in vivo experiments clearly indicate that improved
reaction kinetics are critical for efficient labeling of azides in mice. There also appears to
be a quality that the Staudinger ligation possesses which enables it to outperform Cu-free
click chemistry in vivo, despite its sluggish reaction kinetics and propensity to undergo
nonspecific phosphine oxidation. Steps toward further understanding the success of the
Staudinger ligation in vivo should be pursued, as this insight will be valuable in optimizing
other reactions for use in mice. Additionally, a more thorough study of the
pharmacokinetics of the cyclooctyne reagents should be performed including analysis of
binding to serum proteins, clearance times, and oxidation by cytochromes P450.”
Preliminary in vitro®’ and in vivo® studies regarding the oxidation of cytochromes P450
have not indicated that the cyclooctynes are metabolized by these enzymes. However,
further studies need to be performed as the literature suggests internal alkynes can act as
covalent inhibitors of some classes of cytochromes P450.

Materials and Methods
General Experimental Procedure

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI
chemicals and used without purification unless noted otherwise. Anhydrous DMF and
MeOH were purchased from Aldrich or Acros in sealed bottles; all other solvents were
purified as described by Pangborn ez al.'® In all cases, magnesium sulfate was used as a
drying agent and solvent was removed by reduced pressure with a Buchi Rotovapor R-114
equipped with a Welch self-cleaning dry vacuum. Products were further dried by reduced
pressure with an Edwards RVS5 high vacuum. Lyophilization was performed on a
LABCONCO FreeZone" instrument equipped with an Edwards RV2 pump. Thin layer
chromatography was performed with Silicycle® 60 A silica gel plates. Unless otherwise
specified, R¢ values are reported in the solvent system the reaction was monitored in.
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Chromatography was performed using Merck 60 A 230-400 mesh silica. All 'H and °C
NMR spectra are reported in ppm and referenced to solvent peaks. When mixtures of
rotamers are present the minor rotamer is designated as “rot”. Spectra were obtain on
Bruker AV-300, AVQ-400, AVB-400, DRX-500, AV-500 or AV-600 instruments.
Electrospray ionization (ESI) mass spectra were obtained from the UC Berkeley Mass
Spectrometry Facility. HPLC was performed on a Varian Pro Star instrument with a C18
column.

Experimental Procedures

DIMAC-biotin conjugate (4.1). DIMAC (3.35) (4.8 mg, 0.018 mmol, 1.0 equiv.) was
dissolved in CH3CN (1 mL, anhydrous) and cooled to 0 °C. N,N-Diisopropylethylamine
(10 uL, 0.06, 3 equiv.) was added and this solution was stirred under N, for 10.
Pentafluorophenyl trifluoroacetate (10 uL, 0.06 mmol, 3 equiv.) was then added dropwise
and the reaction was allowed to warm to rt. The reaction was monitored by TLC (1:1
toluene/acetone) for the disappearance of 3.35 (R¢=0.3-0.4). Upon reaction completion
(approx 1 h), the mixture was filtered, and the filtrate was evaporated to dryness.
Pentafluorophenyl activated DIMAC was purified via flash chromatography using silica
gel and anhydrous toluene and anhydrous ether in a gradient solvent system of 10:1
toluene/ether to 4:1 toluene/ether. This product was dried under reduced pressure and
immediately used for the coupling to biotin. N-(13-amino-4,7,10-
trioxatridecanyl)biotinamide' (7.8 mg, 0.018 mmol, 1 equiv.) was dissolved in DMF (0.5
mL, anhydrous) and cooled to 0 °C. N,N-Diisopropylethylamine (2 drops) was added.
The pentafluorophenyl activated DIMAC was dissolved in DMF (0.5 mL, anhydrous) and
this solution was added dropwise to the biotin solution at 0 °C. Upon addition of all
activated DIMAC, the reaction was warmed to rt and monitored by ESI-MS for the
formation of 4.1 ((M+H]" = 698, [M+Na] = 720). Upon reaction completion (approx 6 h),
the mixture was evaporated to dryness and purified by flash chromatography on silica gel.
A gradient solvent system was used beginning at 50:3:1 EtOAc/MeOH/H,0 and ending
with 8:3:1 EtOAc¢/MeOH/H,0. This procedure resulted in pure 4.1 (5.0 mg, 0.0072 mmol,
40%). R¢=0.41in 5:3:1 EtOAc/MeOH/H,0. 'H NMR (500 MHz, D,0): 4.58 (dd, J = 7.9,
4.9 Hz, 1H), 4.40 (dd, /= 7.9, 4.5 Hz, 1H), 4.36 (dt, J=7.8, 2.0 Hz, 0.1H), 4.22 (dt, J =
8.6,2.5 Hz, 1H), 4.12 (dd, 14.9, 5.4 Hz, 0.9H), 4.05 (d, J = 14.2 Hz, 0.9H), 4.00 (d, /=
16.2 Hz, 0.1H), 3.82 (t, /= 8.4 Hz, 0.1H), 3.71-3.65 (m, 8.9H), 3.57-3.45 (m, 7.1H), 3.37-
3.19 (m, 8.9H), 3.03 (dd, J = 14.3, 9.0 Hz, 1H), 2.97 (dd, J = 13.1, 5.0 Hz, 1H), 2.92-2.88
(m, 0.1H), 2.79-2.75 (m, 2.9H), 2.65-2.62 (m, 1H), 2.58-2.49 (m, 2H), 2.32 (dt, J = 16.8,
3.0 Hz, 0.9H), 2.24 (t, J = 7.2 Hz, 2.1H), 1.79-1.53 (m, 8H), 1.44-1.33 (m, 2H). °C NMR
(125 MHz, D,0): 176.7, 174.7, 174.5, 165.2, 98.9, 89.9, 84.3, 76.1, 69.5, 69.3, 68.4, 68.3,
62.0, 60.2, 58.0, 56.5, 55.3, 54.2, 52.0, 39.6, 36.3, 36.2, 35.4, 30.7, 28.24, 28.18, 27.8,
27.6, 25.1, 20.8. HRMS (ESI): calcd for C33HssNsO9SNa [M + Na]', 720.3618; found,
720.3593.
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DIMAC-maleimide conjugate (4.5). DIMAC (100 mg, 0.37 mmol, 1.0 equiv.) was
dissolved in CH3CN (8 mL, anhydrous) and cooled to 0 °C. N,N- diisopropylethylamine
(0.33 mL, 1.9 mmol, 5.1 equiv.) was added followed by maleimide-amine-TFA salt 4.4’
(158 mg, 0.589 mmol, 1.6 equiv.) and HATU (162 mg, 0.427 mmol, 1.2 equiv). The
mixture was warmed to rt and allowed to react for 4 h at which point, the reaction was
reaction was evaporated to dryness. The crude product was purified by silica gel
chromatography using a toluene/acetone solvent system (5:1, 3:1, 1:1). This procedure
produced pure DIMAC-maleimide 4.5 (141 mg, 0.348 mmol, 94%). Ry =0.2in 1:1
toluene/acetone. 1:0.1 mixture of rotamers (designated rotH). '"H NMR (600 MHz, D,0): &
1.78 (quin, J= 6.8 Hz, 2H, 2rotH), 2.21-2.25 (m, 1 rotH), 2.32 (dt, /= 16.8, 3.2 Hz, 1H),
2.50-2.60 (m, 2H, 2rotH), 2.62-2.69 (1H, 1rotH), 2.73-2.82 (2H, 1rotH), 2.84-2.92 (m,
IrotH), 3.02 (dd, J = 14.3, 9.0 Hz, 1H), 3.05-3.08 (m, 1rotH), 3.12-3.21 (m, 2H, 3rotH),
3.28-3.34 (m, 4H), 3.36 (s, 3rotH), 3.51-3.56 (m, 5H, 3rotH), 3.69 (t, /= 8.8 Hz, 1H),
3.67-3.73 (m, 2rotH), 3.82 (t, J = 8.4 Hz, 1rotH), 4.00 (d, J= 15.9 Hz, 1rotH), 4.05 (d, J =
14.2 Hz, 1H), 4.16 (dd, /= 14.9, 5.5 Hz, 1H), 4.20 (dt, J= 8.6, 2.5 Hz, 1H), 4.22-4.24 (m,
lrotH), 4.35 (dt, J= 7.9, 2.3 Hz, 1rotH), 6.83 (s, 2H, 2rotH). >*C NMR (150 MHz, D,0, no
rotamer peaks tabulated): d 20.8, 27.1, 28.4, 30.9, 35.1, 36.7, 52.1, 54.3, 56.7, 58.1, 76.2,
84.4,90.8,99.0, 134.4, 173.2, 174.75, 174.77. HRMS (ESI): calcd. for C;oH,;06N3Na"
[M+Na]", 428.1792; found,

428.1785.

DIMAC-FLAG conjugate (4.3). DIMAC-maleimide 4.5 (43 mg, 0.11 mmol, 1.0 equiv.)
was dissolved in N,N-dimethylformamide (0.5 mL) and cooled to 0 °C. The
DYKDDDDKC peptide’ (122 mg, 0.109 mmol, 1.0 equiv.) was dissolved in water (1 mL)
and added to the DIMAC-maleimide solution. The reaction was warmed to rt overnight.
After 16 h, the reaction was evaporated to dryness and purified by HPLC using a
CH;CN/H,O solvent system with 0.1% TFA increasing the amount of CH3CN from 0% to
35% over 30 minutes. DIMAC-FLAG elutes after 20 minutes (91 mg, 0.060 mmol, 56%).
HRMS (ESI)Z calcd. for C64H90N14027S [M-2H]2-, 7592916, fOlll’ld, 759.2941.

Cell Culture

Jurkat (human T cell lymphoma) cells and isolated splenocytes were maintained in
a 5% CO,, water-saturated atmosphere and grown in RPMI 1640 media supplemented with
10% FBS, penicillin (100 units/ml), and streptomycin (0.1 mg/ml). Cell densities were
maintained between 1 x 10° and 2 x 10° cells per mL.

Western Blot Analysis of Azide-Labeled Cell Lysates

Jurkat cells were grown in media supplemented with or without 25 uM
AcsManNAz (+Az or —Az respectively) for 3 d. The cells were concentrated (500 x g, 3
min) and washed three times by sequential resuspension with 10 mL chilled PBS and
concentration. The cell pellet was resuspended in lysis buffer (150 mM NaCl, 20 mM
Tris, 1% NP-40 substitute (Sigma-Aldrich), pH 7.4; 500 uL buffer per 2.8 x 10 cells)
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containing protease inhibitors (Roche) and disrupted by sonication with one 30 s 6 W
pulse. Following sonication, insoluble debris were removed by centrifugation (20000 x g,
10 min) and the supernatant was kept. The protein concentration of each lysate was
determined using the Bio-RAD® D, protein assay.

Thirty-five micrograms of total protein from each lysate was reacted with 250 uM
DIMAC-biotin, ALO-biotin, Phos-biotin or no reagent overnight at rt. SDS-PAGE loading
buffer (4X, BioRAD) was added to each sample and the proteins were separated via
electrophoresis and transferred to a nitrocellulose membrane. Equal protein loading and
successful transfer were confirmed by visualizing the proteins with Ponceau S. The
membrane was blocked with 5-10% BSA in PBST (PBS pH 7.4 containing 0.1% Tween
20) for 2 h at rt. The membrane was incubated with horseradish peroxidase-conjugated o-
biotin (1:100,000 dilution, Jackson Laboratories) in PBST for 1 h. The membrane was
washed with PBST (3 x 15 min). Detection was performed by chemiluminescence using
Pierce SuperSignal West Pico Chemiluminescent Substrate.

Cell-Surface Azide Labeling and Detection

Jurkat cells were incubated in untreated media or media containing 25 uM
AcsManNAz. After 3 d, the cells were twice concentrated (500 x g, 3 min, 4 °C) and
resuspended in 10 mL FACS buffer (PBS containing 1% FCS, 2 x 10 mL) and cells
(approx 500,000 per a well) were placed in a 96 well V-bottom plate. The cells were
concentrated by centrifugation (2500 x g, 3 min, 4 °C), resuspended in 200 uL cold FACS
buffer, and again concentrated by centrifugation (2500 x g, 3 min, 4 °C). The cells were
then treated for 1 h (unless otherwise noted) at rt with the specified reagent (no reagent,
cyclooctyne-biotin, Phos-biotin, Phos-FLAG, DIMAC-FLAG, etc.). After 1 h, the cells
were thrice concentrated by centrifugation (2500 x g, 3 min, 4 °C) and resuspended in 200
uL cold FACS buffer. Following and additional concentration by centrifugation (2500 x g,
3 min, 4 °C), cells were resuspended in FACS buffer (100 uL) containing FITC-avidin
(1:200 dilution of 1 mg/mL stock, Sigma-Aldrich) or FITC-M2-a-FLAG (1:900 of Sigma-
Aldrich stock) and incubated in the dark at 4 °C for 15 min (avidin) or 30 min (a-FLAG).
Following the incubation, cells were concentrated by centrifugation, resuspended in 200
uL cold FACS buffer. For FITC-a-FLAG experiments the cells were diluted to 400 uL
for flow cytometry analysis. For FITC-avidin experiments, the cells were concentrated by
centrifugation, and another FITC-avidin incubation was performed. After the second
FITC-avidin labeling, the cells were thrice concentrated by centrifugation (2500 x g, 3
min, 4 °C) and resuspended in 200 uL cold FACS buffer. The cells were then diluted to
400 uL for flow cytometry analysis. Flow cytometry was performed on a BD Biosciences
FACSCalibur flow cytometer equipped with a 488-nm argon laser. All flow cytomery
experiments were performed with three replicate samples.
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Mice

Wild type B6D2F1 mice (aged 5-8 weeks) were purchased from The Jackson
Laboratory or Charles River Laboratories. Animals were handled in accordance with
Animal Use Protocol R234-0609B (approved by the Animal Care and Use Committee at
the University of California, Berkeley).

Compound Administration

B6D2F1 mice were administered AcsManNAz (300 mg/kg in 70% DMSO from a
116 mM stock solution) or vehicle (70% DMSO) intraperitoneally once daily for 7 days.
Twenty-four hours after the final AcsManNAz bolus, mice were injected intraperitoneally
with either Phos-FLAG (0.8 mmol/kg water from a 133 mM stock solution) or DIMAC-
FLAG (0.8 mmol/kg and 1.6 mmol/kg in water from a 133 mM or 267 mM stock solution,
respectively). All doses of azidosugar, vehicle, and FLAG-conjugates were administered in
approximately 150 pl of 70% DMSO or water. Three hours post-injection of the FLAG
conjugates, the mice were euthanized, and a panel of organs was harvested.

Splenocyte Analysis after Cu-Free Click Chemistry in vivo

Splenocytes from mice treated first with AcsaManNAz or vehicle followed by the
appropriate FLAG conjugate were isolated and probed for the presence of cell-surface
FLAG epitopes using the procedure outlined above. Briefly, isolated splenocytes were
incubated directly with FITC-a-FLAG in FACS buffer (PBS + 1% FBS, 1:900 dilution
from Sigma stock) for 30 min on ice. The cells were then washed once with labeling buffer
and analyzed by flow cytometry.

Labeling of Splenocyte Cell-Surface Azides ex vivo

Splenocytes isolated as described above were further reacted ex vivo with Phos-
FLAG to probe for the presence of unreacted azides. Briefly, splenocytes were incubated
with Phos-FLAG (250 uM) for 1 h at room temperature in FACS buffer. The cells were
then rinsed three times with labeling buffer, treated with FITC-a-FLAG for 30 min on ice,
rinsed with labeling buffer once, and analyzed by flow cytometry (see above for more
details).

Lysis of Murine Organs and Western Blot Analysis

Organs (liver, heart, kidney and intestines) harvested from mice injected first with
either AcsManNAz or vehicle and then Phos-FLAG or DIMAC-FLAG were rinsed with
cold PBS and minced. The organs were then transferred into 1.5 mL of lysis buffer (150
mM NaCl, 1.0% NP-40, 20 mM Tris-HCL, 1 mM EDTA, pH 7.4) containing protease
inhibitors (Complete, Roche) and homogenized using a Dounce homogenizer. The lysates
were centrifuged (13,500 x g for 10 min) to remove cell debris, and the supernatant was
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collected. Protein concentrations were determined using the DC protein assay kit (Bio-
Rad). The samples (100 pg of protein per lane) were analyzed by Western blot, probing
with HRP-a-FLAG in a similar manner as describe above.

Western Blot Analysis of Serum Glycoproteins

Whole blood was collected from anesthesized mice injected first with either
AcsManNAz or vehicle and then Phos-FLAG or DIMAC-FLAG by cardiac puncture from
the closed thorax. The samples were allowed to clot, and the serum was then isolated by
removal of the agglutinated red blood cells and leukocytes. The samples were then
centrifuged (13,500 x g for 10 min) to remove residual cell debris, and the supernatant was
collected and diluted with lysis buffer (150 mM NaCl, 1.0% NP-40, 20 mM Tris-HCI, 1
mM EDTA, pH 7.4) containing protease inhibitors (Complete, Roche). Protein
concentrations were determined using the DC protein assay kit (Bio-Rad). The samples (50
ug of protein per lane) were analyzed by Western blot, probing with a horseradish
peroxidase-a-FLAG antibody conjugate (HRP-a-FLAG) in a similar manner as described
above.
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Chapter 5

Towards a Fluorogenic Azacyclooctyne

Strategies for in vivo Imaging of Azides using the Staudinger Ligation

One of the main conclusions from the previous chapter is that the phosphine-FLAG
(2.11) reagent is a privileged structure for labeling cell-surface azides in mice. However,
the ultimate goal for bioorthogonal chemistry in vivo is to be able to visualize azide
dynamics in real-time, as can be achieved on cell-surfaces with DIFO reagents. This goal
necessitates azide-reactive compounds that are directly conjugated to an imaging moiety,
rather than the FLAG peptide. Many imaging modalities for in vivo imaging exist,
including optical imaging, positron emission tomography (PET), single photon emission
computed tomography (SPECT), magnetic resonance imaging (MRI), and
bioluminescence imaging (BLI)." Since the initial success of the Staudinger ligation in
vivo,” a number of these modalities have been explored with phosphine probes with only
minimal success. SPECT and MRI modalities have been pursued though collaborative
projects, while a number of students within the group have attempted to image azido-
glycans in vivo with phosphine-fluorophore conjugates through optical imaging.

Optical imaging in vivo necessitates fluorophores that are red-shifted due to
complications from tissue autofluorescence and endogenous chromophores that readily
absorb higher energy light.>* Red-shifted and near-infrared (NIR) fluorophores were
conjugated to phosphine reagents and injected into mice with or without azides on their
cell-surfaces, but no azide-dependent labeling was observed. Most likely, the slow kinetics
of the Staudinger ligation necessitated too much excess reagent, which prevented specific
labeling from being observed.

A possible solution to this problem is to engineer a phosphine reagent that does not
become fluorescent until reaction with an azide, such as the fluorogenic phosphine-
coumarin 2.28. Unfortunately, phosphine reagent 2.28 is fluorogenic upon phosphine
oxidation, a problematic background reaction for the Staudinger ligation.” Luckily, there
were other strategies for the preparation of a fluorogenic phosphine reagent. A key step in
the mechanism of the Staudinger ligation is intramolecular amide bond formation with
concomitant ester cleavage, and mechanistic studies indicated that the alcohol leaving
group could be varied widely in structure without detriment to rate or yield.® This feature
was exploited in a FRET-based fluorogenic phosphine reagent QPhos (5.1, Figure 5.1A).’
Fluorescein was conjugated to one of the phosphine’s aryl substituents through an amide
linkage and, disperse red-1, a FRET quencher, was appended through the ester linkage.
Upon reaction of 5.1 with an azide, the quencher is released and the resulting phosphine
oxide (5.2) is fluorescent.
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Figure 5.1. A. A FRET-based fluorogenic phosphine for the Staudinger ligation. B/C.
HeLa cells were grown in the presence (B) or absence (C) of AcsManNAz. The cells were
washed, incubated with 50 uM 5.1 for 8 h at 37 °C and imaged. Green = fluorescein. Blue
= Hoechst 33342 nuclear stain.

QPhos allowed for direct imaging of azides on live cultured cells, the first direct
imaging of azides on live cells (Figure 5.1B/C). Unfortunately, the imperfect spectral
properties of fluorescein for in vivo imaging® undermined the use of fluorogenic phosphine
5.1 in live animals. Red-shifted variants of the fluorogenic phosphine were synthesized,
but these compounds underwent nonspecific phosphine oxidation more readily than the
Staudinger ligation.’

Recent work in the group has focused on the more sensitive imaging modality of
bioluminescence, '’ and bioluminogenic phosphine reagent 5.3 was synthesized.'' Ina
manner similar to fluorogenic reagent 5.1, compound 5.3 releases luciferin (5.4) during its
Staudinger ligation with phosphines (Figure 5.2). Once liberated, luciferin readily enters
cells wherein heterologously expressed luciferase catalyzes its oxidation to 5.5 and the
concomitant emission of light.'””> Compound 5.3 enabled very sensitive detection of azides
on cell-surface glycoproteins and initial results in luciferase transgenic mice appear
promising.
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Figure 5.2. A bioluminogenic phosphine reagent for sensitive detection of azides by the
Staudinger ligation. Upon reaction of 5.3 with an azide, luciferin is released and oxidized
by luciferase to an excited state, which readily emits a photon of light.

Design of a Fluorogenic Cyclooctyne

Fluorogenic and bioluminogenic versions of the Staudinger ligation were relatively
easy to develop, as the mechanism of the Staudinger ligation has many elementary steps
that could be exploited. In contrast, Cu-free click chemistry is a single-step process where
all atoms in the starting material remain in the product, leaving no obvious mechanism for
developing a fluorogenic cyclooctyne. Nevertheless, the potential of a fluorogenic
cyclooctyne is great. If the fast reaction kinetics of Cu-free click chemistry could be
combined with azide-dependent fluorescence, imaging of azido-biomolecules in
environments where excess reagent could not be washed away, most notably inside a
living animal, would be possible. A number of strategies for the development of a
fluorogenic cyclooctyne exist including exploiting additional conjugation due to triazole
formation, ' utilizing the triazole as a ligand for a luminogenic lanthanide metal (such as
europium),'* or engineering a leaving group into the cyclooctyne. While exploiting the
additional conjugation present upon triazole formation appeared to be the easiest method
for obtaining a fluorogenic cyclooctyne, the spectral properties of these reagents could not
be easily tuned. Phosphine 5.1 and 5.3 highlighted the advantages an engineered leaving
group can have for applications in different imaging modalities, and, unlike the phosphine
reagents, cyclooctynes should be compatible with red-shifted fluorophores.

We directed our attention to engineering a cyclooctyne, which expelled a leaving
group upon reaction with azides. In work performed before beginning my doctoral
research, I synthesized polyhydroxylated pyrrolizidine (5.6) and noted a facile
intramolecular Sy2 reaction of azacyclooctene 5.8 to form bicycle 5.7 in the presence of
25% trifluoroacetic acid (Scheme 5.1)."° This was a highly unexpected result as the amine
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should be protonated under these conditions and benzoate is not a highly activated leaving
group. Simple molecular modeling of 5.8 suggested that the amine and benzoate group
were perfectly aligned for an intramolecular Sx2 reaction.

Scheme 5.1. Retrosynthesis of tetrahydroxylated pyrrolizidine mediated by an
intramolecular cyclization.

OH
HO z BzO., /—
N — N — NBoc
BnO »
HO M Bno B Bnd
OH OBn
5.6 5.7 5.8

Building on this result, we designed a strategy for a fluorogenic cyclooctyne that
relied on strain-release to promote an intramolecular Sx2 reaction (Figure 5.3). An
azacyclooctyne containing a fluorophore and an appropriately positioned quencher group
across the ring from the nitrogen (compound 5.9) was proposed. There should be ample
ring strain in 5.9 to prevent an intramolecular reaction between the nucleophilic amine and
the quencher group. However, upon reaction with an azide, a considerable amount of ring
strain is released and triazole 5.10 (which should adopt a structure similar to compound
5.8) can undergo an intramolecular Sy2 reaction to yield 5.11. With the quencher group
expelled, 5.11 should be fluorescent.

N
@ . = @), =
H

—_—
NH N N
Fluorophore — Fluorophore — Fluorophorey\___/
+ regioisomer + regioisomer
5.9 5.10 5.11

Figure 5.3. Strategy for a fluorogenic azacyclooctyne.

Model azacyclooctyne 5.12 was our initial target (Scheme 5.2). While a
fluorophore could not easily be attached to 5.12, the strain-release strategy could be tested.
Retrosynthetically, the synthesis of 5.12 was nearly identical to that of azacyclooctyne
3.35. However, we were relying on alkyne formation through a bromination and double
elimination of 5.13, which proved difficult for azacyclooctyne 3.5 (see Chapter 3). We
were optimistic that a more thorough screen of bromination conditions would make this
sequence possible. Azacyclooctene 5.13 could be prepared from 6-bromoglucopyranoside
3.9 though the same synthetic pathway employed for the synthesis of DIMAC, the
exception being that the amine produced from the one-pot zinc reduction/reductive
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amination reaction was protected with a Boc group (5.14). We envisioned the Boc group
would prevent undesired intramolecular reactions throughout the synthesis. Once the
strained alkyne was installed, removal of the Boc group would yield the desired
compound. Other results with DIMAC (3.35) suggested that the alkyne would be stable to
Boc deprotection conditions (see Chapter 12).

Scheme 5.2. Retrosynthesis of target azacyclooctyne 5.12.
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5.12 5.13 5.14 3.9

Synthesis of Fluorogenic Azacyclooctyne 5.12

The synthesis of azacyclooctene 5.13 proceeded without incident. Briefly, methyl-
6-bromo-6-deoxy-2,3-di-O-methyl-a,D-glucopyranoside (3.9) was subjected to Zn,
NaBH;CN and allylamine followed by Boc anhydride to yield 5.14. Cyclization was
achieved through a ring-closing metathesis reaction. The resulting allylic alcohol in 5.13
was protected as a benzoate to yield 5.15, the precursor necessary for alkyne formation
through a bromination/double elimination pathway. When azacyclooctene 5.15 was
subjected to bromination conditions only bicyclic ether 5.21 was formed. Swapping the
benzoate for a variety of protecting groups (5.16-5.20) also did not yield the desired
dibrominated compound. In fact, aside from the TES group, which was not stable to
bromine, the protecting group seemed to have little effect on the outcome of the reaction
and the bicyclic product was observed. Optimization of reaction temperature, time, and
solvent were also unsuccessful. Thus, a more drastic modification was necessary to allow
for a bromination strategy to be utilized.
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Scheme 5.3. Synthesis of Boc-protected azacyclooctene and failed dibromination.
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Unfortunately, the target structure of compound 5.9 was much less flexible than
initial target azacyclooctyne 3.5. Since the C-2 methoxy group proved to be remarkably
reactive, we hypothesized that it must be situated directly under the olefin, facilitating
reaction with the intermediate bromonium ion. We sought to alter the conformation of the
ring by reversing the stereochemistry at this position. Towards this end, we employed
methyl -a,D-mannopyranoside (5.22) as a starting material. Inverting the stereochemistry
at the C-2 position did not impede any of the synthetic transformations in the early steps of
the synthesis and compound 5.27 was obtained without difficulty as shown in Scheme 5.4.

Scheme 5.4. Inversion of the stereochemistry at the C-2 position.
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When azacyclooctene 5.27 was exposed to bromine, the brown color did not
disperse as rapidly as it did with the C-2 epimer (5.15) under analogous conditions.
However, the result was similar. The C-2 methoxy group still appeared to react with the
bromonium ion (5.28) and yield 5.29. The identity of 5.29 was confirmed by X-ray
crystallography (Figure 5.4). These results indicate that bromine addition to 5.27 and 5.15
proceed from different faces of the azacyclooctene. This suggests that either the C-2
methoxy group is directing the bromination rather than the larger benzoate group or
epimerization of the C-2 methoxy group considerably alters the conformation of the
azacyclooctene (5.15 or 5.27). It should be noted that it is possible that the desired
dibrominated compound was formed and is sufficiently unstable that the C-2 methoxy
group can displace one of the bromine atoms. However, the low nucleophilicity of methyl
ethers makes this mechanism unlikely.

Scheme 5.5. Bromination of azacyclooctene 5.27.
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Figure 5.4. Crystal structure of bicyclic ether 5.29. Thermal ellipsoid plot for 5.29 at 50%
probability. Gray atoms correspond to carbon, red atoms correspond to oxygen, the blue
atom is nitrogen, and the brown atom is bromine. Hydrogen atoms (white) were placed
using a riding model.
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Future Steps Toward the Synthesis of a Fluorogenic Azacyclooctyne

The C-2 methoxy group appears very prone to transannular reaction. Some
potential strategies to prevent this reactivity are removal of the C-2 methoxy group or
implementation of a protecting which tethers the C-2 and C-3 hydroxyl groups together.
Additionally, strategies for alkyne formation other than bromine addition and double
elimination can be pursued (see Figure 3.4). Preliminary results regarding the
hydroboration of 5.15-5.20 indicate that the undesired regiochemistry is obtained and
would make the requisite vinyl triflate or selenadiazole difficult to isolate.
Dihydroxylation and oxidation of 5.15-5.20 could lead to a diketone that is also a suitable
alkyne synthon. Efforts toward these strategies are underway.

Materials and Methods
General Experimental Procedure

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI and
used without purification unless noted otherwise. Anhydrous DMF and MeOH were
purchased from Aldrich or Acros in sealed bottles; all other solvents were purified as
described by Pangborn et al.'® In all cases, solvent was removed by reduced pressure with
a Buchi Rotovapor R-114 equipped with a Welch self-cleaning dry vacuum. Products
were further dried by reduced pressure with an Edwards RVS5 high vacuum. Thin layer
chromatography was performed with EMD 60 A silica gel plates. Flash chromatography
was performed using Silicycle® 60 A 230-400 mesh silica. All "H and >CNMR spectra
are reported in ppm and referenced to solvent peaks. When mixtures of rotamers are
present the minor rotamer is designated as “rot”. Spectra were obtained on Bruker AVQ-
400, AVB-400, DRX-500, AV-500, or AV-600 instruments. Electron impact (EI) and
electrospray ionization (ESI) mass spectra were obtained from the UC Berkeley Mass
Spectrometry Facility. X-ray crystallography structures were obtained from the UC
Berkeley X-Ray Crystallography Facility.

Experimental Procedures

tert-Butyl allyl((2R,3S5,4R)-4-hydroxy-2,3-dimethoxyhex-5-enyl)carbamate (5.14). 6-
Bromoglucopyranoside 3.9 (1.05 g, 3.66 mmol, 1.0 equiv.) was dissolved in 19:1 1-
propanol/H,O (140 mL). To this solution, allylamine (9.1 mL, 120 mmol, 34 equiv.), zinc
(13.6 g, 209 mmol, 59 equiv.), and NaBH3;CN (1.1 g, 17 mmol, 4.9 equiv.) were added and
the resulting mixture was heated to reflux for 2 h. After 2 h, the reaction mixture was
cooled to rt, filtered through Celite and the filtrate was evaporated to dryness. The residue
was dissolved in 6:4:1 CH,Cl,/MeOH/1.5 M HCI (95 mL) and stirred for 1 h checking to
be sure that the solution remained acidic. The mixture was basified with 25% NaOH and
extracted with CH,Cl, (3 x 100 mL). The organics were dried with MgSOs, decanted, and
evaporated to dryness to result in crude divinylamine. The crude product was dissolved in
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MeOH (60 mL, anhydrous) and N,N-diisopropylethyl amine (0.75 mL, 4.3 mmol, 1.2
equiv.) was added followed by di-fert-butyldicarbonate (2.0 g, 9.2 mmol, 2.6 equiv.). The
mixture was stirred 3 h at rt, at which point it was evaporated to dryness and purified by
silica gel chromatography with a hexane/ethyl acetate solvent system (10:1 to 2:1). This
procedure resulted in 790 mg of pure 5.14 (2.5 mmol, 69%). R¢= 0.5 in 1:1 hexane/ethyl
acetate. 'H NMR (600 MHz, CDCls): § 5.73-5.68 (m, 1H), 5.53 (ddt, J=15.7, 10.2, 5.1
Hz, 1H), 5.09 (d, /= 17.2 Hz, 1H), 4.94- 4.84 (m, 3H), 4.07 (bs, 1H), 3.77- 3.70 (m, 1H),
3.60 (bs, 1H), 3.39 (bs, 1H), 3.32-2.98 (m, 9H), 2.89 (bs, 1H), 1.21 (s, 9H). >C NMR (150
MHz, CDCls): § 155.3, 155.1 (rot), 138.1, 133.6, 115.9, 115.5 (rot), 115.2, 83.2, 79.8, 79.3
(bs), 71.8 (bs), 59.9 (bs), 58.8, 50.9, 50.2 (rot), 47.2 (bs), 28.0. HRMS (ESI): calcd. for
Ci16H300sN [M + HJ", 316.2118; found, 316.212.

(5R,6S8,7S,Z)-tert-Butyl 5-hydroxy-6,7-dimethoxy-5,6,7,8-tetrahydroazocine-1(2 H)-
carboxylate (5.13). Compound 5.14 (20 mg, 0.064 mmol, 1.0 equiv.) was dissolved in
CH,Cl, (5 mL, anhydrous), Grubb’s 2™ generation catalyst (4 mg, 0.005 mmol, 8 mol%)
was added and the mixture was heated to reflux. After 1.5 h TLC analysis indicated the
reaction was complete. The mixture was cooled to rt, evaporated to dryness, and
immediately purified by silica gel chromatography with a hexane/ethyl acetate solvent
system (5:1, 3:1, 2:1). This procedure resulted in 18 mg of pure 15.13 (0.063 mmol, 97%)
as a 0.6:0.4 mixture of rotamers. Ry = 0.4 in 1:1 hexane/ethyl acetate. 'H NMR (600 MHz,
CDCls): & 5.39 (bs, 1H), 5.30-5.28 (m, 1H), 4.40 (d, J = 17.4 Hz, 0.6H, major rot), 4.24 (t,
J=17.5Hz, 1H), 4.25-4.23 (m, 0.4H, minor rot), 3.58 (d, /= 13.6 Hz, 0.4H, minor rot),
3.45 (s, 4H), 3.35- 3.25 (m, 5H, 0.6H, minor rot), 2.77- 2.74 (m, 1H), 2.71-2.67 (m, 1H),
1.34 (s, 5.4H), 1.29 (s, 3.6H). °C NMR (150 MHz, CDCl3): § 155.2, 155.1 (rot), 133.9,
133.8 (rot), 125.0 (rot), 124.6, 86.0, 85.9 (rot), 82.9, 81.7 (rot), 80.3, 79.9 (rot), 67.0 (rot),
66.7,61.4, 61.1 (rot), 57.8, 57.8 (rot), 47.0 (rot), 46.5, 45.4, 43.4 (rot), 28.4, 28.3 (rot).
HRMS (ESI): calcd. for C14Hxs0sN [M + H]', 288.1805; found, 288.1808.

(5R,6S8,7S,Z)-tert-Butyl 5-(benzoyloxy)-6,7-dimethoxy-5,6,7,8-tetrahydroazocine-
1(2H)-carboxylate (5.15). Azacyclooctene 5.13 (18 mg, 0.063 mol, 1.0 equiv.) was
dissolved in pyridine (0.5 mL, anhydrous) and cooled to 0 °C. Benzoyl chloride (10 uL,
0.085 mmol, 1.4 equiv.) wad added dropwise and the mixture was allowed to warm to rt
overnight. The following day the reaction was poured onto ice and extracted with CH,Cl,
(3 x 10 mL). The organics were combined was further washed with 6M HCI (10 mL), sat.
NaHCO; (10 mL), and H,O (10 mL). The organic layer was dried, decanted, evaporated to
dryness, and purified by silica gel chromatography with a hexane/ethyl acetate solvent
system (10:1, 8:1, 6:1, 4:1). This procedure yielded 14 mg of 5.15 (0.045 mmol, 71%) as a
1:0.7 mixture of rotamers. Ry= 0.6 in 1:1 hexane/ethyl acetate. 'H NMR (500 MHz,
CDCls): 8 8.07 (d, J = 7.4 Hz, 2H, 2rotH), 7.55 (t,J = 7.2 Hz, 1H, 1rotH), 7.44 (t, J=17.3
Hz, 2H, 2rotH), 6.05-6.02 (m, 1H, 1rotH), 5.71-5.68 (m, 1H), 5.63-5.55 (bm, 1H, 2rotH),
4.65 (d, J=17.5 Hz, 1H), 4.42 (d, J = 17.5 Hz, 1rotH), 3.92 (d, J = 14.4 Hz, 1rotH), 3.75
(d, J=14.2 Hz, 1H), 3.66-3.60 (m, 1H, 2rotH), 3.52 (s, 6H), 3.48-3.43 (s, 1H, 6rotH), 3.32
(t, J=17.6 Hz, 1rotH), 3.19 (t, J = 8.4 Hz, 1H), 3.06 (dd, J = 14.1, 8.4 Hz, 1rotH), 2.95 (dd,
J=13.5,11.5 Hz, 1H), 1.55 (s, 9H), 1.51 (s, 9rotH). °C NMR (150 MHz, CDCls): § 165.7
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(rot), 165.6, 155.7, 155.6 (rot), 133.0, 133.0 (rot), 130.7 (rot), 130.6, 130.32, 129.8, 129.8
(rot), 129.7, 129.7 (rot), 128.6, 128.6 (rot), 127.5 (rot), 126.7, 85.7, 84.7 (rot), 82.0, 81.4
(rot), 81.1, 80.7 (rot), 72.1 (rot), 70.9, 61.6, 61.0 (rot), 59.1, 58.9 (rot), 47.28 (rot), 47.24,
46.7,45.7 (rot), 28.7, 28.6 (rot). HRMS (ESI): calcd. for C,1H29OsNNa [M + Na]":
414.1887; found: 414.1892.

(5R,6R,7S,Z)-tert-Butyl 5-(tert-butyldimethylsilyloxy)-6,7-dimethoxy-5,6,7,8-
tetrahydroazocine-1(2H)-carboxylate (5.16). Azacyclooctene 5.13 (50 mg, 0.18 mmol,
1.0 equiv.) was dissolved in N,N-dimethylformamide (3 mL, anhydrous). To this solution
N,N-disopropylethylamine (0.30 mL, 1.7 mmol, 9.4 equiv.) and tert-
butyldimethylsilyltrifluoromethansulfonate (0.12 mL, 0.53 mmol, 3.0 equiv.) were added
and the mixture was stirred at rt overnight. The following morning the reaction was
evaporated to dryness and purified by silica gel chromatography with a hexane/ethyl
acetate solvent system (15:1, 12:1, 10:1) to yield 59 mg of 5.17 (0.15 mmol, 84%) as a
1:0.6 mixture of rotamers. Ry= 0.6 in 4:1 hexane/ethyl acetate. 'H NMR (600 MHz,
CDCls): 8 5.54-5.51 (m, 1H, IrotH), 5.44-5.40 (m, 1H, 1rotH), 4.57 (t, J= 7.5 Hz, 1rotH),
4.52 (t,J=7.9 Hz, 1H), 4.44 (d, /= 17.0 Hz, 1rotH), 4.23 (d, /= 17.0 Hz, 1H), 3.80
(apparent d, J = 12.0 Hz, 1rotH), 3.62 (dd, /= 14.9, 3.3 Hz, 1H), 3.59-3.56 (m, 1rotH),
3.53 (s, 3H), 3.51-3.43 (m, 4H, 8rotH), 3.41- 3.38 (m, 1H), 3.07- 2.94 (m, 2H, 2rotH), 1.50
(s, 9H), 1.46 (s, 9rotH), 0.95 (m, 9H, 9rotH), 0.63-0.56 (m, 6H, 6rotH). >C NMR (150
MHz, CDCls): § 155.6, 155.4 (rot), 136.4, 135.6 (rot), 124.9 (rot), 123.9, 86.6, 86.6 (rot),
82.6, 81.6 (rot), 80.5, 80.1 (rot), 70.5 (rot), 70.0, 61.4, 60.9 (rot), 58.8, 58.7 (rot), 46.9
(rot), 46.2, 45.7, 45.7 (rot), 28.69, 28.65 (rot), 7.0, 7.0 (rot), 5.1, 5.1 (rot). HRMS (ESI):
caled. for Co0H4OsNSi [M + H]", 402.2670; found, 402.2674.

(S5R,6R,7S,Z)-tert-Butyl 6,7-dimethoxy-5-(triethylsilyloxy)-5,6,7,8-tetrahydroazocine-
1(2H)-carboxylate (5.17). Azacyclooctene 5.13 (50 mg, 0.18 mmol, 1.0 equiv.) was
dissolved in N,N-dimethylformamide (3 mL, anhydrous). To this solution N,N-
diisopropylethylamine (0.30 mL, 1.7 mmol, 9.4 equiv.) and triethylsilyltrifluoromethan-
sulfonate (0.12 mL, 0.53 mmol, 3.0 equiv.) were added and the mixture was stirred at rt
overnight. The following morning the reaction was evaporated to dryness and purified by
silica gel chromatography with a hexane/ethyl acetate solvent system (15:1, 12:1, 10:1) to
yield 61 mg of 5.17 (0.16 mmol, 87%) as a 1:0.75 mixture of rotamers. R¢=0.7 in 4:1
hexane/ethyl acetate. "H NMR (600 MHz, CDCl3): & 5.54-5.52 (m, 1H, lrotH), 5.43-5.41
(m, 1H, 1rotH), 5.42 (d, /= 11.4 Hz, 1H), 4.55 (t,J = 7.5 Hz, 1rotH), 4.50 (t, /= 7.9 Hz,
1H), 4.43 (d, J=17.0 Hz, 1H), 4.24 (d, J = 16.8 Hz, 1rotH), 3.83 (dd, /= 14.3, 2.4 Hz,
IrotH), 3.63 (dd, J = 14.5, 3.1 Hz, 1H), 3.57 (dd, /= 17.1, 5.2 Hz, 1rotH), 3.52 (s, 3H),
3.49-3.45 (m, 4H, 8rotH), 3.41- 3.38 (m, 1H), 3.04-2.93 (m, 2H, 2rotH), 1.50 (s, 9H), 1.46
(s, 9rotH), 0.88-0.89 (m, 9rotH), 0.11-0.03 (m, 6H, 6rotH). >°C NMR (150 MHz, CDCl;):
d 155.6, 155.4 (rot), 136.3, 135.4 (rot), 124.9 (rot), 123.9, 86.64 (rot), 86.62, 82.6, 81.5
(rot), 80.5, 80.1 (rot), 70.7 (rot), 70.2, 61.5, 60.9 (rot), 58.8, 58.7 (rot), 47.0 (rot), 46.3,
45.71, 45.69 (rot), 28.72, 28.67 (rot), 26.1, 26.1 (rot), 18.5, 18.5 (rot), -4.5, -4.7. HRMS
(ESI): calcd. for CHOsNSi [M + H]", 402.2670; found, 402.2675.
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(5R,6R,7S,Z)-tert-Butyl 6,7-dimethoxy-5-(triisopropylsilyloxy)-5,6,7,8-
tetrahydroazocine-1(2H)-carboxylate (5.18). Azacyclooctene 5.13 (50 mg, 0.18 mmol,
1.0 equiv.) was dissolved in N,N-dimethylformamide (0.1 mL, anhydrous). To this
solution was added imidazole (31 mg, 0.46 mmol, 2.6 equiv.) and trisiopropylsilyl chloride
(60 uL, 0.28 mmol, 1.6 equiv.). The mixture was stirred for 5 d at rt, at which point H,O
was added (10 mL) and the solution was extracted with CH,Cl, (3 x 15 mL). The organics
were combined, dried, decanted, and evaporated to dryness. The crude product was
purified by silica gel chromatography with a hexane/ethyl acetate solvent system (20:1,
15:1, 10:1) to yield pure 5.18 (54 mg, 0.12 mmol, 70%) as a 1: 0.7 mixture of rotamers. 'H
NMR (500 MHz, CDCl5): 6 5.58-5.55 (m, 1H, 1rotH), 5.45-5.42 (m, 1H, 1rotH), 4.69-4.63
(m, 1H, 1rotH), 4.47 (d, /= 17.0 Hz, 1H), 4.26 (d, /= 17.1 Hz, 1rotH), 3.75 (d, J = 14.2,
1.9 Hz, 1rotH), 3.63- 3.56 (m, 1H, 1rotH), 3.54 (s, 3H), 3.51-3.40 (m, 5H, 8rotH), 3.06-
3.00 (m, 2rotH), 2.97-2.19 (m, 2H), 1.49 (s, 9H), 1.45 (s, 9rotH), 1.06 (bs, 21H, 21rotH).
BC NMR (125 MHz, CDCls): § 155.5, 155.3 (rot), 137.1, 136.4 (rot), 124.5 (rot), 123.6,
87.3, 87.0 (rot), 82.6, 81.6 (rot), 80.5, 80.1 (rot), 70.5 (rot), 70.0, 61.6, 61.1 (rot), 58.9,
58.9 (rot), 46.9 (rot), 46.3, 46.0 (rot), 45.9, 28.7, 28.6 (rot), 18.24 (rot), 18.21, 12.5. HRMS
(ESI): calcd. for C23H4505NSiNa [M + Na]", 466.2959; found, 466.2963.

(5R,6S8,7S,Z)-tert-Butyl 6,7-dimethoxy-5-((2-(trimethylsilyl)ethoxy)methoxy)-5,6,7,8-
tetrahydroazocine-1(2H)-carboxylate (5.19). Azacyclooctene 5.13 (52 mg, 0.18 mmol,
1 equiv.) was dissolved in CH,Cl; (0.12 mL, anhydrous) and N,N-diisopropylethyl amine
(0.12 mL, 0.67 mmol, 3.9 equiv.) was added followed by 2-(trimethylsilyl)ethoxymethyl
chloride (85 uL, 0.48 mmol, 2.7 equiv.). The mixture was stirred at rt overnight. The
following morning it was evaporated to dryness and purified by silica gel chromatography
eluting with 10:1 and 8:1 hexane/ethyl acetate. This procedure yielded pure 5.19 (73 mg,
0.18 mmol, 96%) as a 1:0.8 mixture of rotamers. Ry = 0.5 in 4:1 hexane/ethyl acetate. 'H
NMR (600 MHz, CDCls): § 5.56-5.51 (m, 2H, 2rotH), 4.73-4.70 (m, 2H, 2rotH), 4.51 (dd,
J=18.3, 6.5 Hz, 1rotH), 4.46 (dd, J=9.0, 5.9 Hz, 1H), 4.37 (d,J=17.1 Hz, 1H), 4.16 (d, J
=16.7 Hz, 1rotH), 3.82 (d, J = 14.4 Hz, 1rotH), 3.67-3.59 (m, 4H, 2rotH), 3.57-3.50 (m,
3H, 4rotH), 3.47-3.45 (m, 3H, 4rotH), 3.43-3.40 (m, 1H), 3.18-3.14 (m, 2rotH), 3.09 (dd, J
=9.0, 7.2 Hz, 1H), 3.05 (dd, J = 14.6, 9.3 Hz, 1H), 1.49 (s, 9H), 1.46 (s, 9rotH), 0.91 (t, J
=7.6 Hz, 2H, 2rotHz), 0.01 (s, 9H, 9rotH). °C NMR (150 MHz, CDCL): § 155.7, 155.6
(rot), 133.0, 132.3 (rot), 127.1 (rot), 126.4 (rot), 94.24, 94.17 (rot), 86.0, 85.8 (rot), 82.6,
81.5 (rot), 80.5, 80.2 (rot), 74.6 (rot), 74.1, 65.2, 65.1 (rot), 60.8, 60.4 (rot), 58.8, 58.6
(rot), 46.8, 46.3 (rot), 45.8, 45.3 (rot), 28.7, 28.6 (rot), 18.1, 18.1 (rot), -1.2, -1.2 (rot).
HRMS (ESI): calcd. for CooH40O6NSi [M + H]", 418.2619; found, 418.2624.

(5R,6S8,7S,Z)-tert-Butyl 6,7-dimethoxy-5-(pivaloyloxy)-5,6,7,8-tetrahydroazocine-
1(2H)-carboxylate (5.20). Azacyclooctene 5.13 (50 mg, 0.18 mmol, 1.0 equiv.) was
dissolved in pyridine (3 mL, anhydrous). Pivoyl chloride (45 uL, 0.37 mmol, 2.0 equiv.)
was added and the mixture was stirred at rt overnight. The following morning it was
evaporated to dryness and purified by silica gel chromatography using a hexane/ethyl
acetate solvent system (10:1, 8:1). This procedure resulted in 44 mg of 5.20 (0.12 mmol,
65%) as a 1:0.7 mixture of rotamers. R¢= 0.4 in 4:1 hexane/ethyl acetate. 'H NMR (600
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MHz, CDCls) 8 5.69-5.67 (m, 1H, 1rotH), 5.53-5.48 (m, 2H, 1rotH), 5.43-5.40 (m, 1rotH),
4.55(d, J=17.7 Hz, 1H), 4.33 (d, J=17.0 Hz, 1rotH), 3.84 (d, J = 14.6 Hz, 1rotH), 3.68
(dd, J=14.5, 2.7 Hz, 1H), 3.60-3.55 (m, 2H, 1rotH), 3.52-3.48 (m, 6H, 7rotH), 3.18 (dd, J
= 10.6, 6.7 Hz, 1rotH), 3.09-3.03 (m, 1H, 1rotH), 2.93 (dd, J= 14.4, 10.1 Hz, 1H), 1.53 (s,
9H), 1.48 (s, 9rotH), 1.22 (s, 9H, 9rotH). *C NMR (150 MHz, CDCls) § 177.3, 177.3 (rot),
155.7, 155.6 (rot), 130.4, 130.3 (rot), 127.4 (rot), 126.5, 85.2, 84.4 (rot), 82.4, 81.7 (rot),
81.0, 80.6 (rot), 71.0 (rot), 69.8, 61.6, 60.9 (rot), 58.9, 58.8 (rot), 47.0, 47.0 (rot), 46.4,
45.4 (rot), 38.9, 38.9 (rot), 28.7, 28.6 (rot), 27.8, 27.8 (rot). HRMS (ESI): calcd. for
C19H3304NNa [M + Na]", 394.2200; found, 394.2205.

(18,5R,6S8,7S,8R)-tert-Butyl 7-(benzoyloxy)-6-bromo-8-methoxy-9-oxa-3-
azabicyclo[3.3.1]nonane-3-carboxylate (5.21). Benzoate protected azacyclooctene 5.15
(4 mg, 0.009 mmol, 1 equiv.) was dissolved in CH,Cl, (0.25 mL, anhydrous) and cooled to
-20 °C. A solution of bromine in CH,Cl, (70 uL of 100-fold dilution, 0.014 mmol, 1.5
equiv.) was added dropwise. The bromine color dispersed after each drop. Upon addition
of all bromine, the reaction was quenched with 10% Na,S,0; and extracted with CH,Cl, (3
x 5 mL). The CH,Cl, was combined, dried, decanted, and evaporated to dryness to give
pure 5.21 in quantitative yield with no additional purification necessary. R¢=0.2 in 3:1
hexane/ethyl acetate. "HNMR (600 MHz, CDCl;): 8 8.08 (d, J=7.5 Hz, 2H), 7.58 (t, J =
7.4 Hz, 1H), 7.46 (t, J= 7.7 Hz, 2H), 5.92 (t, /= 9.7 Hz, 1H), 4.69 (bs, 1H), 4.36- 4.04 (m,
4H), 3.64 (dd, J = 8.8, 5.9 Hz, 1H), 3.37 (s, 3H), 3.17-3.30 (m, 2H), 1.56 (s, 9H). °C NMR
(151 MHz, CDCls, peak assignments aided by HMQC data): § 165.4, 154.1, 133.3, 130.3,
130.0, 128.6, 81.2, 81.1 (rot), 74.6, 72.0 (b), 69.8 (b), 59.5, 49.6 (b), 42.8 (b), 41.5 (b, rot)
40.3 (b), 28.6. HRMS (ESI): calcd for C20H,60sNNa [M + Na]", 478.0836; found,
478.0842.

Methyl 4,6-O-benzylidine-2,3-di-O-methyl-a,D-mannopyranoside (5.23). Methyl 4,6-
O-benzylidine-o, D-mannopyranoside'’ (200 mg, 0.71 mmol, 1.0 equiv.) was dissolved in
toluene (7.5 mL, anhydrous) and potassium hydroxide (0.24 g, 4.3 mmol, 6.0 equiv.) was
added followed by iodomethane (0.30 mL, 4.9 mmol, 6.8 equiv.). The reaction mixture
was refluxed for 4 h, at which point it was cooled to rt. Additional toluene was added (25
mL) and the organics were washed with H,O (3 x 15 mL). The organic layer was
evaporated to dryness and chromatographed on silica gel using a hexane/ethyl acetate
solvent system (8:1, 6:1, 4:1, 2:1). This procedure resulted in 198 mg of pure 5.23 (0.64
mmol, 90%). R¢=0.7 in 1:1 hexane/ethyl acetate. 'H NMR (600 MHz, CDCls):  7.47 (d,
J=17.5Hz, 2H), 7.35-7.30 (m, 3H), 5.57 (s, 1H), 4.76 (s, 1H), 4.24 (dd, J = 10.1, 4.6 Hz,
1H), 4.05 (t, J=9.6 Hz, 1H), 3.83 (t,J=10.3 Hz, 1H), 3.76 (td, J = 9.9, 4.6 Hz, 1H), 3.70
(dd, J=9.9, 3.2 Hz, 1H), 3.63-3.62 (m, 1H), 3.53 (s, 3H), 3.52 (s, 3H), 3.37 (s, 3H). °C
NMR (150 MHz, CDCls): 6 137.7, 128.9, 128.2, 126.2, 101.7, 99.5, 79.1, 78.7, 77.7, 68.9,
63.9, 59.7, 59.0, 55.0. HRMS (ESI): caled. for C;6H»304 [M + H]", 311.1489; found,
311.1490.

Methyl 6-bromo-6-deoxy-2,3-di-O-methyl-o.,D-mannopyranoside (5.24).
Mannopyranoside 5.23 (190 mg, 0.61 mmol, 1.0 equiv.) was dissolved in CCl4 (7.0 mL,
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anhydrous). Calcium carbonate (67 mg, 0.67 mmol, 1.1 equiv.) was added and the mixture
was heated to reflux. Upon boiling, N-bromosuccinamide (122 mg, 0.69 mmol, 1.1 equiv.,
recrystallized) was added and the mixture immediately turned a brown/orange color. The
mixture was refluxed until this color dissipated (approx. 1 h), at which point the mixture
was cooled to rt and evaporated to dryness. The residue was dissolved in CH,Cl, (20 mL)
and washed with 10% Na,;S;03 (10 mL) and sat. NaHCO; (10 mL). The aqueous layer
were combined and extracted with CH,Cl, (20 mL). The organics were combined, dried,
decanted, and evaporated to dryness to yield crude Methyl 4-benzoate-6-bromo-6-deoxy-
2,3-di-O-methyl-a,D-mannopyranoside (199 mg). The benzoate group was immediately
saponified by dissolving the crude product in methanol containing 1% NaOH (7.5 mL).
The mixture was stirred at rt for 1 h, at which point it was neutralized with 3M HCI and
evaporated to dryness. The residue was dissolved in H,O (15 mL) and extracted with
CH,ClI; (3 x 10 mL). The organics were combined, dried, decanted, evaporated to dryness,
and the crude product was purified by silica gel chromatography using a hexane/ethyl
acetate solvent system (5:1, 3:1, 1:1). This procedure resulted in pure 5.24 (100 mg, 0.35
mmol, 58%). R¢= 0.5 in 1:1 hexane/ethyl acetate. "H NMR (400 MHz, CDCls): & 4.82 (d,
J=1.4Hz, 1H), 3.80- 3.75 (m, 1H), 3.71- 3.67 (m, 2H), 3.60-3.58 (m, 1H), 3.52- 3.47 (m,
1H), 3.45 (s, 3H), 3.44- 3.39 (m, 7H), 2.74 (bs, 1H). >C NMR (100 MHz, CDCl;): 8 98.5,
81.1,75.7,72.0, 69.0, 59.1, 57.2, 55.2. HRMS (ESI): calcd. for CoyH;7,05BrNa [M + Na]",
307.0152; found, 307.0155.

tert-Butyl allyl((2S5,35,4R)-4-hydroxy-2,3-dimethoxyhex-5-enyl)carbamate (5.25). 6-
Bromomannopyranoside 5.24 (95 mg, 0.32 mmol, 1.0 equiv.) was dissolved in 19:1 1-
propanol/H,O (14.3 mL). To this solution, allylamine (0.99 mL, 13 mmol, 41 equiv.), zinc
(1.4 g, 22 mmol, 69 equiv.), and NaBH3;CN (1.1 g, 1.8 mmol, 5.6 equiv.) were added and
the resulting mixture was heated to 80 °C 2 h. After 2 h, the reaction mixture was cooled
to rt, filtered through Celite and the filtrate was evaporated to dryness. The residue was
dissolved in 6:4:1 CH,Cl,/MeOH/1.5 M HCI (20 mL) and stirred for 45 min checking to
be sure that the solution remained acidic. The mixture was basified with 10% NaOH and
extracted with CH,Cl, (3 x 20 mL). The organics were dried with MgSQy, decanted, and
evaporated to dryness to result in crude divinylamine. The crude product was dissolved in
dioxane (1.5 mL) and triethylamine (20 uL, 0.14 mmol, 0.4 equiv.) was added followed by
di-tert-butyldicarbonate (60 g, 0.28 mmol, 0.90 equiv.). The mixture was stirred for 2 h at
rt, at which point it was evaporated to dryness and purified by silica gel chromatography
with a hexane/ethyl acetate solvent system (10:1 to 2:1; 5.25 elutes at 4:1). This procedure
resulted in 31 mg of pure 5.25 (0.098 mmol, 31%). 'H NMR (400 MHz, CDCl;): § 6.02-
5.94 (m, 1H), 5.80 (ddd, J=16.0, 10.6, 5.3 Hz, 1H), 5.44 (dt,J=17.2, 1.5 Hz, 1H), 5.26
(d, J=9.2 Hz, 1H), 5.21-5.11 (m, 2H), 4.28 (bs, 1H), 4.08-3.97 (m, 1H), 3.86 (dd, J =
16.0, 5.8 Hz, 1H), 3.67-3.58 (m, 1H), 3.50 (s, 3H), 3.44 (s, 3H), 3.32- 3.20 (m, 3H), 1.49
(s, 9H). C NMR (100 MHz, CDCl;): & 155.9, 138.0, 134.2, 116.4 (bs), 83.6 (bs), 81.4,
80.0 (bs), 71.7, 60.2, 59.1 (bs), 51.4, 50.6 (rot), 47.9, 28.6. HRMS (ESI): calcd. for
C16H300sN [M + H]', 316.2118; found, 316.2121.
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(5R,6S8,7R,Z)-tert-Butyl 5-hydroxy-6,7-dimethoxy-5,6,7,8-tetrahydroazocine-1(2H)-
carboxylate (5.26). Compound 5.25 (30 mg, 0.095 mmol, 1.0 equiv.) and Grubbs 2™
generation catalyst (7 mg, 0.008 mmol, 10 mol%) were dissolved in CH,Cl, (7.5 mL).

The mixture was heated to reflux for 1.5 h, at which point it was evaporated to dryness and
immediately purified by silica gel chromatography using a hexane/ethyl acetate solvent
system (5:1, 3:1, 1:1). This procedure yielded 23 mg of pure 5.26 (0.080 mmol, 84%) as a
1: 0.8 mixture of rotamers 'H NMR (600 MHz, CDCls): 8 5.51 (m, 2H, 2rotH), 4.65-4.61
(m, 1H, 1rotH), 4.41 (d, /= 17.8 Hz, 1H), 4.21-4.14 (m, 1H, 2rotH), 3.63 (s, 3H, 3rotH),
3.63-3.55 (m, 1H, 1rotH), 3.47- 3.39 (m, SH, 5rotH), 3.03 (d, J = 12.8 Hz, 1H, lrotH), 2.66
(s, lrotH), 2.49 (s, 1H), 1.73 (s, 1H), 1.46 (s, 9H), 1.44 (s, 9rotH). °C NMR (150 MHz,
CDCls): & 155.4, 155.3 (rot), 131.1 (rot), 130.9, 128.5, 128.2 (rot), 85.6 (rot), 84.8, 80.5,
80.3 (rot), 80.1, 79.9 (rot), 70.9, 70.1 (rot), 61.5 (rot), 61.40, 58.20 (rot), 58.17, 47.2, 47.2
(rot), 46.0, 44.6 (rot), 28.60, 28.6 (rot). HRMS (ESI): calcd. for C14H,60sN [M + H]",
288.1805; found, 288.1808.

(5R,6S8,7R,Z)-tert-Butyl 5-(benzoyloxy)-6,7-dimethoxy-5,6,7,8-tetrahydroazocine-
1(2H)-carboxylate (5.27). Azacyclooctene 5.26 (23 mg, 0.080 mmol, 1.0 equiv.) was
dissolved in pyridine (0.5 mL, anhydrous) and cooled to 0 °C. Benzoyl chloride (10 uL,
0.085 mmol, 1.4 equiv.) wad added dropwise and the mixture was allowed to warm to rt
overnight. The following day the reaction was poured onto ice and extracted with CH,Cl,
(3 x 10 mL). The organics were combined was further washed with 6M HCI (10 mL), sat.
NaHCO; (10 mL), and H,O (10 mL). The organic layer was dried, decanted, evaporated to
dryness, and purified by silica gel chromatography with a hexane/ethyl acetate solvent
system (10:1, 8:1, 6:1, 4:1). This procedure yielded 23 mg of 5.27 (0.059 mmol, 69%) as a
mixture of rotamers (1:1). Rg= 0.2 in 3:1 hexane/ethyl acetate. '"H NMR (600 MHz,
CDCls): 6 8.07 (d, J= 7.6 Hz, 1H), 7.56 (t,J = 7.2 Hz, 1H), 7.45 (t, J = 8.1 Hz, 2H), 6.05
(bs, 0.5H), 5.92 (bs, 0.5H), 5.67 (bs, 1H), 5.40 (bs, 1H), 4.56 (d, J = 18.0 Hz, 0.5H), 4.37
(d, J=18.0 Hz, 0.5H), 4.28-4.24 (m, 1H), 3.87 (d, /= 8.3 Hz, 1H), 3.68 (dd, J=29.2, 9.6
Hz, 1H), 3.58-3.53 (m, 3H), 3.48 (s, 3H), 3.15 (dd, J = 13.5, 3.1 Hz, 1H), 1.51 (s, 9H).
HRMS (ESI): calcd. for C;1H20OsNNa [M + Na]", 414.1887; found, 414.1892.

(1R,5R,6R,7S,8R)-tert-Butyl 7-(benzoyloxy)-5-bromo-8-methoxy-9-oxa-3-
azabicyclo[4.2.1]nonane-3-carboxylate (5.29). Benzoate protected azacyclooctene 5.27
(4 mg, 0.009 mmol, 1 equiv.) was dissolved in CH,Cl, (0.25 mL, anhydrous) and cooled to
-20 °C. A solution of bromine in CH,Cl, (70 uL of 100-fold dilution, 0.014 mmol, 1.5
equiv.) was added dropwise. After 15 min, the reaction was quenched with 10% Na,S,03
and extracted with CH,Cl, (3 x 5 mL). The CH,Cl, was combined, dried, decanted, and
evaporated to dryness to give 5.29 as a 1:1 mixture of rotamers. R¢= 0.5 in 2.5:1
hexane/ethyl aceate. "HNMR (600 MHz, CDCl5): 8 8.09 (t, /= 8.4 Hz, 2H), 7.61 (t,J =
7.3 Hz, 1H), 7.48 (t, J= 7.1 Hz, 2H), 5.94 (t, /= 8.3 Hz, 1H), 4.92 (dd, /= 7.4, 4.3 Hz,
1H), 4.50 (dd, J = 14.5, 5.1 Hz, 0.5H), 4.40-4.35 (m, 1.5H), 4.32-4.29 (m, 0.5H), 4.28-4.26
(m, 0.5H), 3.98 (s, 0.5H), 3.94 (s, 0.5H), 3.55- 3.49 (m, 1H), 3.46 (s, 1.5H), 3.42 (s, 1.5H),
3.11(dd, J=14.7,4.0 Hz, 0.5H), 3.02 (dd, J=17.8, 6.8 Hz, 0.5H), 1.48 (s, 4.5H), 1.46 (s,
4.5H). HRMS (ESI): calcd. for CooH,s0sNBrNa [M + Na]", 478.0836; found, 478.0844.
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X-Ray Crystallography

A colorless plate 0.05 x 0.05 x 0.02 mm in size was mounted on a Cryoloop with
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 10 seconds
per frame using a scan width of 1.0°. Data collection was 99.5% complete to 67.00° in q.
A total of 21596 reflections were collected covering the indices, -16<=h<=16, -
26<=k<=26, -7<=I<=6. 3704 reflections were found to be symmetry independent, with an
Rint 0f 0.0418. Indexing and unit cell refinement indicated a primitive, orthorhombic
lattice. The space group was found to be P2(1)2(1)2 (No. 18). The data were integrated
using the Bruker SAINT software program and scaled using the SADABS software
program. Solution by direct methods (SIR-2008) produced a complete heavy-atom
phasing model consistent with the proposed structure. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen atoms
were placed using a riding model. Their positions were constrained relative to their parent
atom using the appropriate HFIX command in SHELXL-97. Absolute stereochemistry
was determined to be R at C2, C3, C5, and C6 and § at C4, respectively.
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Chapter 6

Cu-Free Click Chemistry as a Tool for Proteomics

Introduction to Proteomics

Imaging experiments are a major goal for bioorthogonal chemistries but they are
not the only application in which bioorthogonal chemistries can excel. The covalent bond
formed between a biomolecule of interest and a secondary reagent makes the
bioorthogonal chemical reporter strategy ideally suited for the purification and
identification of tagged biomolecules. The Staudinger ligation and traditional click
chemistry have seen success regarding the identification of proteins post-translationally
modified with glycans and lipids (via the metabolic incorporation of azido or alkynyl-
analogues) through mass spectrometry based proteomics.*>*° Additionally, the Cravatt
group has successfully used bioorthogonal chemistries in conjunction with activity-based
protein profiling to identify new proteases.” We looked to develop an experimental
platform where Cu-free click chemistry could be used for the purification and
identification of azido-biomolecules.

The identification of proteins from complex samples is done through mass
spectrometry and relies on de novo peptide sequencing to obtain a protein identification.’
While mass spectrometry is a huge asset to this field and technology is rapidly advancing,
identification is often very difficult, and cumbersome validation procedures are necessary
to confirm results gained from mass spectrometry data.*” One of the major drawbacks of
mass spectrometry based proteomics is that the instrumentation used for proteomic
analysis have a dynamic range limited to 2-3 orders of magnitude.'’ The consequence of
this dynamic range is only the most abundant proteins in a sample are identified even if
there are other more interesting low abundance proteins present. This limitation makes the
purification of desired proteins from cell lysates and other complex protein samples
imperative.

Affinity chromatography is a popular way of selecting for a desired set of proteins
from a larger sample.'' An ideal affinity purification will capture all of the desired protein
subset, (i.e. proteins tagged with a chemical reporter group), wash away all unwanted
proteins, and mildly, yet efficiently, elute all the captured proteins. This is a difficult task
because it requires the affinity reagent to attach to the purification matrix very tightly so all
proteins are captured and remain captured through washing, but at the same time, the
affinity reagent must be easily and selectively removed from the column to allow for
elution. To overcome this two-faced requirement, chemical biologists have recently
looked to optimize the actual affinity reagent for capture and have engineered cleavable
linkers into the affinity tag that facilitate elution. This strategy necessitates a reagent that
has three components: affinity reagent, cleavable linker, and a reactive group.
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Reagent Design

For Cu-free click chemistry based proteomics, the reactive group will be the
cyclooctyne DIFO (3.1) and target azide-modified proteins.'> When employing a
cleavable linker strategy, the optimal affinity reagent binds the column matrix very tightly.
While there are many affinity reagents employed in the literature, undoubtedly biotin fits
this requirement best. The biotin-(strept)avidin bond is one of the strongest known non-
covalent interactions with a Kq of 10"> M and has been exploited for countless
experiments at the interface of chemistry and biology."> The essentially irreversible
binding of biotin to (strept)avidin at physiological conditions makes it an ideal candidate
for the affinity reagent.

While the biotin is fairly universal to all cleavable affinity tags, the method of
cleavage is not. Ideally, a cleavage method will be mild, efficient, bioorthogonal and
minimally perturbing. The basis for many of the cleavable linkers employed has come
from linkers used in solid phase synthesis and can be grouped into four main categories:
pH cleavable linkers,'*'>'® chemically cleavable linkers,'”'®'?***!** photocleavable
linkers,”>*** and enzymatically cleavable linkers.*

At the onset of this project, we chose to use the disulfide bond popularized by the
Gygi*' and Withers*"" groups, because it allows elution under mild and neutral conditions
with a simple and inexpensive small molecule reducing agent. Combining all of these
component together, compound 6.1 became our target reagent for purification of azido-
biomolecules (Figure 6.1). Compound 6.1 could come from the coupling of five
components: activated biotin 6.2, hydrophilic diamine 6.3, succinic anhydride (6.4),
cystamine (6.5) and activated DIFO 6.6.
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Figure 6.1. Target pull-down reagent for purification of azido-glycoproteins by Cu-free
click chemistry.
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Synthesis of Pull-Down Reagent

The carboxylic acid of D-Biotin (6.7) was activated as a pentafluorophenyl ester
(6.2) and coupled to 4,7,10-trioxa-1,13-tridecanediamine (6.3) to yield 4.2.> The resulting
amine was combined with succinic anhydride in the presence of dimethylaminopyridine
and pyridine to yield carboxylic acid containing compound 6.8. Compound 6.8 was
activated as a pentafluorophenyl ester and coupled with mono-Boc protected cystamine
6.9, which was prepared from cystamine dihydrochloride (6.5). Following removal of the
Boc group under standard acidic conditions (TFA) and coupling to DIFO (activated as a
pentafluorophenyl ester 6.6) the target pull-down reagent was obtained.

Scheme 6.1. Synthesis of target pull-down reagent.
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Evaluation of Pull-Down Reagent

With the desired pull-down reagent in hand, we assessed its ability to capture and
release an azide-labeled protein. For this, we used bovine serum albumin (BSA) that had
been nonspecifically modified with the NHS ester of azidoacetic acid or wild-type BSA as
a control. N3-BSA (+) or BSA (-) were treated with compound 6.1 overnight. Excess
reagent was removed and the labeled protein samples were subjected to NeutrAvidin
beads. The beads were washed with PBS and elution was performed with either tris-(2-
carboxyethyl) phosphine (TCEP) or dithiothreitol (DTT).*® The efficiency and selectivity
of capture and elution was analyzed by SDS-PAGE (Figure 6.2).

N N, .
M wv. Capture with
Ng\% S NeutraAvidin
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— = SDS-PAGE - 2. Elute

} = biotin . = DIFO O = triazole Bl = NeutraAvidin

Figure 6.2. Experimental workflow for the capture, purification, and elution of azide-
labeled proteins with pull-down reagent 6.1.

Literature precedent for disulfide linkers involves cleavage with TCEP (30 mM at
rt or 10 mM at 50 °C);"****! however, TCEP did not appear to be effective at eluting the
N3-BSA from the NeutrAvidin. Fortunately, treatment with DTT successfully released the
captured proteins, as evident by the significant BSA bands observed in the elution lanes for
the N3-BSA as compared to the faint band observed in the control BSA samples (Figure
6.3).
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Figure 6.3. Pull-down reagent 6.1 allows for azide-specific capture and elution. BSA or
N3-BSA was combined with compound 6.1 (10 uM) overnight. The labeled protein was
incubated with NeutrAvidin beads for 30 min. Protein not bound to the beads is evident in
the flowthrough. The beads were washed with PBS then thrice treated with (A) TCEP or
(B) DTT for 30 min. The presence of protein in the flowthrough, washes, and elutions was
analyzed by SDS-PAGE staining with SyproOrange.

With encouraging results from this initial proof-of-principle experiment, N3-BSA
was doped into an H2"'* Ras cell lysate to show that only the desired protein was
captured. The strong N3-BSA bands and absence of other protein bands in elution lanes 1
and 2 of Figure 6.4 indicate that compound 6.1 enriches for azide-labeled proteins.
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Figure 6.4. Pull-down reagent 6.1 enriches N3-BSA from other proteins in a cell lysate. A
mixture of N3-BSA (250 ug) and H2 Ras lysate (750 ug) was treated with compound 6.1
(10 uM) overnight. The protein was incubated with NeutrAvidin beads for 30 min.
Protein not bound to the beads is evident in the flowthrough. The beads were washed with
PBS (x 10) then thrice treated with DTT (30 mM). The presence of protein in the
flowthrough, washes, and elutions as compared to the original lysate was analyzed by
SDS-PAGE staining with SyproOrange.
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The next test for this pull-down reagent was to capture proteins, which were tagged
with an azide through a metabolic incorporation strategy. H2 Ras cells were grown in the
presence or absence of peracetylated N-azidoacetyl mannosamine (AcsManNAz) for 3
days. Lysates were generated and subjected to the procedure outlined in Figure 6.2. The
sample not treated with AcsManNAz shows no signal in the elution bands while the
ManNAz treated sample displays signal corresponding to eluted labeled glycoproteins
indicating that compound 6.1 was able to selectively capture and elute azide-modified
proteins (Figure 6.5).
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Figure 6.5. Pull-down reagent 6.1 enriches proteins from a cell lysate in an azide-
dependent manner. H2 Ras cells were grown in the presence (B) or absence (A) of N-
azidoacetyl mannosamine for 3 days. Lysates were generated and treated with 6.1
overnight. The labeled cell lysate was incubated with NeutrAvidin beads for 30 min.
Protein not bound to the beads are evident in the flowthrough. The beads were washed
with PBS (x 10) then treated with DTT for 30 min (x 3, elutions 1-3). The presence of
protein in the flowthrough, washes, and elutions as compared to the original lysate was
analyzed by SDS-PAGE staining with SyproOrange.

Conclusions and Future Directions for Cu-Free Click Chemistry Based Proteomics

While the results in Figure 6.5 are promising, they were not reproducible enough
for this probe to be utilized for proteomics on complex samples. Initial multidimensional
chromatography coupled to mass spectrometry on samples eluted with DTT did not yield
promising results. At times, a significant amount of protein was evident in the control
samples lanes that contained no azides. We attributed this to disulfide exchange of the
pull-down reagent with cysteine residues in proteins,” which has since been identified as a
major cause of background using disulfide cleavable linkers.”® An exhaustive reduction
and alkylation before treatment with compound 6.1 should solve this problem; however,
this procedure was complicated by the fact that azides are susceptible to reduction. Thus,
an alternative cleavable linker appears more suited toward Cu-free click chemistry. Work
towards other cleavable pull-down reagents is underway by other members of the Bertozzi

group.
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Materials and Methods
General Experimental Procedure

Unless otherwise noted all reactions were performed while stirring under an
atmosphere of N,. All solvents were introduced to the reaction via a syringe unless
otherwise noted. Anhydrous DMF, DMSO, and MeOH were purchased from Acros or
Aldrich in sealed bottles. All other solvents were purified via packed columns as described
by Pangborn et al.’' Unless otherwise noted, magnesium sulfate was used as a drying
agent and solvent was removed with a rotary evaporator at reduced pressure. Thin layer
chromatography was performed on 60 A glass back silica gel plates and stained in the
following manner: amines with ninhydrin, alkyne containing compounds with vanillin, all
others in ceric ammonium molybdate. Reported R; values are for the solvent system in
which the reaction was monitored unless otherwise noted. Silica gel chromatography was
performed using 60 A 230-400 mesh silica gel unless otherwise noted. All NMR spectra
are reported in ppm and standardized against solvent peaks. NMR spectra were obtained
on Bruker AV-300, AVQ-400, AVB-400, DRX-500 or AV-500 instruments. IR spectra
were obtained using thin films on NaCl plates. High-resolution fast atom bombardment
(FAB) and electrospray ionization (ESI) mass spectra were obtained from the UC Berkeley
Mass Spectrometry Facility.

Experimental Procedures

Biotin-pentafluorophenyl ester (6.2).” D-Biotin 6.7 (2.1 g, 8.5 mmol, 1.0 equiv.) was
suspended in DMF (40 mL, dry) and heated/sonicated until homogenous. Once the
solution reached rt, NEt,; (2.4 mL, 17 mmol, 2.0 equiv., anhydrous) was added followed by
pentafluorophenol trifluoroacetate (2.3 mL, 13 mmol, 1.5 equiv.). The reaction was
monitored by TLC (17:3:1 EtOAC/MeOH/H,0) for the disappearance of 6.7 (R;=0.2), at
which point (approx. 1.5 h) the reaction was evaporated to dryness. The residue was
triturated with ether (50 mL) to yield white crystals of 6.2 (2.42 g, 5.90 mmol, 69%, R;=
0.8). M.p. 190.0-191.5 °C (lit.** 188-189 °C). 'H NMR (400 MHz, DMSO): 6 6.49 (s,
1H), 6.40 (s, 1H),4.32 (dd,J =7.5,5.3 Hz, 1H), 4.17-4.15 (m, 1H), 3.15-3.09 (m, 1H),
2.86-2.77 (m, 3H), 2.59 (d,J = 12.4 Hz, 1H), 1.74-1.63 (m, 3H), 1.57-1.35 (m, 3H). “C
NMR (100 MHz, DMSO): 6 170.0, 163.2, 142.3, 140.6, 139.8, 139.2, 138.1, 136.7, 61.5,
59.7,55.7,40.4,32.8,28.4,28.2,24.8. "F NMR (376 MHz, DMSO): § -153.58 (d, J =
21.8 Hz, 2F),-158.167 (t,J =22.9 Hz, 1H), -162.66 (t,J = 20.1 Hz, 2H). IR: 3215, 2916,
2849, 2360, 1793, 1708, 1518, 1460, 1113, 1095, 1005, 987 cm™'. HRMS (FAB): calcd. for
C,6H,,N,O,SF," [M+H]*,411.0802; found, 411.0806.

N-(13-amino-4,7,10-trioxatridecanyl)biotinamide (4.2).”” A 0 °C solution of compound
6.2 (2.38 g,5.81 mmol, 1.0 equiv.) in N, N-dimethylformamide (30 mL, anhydrous) was
added dropwise over 30 min using a syringe pump to a solution of 4,7,10-trioxa-1,13-
tridecanediamine (14.5 mL, 66.1 mmol, 11.4 equiv., 6.3) and NEt, (1.6 mL, 11 mmol, 1.9
equiv., anhydrous) in N, N-dimethylformamide (30 mL, anhydrous)at O °C. Upon addition
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of 6.2, the reaction was monitored by TLC (5:3:1 EtOAc/MeOH/H,0) for the
disappearance of 6.2 (R;=0.9), at which point (approx. 2.5 h) the solution was evaporated
to dryness. The residue was suspended in ether (150 mL), stirred for 15 min in the dark,
and decanted. This procedure was repeated twice to yield a sticky solid, which was further
purified on silica gel using 5:3:1 EtOAc/MeOH/H,0 to yield pure 4.2 as a colorless
hydroscopic wax (2.59 g, 5.81 mmol, 100%, R;=0.2). 'H NMR (400 MHz, D,0): 6 4.49
(dd,J=79,48Hz,1H),4.31 (dd,J=4.4,79 Hz, 1H), 3.56-3.53 (m, 10H), 3.45 (t,J =
6.3 Hz, 2H), 3.22-3.19 (m, 1H), 3.13 (t,J/ = 6.7 Hz, 2H), 2.99 (t, J = 7.1 Hz, 2H), 2.87 (dd,
J=16.1,49 Hz, 1H), 2.66 (d, J=13.0 Hz, 1H), 2.13 (t,J = 7.2 Hz, 2H), 1.87-1.82 (m,
2H), 1.70-1.41 (m, 6H), 1.36-1.27 (m, 2H). "C NMR (125 MHz, D,0): § 180.2, 165.1,
69.5 (2),69.3 (2),68.3,68.2,62.0,60.2,55.4,39.7,36.2,35.5, 28.3,28.0,27.7,26.5,25 .2,
22.8. IR: 3293,3067,2928, 2866, 1692, 1640, 1137 cm™'. HRMS (FAB): calcd. for
C,oH3yN,O5S™ [M+H]",447.2641; found, 447.2630.

3-[N-(D-biotinoyl)-13-amino-4,7,10-trioxatridecanylaminocarbonyl] propanoic acid
(6.8).” Compound 4.2 (195 mg, 0.439 mmol, 1.0 equiv.) was dissolved in pyridine (16
mL, anhydrous) and N,N-dimethylaminopyridine (12 mg, 0.096 mmol, 0.22 equiv.) and
succinic anhydride (99 mg, 0.99 mmol, 2.3 equiv., 6.4) were added. The reaction was
monitored by ESI-MS for the disappearance of 4.2 (approx. 3 h), at which point the
reaction was evaporated to dryness and purified on silica gel eluting with 5:3:1
EtOAc/MeOH/H,0O with 1% AcOH. This procedure yield pure 6.8 as a white solid (202
mg, 0.369 mmol, 84%, R;= 0.5 in 5:3:1 EtOAc/MeOH/H,0). M.p. 144.2-1449 °C. 'H
NMR (400 MHz, D,0): 8 4.49 (dd,J=7.9,4.8 Hz, 1H),4.32 (dd,J =7.9,4.5 Hz, 1H),
3.58-3.54 (m, 8H), 3.48-3.44 (m, 4H), 3.21-3.12 (m, 5H), 2.88 (dd, /= 13.1,5.0 Hz, 1H),
2.66 (d,J=13.0Hz,1H),2.36 (dd, J=5.6,4.3 Hz, 4H), 2.14 (t,J = 7.2 Hz, 2H), 1.71-1.45
(m, 8H), 1.32-1.28 (m, 2H). “C NMR (100 MHz, D,0): § 180.1, 176.5, 175.4,165.2, 69.6
(br),69.4,69.3,68.5,684,62.1,60.2,55.4,39.7,36.3,35.5,32.4,32.0,28.3 (2), 28.0,
27.7,25.2,22.6. IR: 3296,2926,2877,2360, 1699, 1646, 1120 cm™'. HRMS (FAB): calcd.
for C,,H,,N,O,SNa* [M+Na]",569.2621; found, 569.2608.

N-tert-butyloxycarbonyl cystamine (6.9).* Cystamine dihydrochloride (1.02 g, 4.54
mmol, 1.0 equiv., 6.5), triethylamine (2.0 mL, 14 mmol, 3.1 equiv., anhydrous) and di-terz-
butyldicarbonate (1.06 g, 4.80 mmol, 1.07 equiv.) were combined in methanol (50 mL,
anhydrous) and allowed to stir at rt overnight. The following morning the mixture was
evaporated to dryness, dissolved in pH 4 NaH,PO, (20 mL) and washed with ether (2 x 12
mL). The pH of the aqueous layer was adjusted to 9 with 10% NaOH and the solution was
extracted with ethyl acetate (5 x 10 mL). The ethyl acetate was combined, dried, decanted
and evaporated to dryness to yield 6.9 as a slightly yellow oil (320 mg, 1.3 mmol, 28%).
'H NMR (300 MHz, CDCl,): 8 5.26 (bs, 1H), 3.33 (q, J = 6.1 Hz, 2H), 2.90 (t, J = 6.1 Hz,
2H), 2.67 (td, J = 6.4,2.7 Hz, 4H), 1.61 (bs, 2H), 1.33 (s, 9H). "C NMR (125 MHz,
CDCl,): 155.9,79.3,42.2,40.3,39.3, 38.3, 28.3 IR: 3350, 2975, 2930, 2360, 1698, 1521,
1170 cm™. HRMS (FAB): calcd. for CoH,,N,O,S,* [M+H]*,253.1045; found, 253.1038.

Compound 6.11. Compound 6.8 (68.9 mg, 0.126 mmol, 1.0 equiv.) was dissolved in N,N-
dimethylformamide (2.0 mL, anhydrous). Triethylamine (37 uL, 0.27 mmol, 2.1 equiv.,
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anhydrous) was added, followed by pentafluorophenyl trifluoroacetate (45 uL, 0.26 mmol,
2.1 equiv.) and the reaction was monitored by TLC (5:3:1 EtOAc/MeOH/H,0 1% AcOH)
for the disappearance of 6.8 (R;= 0.2). More pentafluorophenyl trifluoroacetate was added
if necessary (20 uL). Upon completion, the mixture was evaporated to dryness and
triturated with ether to yield a white solid containing the activated pentafluorophenyl ester
of 6.8 (crude weight 120 mg). The product was dissolved in N,N-dimethylformamide (0.8
mL, anhydrous) and triethylamine (8 uL, 0.06 mmol, anhydrous) were added. In a
separate flask, N-tert-butyloxycarbonyl cystamine 6.9 (38.3 mg, 0.151 mmol) was
dissolved in N,N-dimethylformamide (0.2 mL, anhydrous) and added to the above solution.
The reaction was monitored by TLC (6:2:0.1 CH,Cl,/MeOH/NH,OH) for the
disappearance of the activated Pfp-ester (R;=0.5), at which point di-ferrbutyldicarbonate
(500 uL of 1M solution) was added to quench unreacted 6.9. The resulting mixture was
stirred at rt for 2 h, evaporated to dryness, dissolved in H,O and extracted with ether (3 x 2
mL) to remove N,N-di-tert-butyloxycarbonyl cystamine. The aqueous layer was
evaporated to dryness to yield crude 6.10 (106 mg). Crude 6.10 was dissolved in a 20%
TFA/CH,CI, solution (1 mL) and monitored by TLC (6:2:0.1 CH,Cl,/MeOH/NH,OH) for
the disappearance of 6.10 (R;= 0.8), at which point (approx. 1 h) the mixture was
evaporated to dryness and purified by reverse phase HPLC (CH;CN/H,0) to yield pure
6.11 as a colorless oil (34 mg, 0.050 mmol, 40%, R;=0.6). 'H NMR (400 MHz, D,0): §
448 (dd,J=79,4.8 Hz, 1H),4.30 (dd,J =7.9,4.5 Hz, 1H), 3.56-3.38 (m, 14H), 3.26-
3.19 (m, 3H),3.12 (q, J = 6.3 Hz, 4H), 2.89-2.84 (m, 3H), 2.37 (t,J = 6.3 Hz, 2H), 2.65 (d,
J=129Hz, 1H),2.40 (t,J =3.2 Hz,4H),2.13 (t,/ = 7.2 Hz, 2H), 1.73-1.41 (m, 8H),
1.32-1.28 (m, 2H). "C NMR (125 MHz, D,0): § 181.7,176.6, 174.7,165.2, 69.5 (2), 69.3
(2),68.4,68.3,62.0,60.1,55.3,39.6,37.8,37.7,36.3,36.2,36.1,35.4,33.6,31.1, 28.2 (2),
27.9,27.8,27.6,25.1. IR: 3292, 2926, 2867, 1703, 1692, 1678, 1123 cm™. HRMS (FAB):
caled. for C,sHs;N(O,S," [M+H]",681.3138; found, 681.3132.

Compound 6.1. Compound 6.11 (9.1 mg, 0.013 mmol, 1.0 equiv.) and triethylamine (2
drops, anhydrous) were combined in N,N-dimethylformamide (1 mL, anhydrous). The
resulting solution was added to 6.6 (10 mg, 0.028 mmol, 2.1 equiv.) and the reaction was
stirred at rt and monitored by LC/MS for the disappearance of 6.11. The reaction was no
longer progressing after 18 h and it was evaporated to dryness. TLC (9:1 CH,Cl,/MeOH)
indicated product with the expected Ry (green spot, Rf = 0.4). The crude mixture was
HPLC purified (CH3;CN/HO) to yield pure 2 (2.2 mg, 2.5 uwmol, 43% brsm, 27% overall).
'"H NMR (400 MHz, D,0): 8 4.48 (dd, J= 7.8, 5.1 Hz, 1H), 4.32 (dd, J= 7.8, 4.5 Hz, 1H),
3.95(d, J=3.1 Hz, 2H), 3.67-3.63 (m, 1H), 3.57-3.38 (m, 16H), 3.23-3.19 (m, 1H), 3.14-
3.11 (m, 4H), 2.87 (dd, J=13.1, 4.9 Hz, 1H), 2.78 (t, /= 6.1 Hz, 2H), 2.73 (t, /= 6.1 Hz,
2H), 2.66 (d, J = 13.0 Hz, 1H), 2.47-2.30 (m, 7H), 2.26-2.10 (m, 5H), 1.99 (dd, J=16,5 7.9
Hz, 1H), 1.93-1.87 (m, 1H), 1.68-1.42 (m, 8H), 1.33-1.23 (m, 2H). ’F NMR (376 MHz,
D,0): 6 -86.6 (dddt, J =259.0, 26.0, 12.8, 6.0 Hz, 1F), -88.6 (dm, J = 260.9 Hz, 1F). IR:
3274, 2922, 2851, 2285, 1734, 1650, 1642, 1631, 1489, 1441, 1260, 1099 cm™'. HRMS
(ESI): calcd. for C3gHg3NgOoS:F," [M+H]', 881.3787; found, 881.3792.
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N3-BSA Pull-Down Assay

BSA (25 uL of 8 mg/mL BSA solution), 6.1 (1 uL of 1 mM solution), and PBS (74
uL) were combined and reacted overnight at rt. N3-BSA® (16.7 uL of 12 mg/mL solution),
6.1 (1 uL of 1 mM solution), and PBS (82.3 uL) were combined and reacted overnight.
The following day the solutions were cleared of excess reagent by passage through a Bio-
gel 6 size exclusion desalting column and the eluent was subsequently captured on
NeutrAvidin from Pierce by incubating the elutent with resin (8 uL) for 30 min. The
flowthrough was collected and the NeutrAvidin was washed with three portions of 80 uL
of PBS. The elution was performed by incubating the washed NeutrAvidin with three
portions of 80 uL of 30 mM DTT for 30 min. All the eluents were concentrated to
approximately 20 uL with Microcon centrifugal devices (10 kDa MW cutoff) and analyzed
by SDS-PAGE. The gel was stained with Sypro Orange according to the Bio-Rad
specified procedure and the proteins were visualized on a Typhoon 9410 imaging system
with excitation at 488 nm (450 V) and a 555 BP20 emission filter.

H?2 Ras Pull-Down Assay

Protein (750 ug) from a cell lysateb generated from H2-Ras cells grown in the
presence of absence of peracetylated N-azidoacetyl mannosamine was reacted with 10 uM
6.1 in PBS overnight. Samples were purified from excess 6.1 by passage through a Bio-
gel 6 size exclusion desalting column and captured on NeutrAvidin resin from Pierce (30
min incubation with 12 uL. NeutrAvidin). The flowthrough was collected, and the beads
were washed ten times with 10 column volumes of PBS and eluted with three 30 minute
incubations with 10 column volumes of 30 mM DTT. The collected flowthough, washes,
and elutions were concentrated to approximately 20 uL, separated via SDS-PAGE, and
visualized using the above procedure.
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Chapter 7

Towards a Tetrafluorinated Cyclooctyne

The Benefits of a Highly Reactive Cyclooctyne

The addition of two fluorine atoms at the propargylic position of a cyclooctyne, as
in DIFO (3.1), caused a 60x rate enhancement of the 1,3-dipolar cycloaddition with
azides." While DIFO did not perform well in mice,” the first direct imaging experiment
with bioorthogonal chemistry in vivo was achieved using Cu-free click chemistry with
DIFO. DIFO-Alexa Fluor conjugates (DIFO-488, DIFO-555, etc.) successfully enabled
the visualization of spatiotemporal changes in cell-surface glycosylation in Caenorhabditis
elegans® and in developing zebrafish® (Figure 7.1). Using peracetylated N-azidoacetyl
galactosamine (AcsGalNAz) as a metabolic label, glycoproteins were imaged during three
stages of C. elegans development, and significant labeling was observed in the pharynx,
vulva, and anus.’ In a similar manner, GaINAz-labeled glycoproteins in zebrafish embryos
were imaged between 60 and 73 hours post fertilization (hpf), and dynamic labeling was
monitored in the pectoral fins, olfactory pit, and jaw. Glycan trafficking between 60 and
72 hpf was further analyzed through pulse-chase experiments with spectrally-distinct
DIFO conjugates.” Glycans expressed during earlier stages of zebrafish embryogenesis
could be detected by direct microinjection of GalNAz or the advanced metabolite UDP-
GalNAz into the yolk of single-cell embryos. Using this technique, azidoglycans could be
imaged as early as 7 hpf.” These results could only be achieved with DIFO due to its rapid
reaction kinetics, showcasing the benefits of a large second-order rate constant and leading
us to imagine the opportunities available if an even more reactive cyclooctyne were to be
synthesized.

118



Figure 7.1. DIFO-Alexa Fluor conjugates label azides in higher organisms. A. C. elegans
were grown in the presence of AcsGalNAz and reacted with DIFO-488 (100 uM) followed
by DIFO-568 (100 uM) and imaged at their adult stage. B. Zebrafish embryos were
metabolically labeled with AcsGalNAz from 3 to 60 hours post fertilization (hpf). The fish
were sequentially incubated with 100 uM DIFO conjugated to Alexa Fluor 647 (DIFO-
647, 60-61 hpf), DIFO-488 (62-63 hpf) and DIFO-555 (72-73 hpf) and imaged by confocal
microscopy. During periods in which the zebrafish were not being labeled with DIFO, the
fish were bathed in a solution of AcsGalNAz. Blue = DIFO-647, Green = DIFO-488, Red
= DIFO-555. C. Zebrafish embryos were injected with UDP-GalNAz and a rhodamine-
dextran tracer dye. At 7 hpf, the embryos were incubated with DIFO-488 (100 uM) for 1 h
and imaged by confocal microscopy. Green = DIFO-488, Red = rhodamine-dextran.

Design of a More Reactive Cyclooctyne

A logical strategy for further increasing the second-order rate constant of the
cycloaddition between azides and cyclooctynes is to add two additional fluorine atoms to
DIFO to result in a tetrafluorinated cyclooctyne (tetraFO, 7.1, Scheme 7.1). We
anticipated that the additional two fluorine atoms would further decrease the energy of the
LUMO levels and dramatically increase the rate of the cycloaddition. Aided by DFT
calculations, Houk and coworkers anticipated that this compound would be 25 times more
reactive than DIFO.°

While a tetrafluorinated cyclooctyne was straightforward to propose, it posed a
serious synthetic challenge. There are three key components in the synthesis of fluorinated
cyclooctynes: strained alkyne formation, fluorine atom installation, and eight-membered
ring formation. All syntheses require the former, which is generally the last hurdle within
the preparation of a cyclooctyne; however, one of the other challenges can often be
avoided by choosing a starting material, which already contains either the fluorine atoms
or the eight-membered ring scaffold. For the synthesis of tetraFO, we envisioned alkyne
formation could be achieved from tetrafluorinated diketone 7.2 by treatment with
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hydrazine and lead tetraacetate (Scheme 7.1).” Two synthetic pathways to diketone 7.2,
one necessitating fluorine group installation and the other requiring eight-membered ring
formation (Scheme 7.1), were pursued. The installation of four fluorine atoms into
diketone 7.3 could be achieved through alpha fluorination methods similar to those
employed in the synthesis of DIFO," and diketone 7.3 could be taken back to known
cyclooctane diol 7.4.°  Alternatively, compound 7.2 could be formed through the Pinacol
coupling of tetrafluorinated dialdehyde 7.5,”'*'""'* which could be synthesized from
known 2,2-difluoro-4-enoic acid (7.6).">"*

Scheme 7.1. Two approaches to tetrafluorinated cyclooctyne.
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Initial Synthetic Attempts Toward TetraFO

The viability of the fluorine installation route (7.4 to 7.2) was first assessed using
the model compound 1,2-cyclooctadione (7.8) due to the commercially availability of the
precursor cis-1,2-cyclooctanediol (7.7, Scheme 7.2). Oxidation of 7.7 to 1,2-
cyclooctadione was achieved by TEMPO with iodobenzene dichloride as a stoichiometric
oxidant." Bis(silyl enol ether) 7.9 was isolated by double deprotonation of 7.8 with
LiHMDS followed by reaction with triethylsilyl chloride. When 7.9 was twice subjected
to Selectfluor, low yields of difluorinated diketone 7.10 were isolated as a mixture of
diastereomers and hydrates. This diketone could again be converted to the bis(silyl enol
ether) by deprotonation with KHMDS and subsequent reaction with triethylsilyl chloride to
yield 7.11. Unfortunately, attempts to install two additional fluorine atoms on compound
7.11 to yield model tetrafluorianted diketone 7.12 proved unsuccessful. An array of
fluorine peaks were apparent in the "F-NMR spectrum when 7.11 was treated with
Selectfluor.
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Scheme 7.2. Efforts toward 3,3,8,8-tetrafluorocycloocta-1,2-dione.
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With the fluorine installation strategy appearing difficult, we directed our attention
toward the synthesis of tetrafluorinated dialdehyde 7.5. The fluorine source for 7.5 was
chlorodifluoroacetic acid (7.13), which upon esterification with allyl alcohol (7.14) gave
7.15 (Scheme 7.3). Compound 7.15 underwent a Reformatsky Claisen rearrangement to
yield 2,2-difluoropent-4-enoic acid (7.6)." Acid 7.6 was converted to Wienreb amide 7.16
using standard coupling conditions.'® Dimerization through an olefin cross metathesis
reaction afforded compound 7.17, which contained all the atoms necessary for the core of
tetraFO.

Scheme 7.3. Synthesis of tetrafluorinated alkene 7.17.
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The next step toward dialdehyde 7.5 was functionalization of the internal olefin so
that a chemical handle was present for the conjugation of probe moieties, but the olefin in
compound 7.17 proved to be frustratingly unreactive. An exhaustive list of hydroboration
reagents yielded no promising results. Additionally, oxymercuration and thiol-ene
chemistry did not result in desired product. Direct acid-catalyzed addition of water only
gave a product with hydrolyzed amide bonds. Even more robust olefin functionalization
methods such as epoxidation with mCPBA and dihydroxylation with OsO4 did not yield
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significant amounts of desired product. The only reagent that appeared sufficiently
electrophilic for reaction with the olefin in 7.17 was bromine (Scheme 7.4). Treatment of
7.17 with bromine yielded bromolactone 7.18 in 70% yield. While this was not the
anticipated transformation, dialdehyde 7.19 seemed accessible from 7.18. Unfortunately,
all attempts to reduce the lactone and Weinreb amide in 7.18 yielded only complex
mixtures of products, most likely due to side reactivity of the resulting highly electrophilic
aldehydes.

Scheme 7.4. Bromination of 7.17 to yield bromolactone 7.18.
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New Synthetic Strategy Toward TetraFO

From the above results, neither synthetic pathway toward 7.2 appeared promising.
At about this time, a paper by Moebius and Kingsbury reporting the Sc(OTf); catalyzed
homologation of cycloalkanones with substituted diazomethanes inspired us to consider a
ring expansion strategy.'’ The options for commercially available cyclooctane containing
compounds are rather limited, and the selection of starting materials would be greater if
cycloheptane compounds could also be considered. A synthesis relying on a key ring-
expansion became even more attractive when we recognized it could be coupled to a
fluoride-mediated alkyne formation, similar to that commonly used for benzyne,'® if
trimethylsilyldiazomethane (TMSCHN;) was employed for the homologation reaction.
Scheme 7.5 outlines the general retrosynthetic analysis for formation of a cyclooctyne by
ring-expansion with TMSCHN,. The main challenge using this sequence would be
maintaining the somewhat labile TMS group alpha to the ketone.'” Homologations with
TMSCHN; are well-precedented;”**'** even for the synthesis of cyclooctynes.>**
However, the TMS group was not retained for these syntheses, as trimethylsilyl
diazomethane is usually chosen as a diazomethane surrogate on the basis of safety
considerations and not because the silyl functionality is desired.”*® At the conclusion of
this work, Li and coworkers reported the homologation of aldehydes with TMSCHN; and
further utilized the TMS functionality.”’

Scheme 7.5. A homologation strategy for the mild synthesis of cyclooctyne.
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A homologation strategy could be key to solving two of the main challenges in
cyclooctyne synthesis: eight-membered ring formation and strained-alkyne formation.
However, for tetraFO, the task of introducing four fluorine atoms into a molecule was still
daunting. In the synthesis of DIFO, each fluorine atom was installed in a two-step
procedure where silyl enol ether formation was followed by treatment with Selectfluor.
This was a tedious process and resulted in very low overall yields of DIFO. Work towards
a more facile synthesis of DIFO yielded not only two new DIFO reagents (7.19 and 7.23,
Scheme 7.6) in good overall yield, but a robust method for the simultaneous installation of
two fluorine atoms in a 1,3-diketone.28

Scheme 7.6. Retrosynthetic analysis of second-generation DIFO reagents.
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Synthesis of TetraFO using a Ring-Expansion Strategy

The retrosynthetic analysis of DIFO2 is shown in Scheme 7.6. This synthetic
pathway combined with the homologation strategy outlined in Scheme 7.5, were key
stepping-stones for the new approach toward tetraFO. The strained alkyne of DIFO2 was
formed from ketone 7.20. The linker group of 7.20 was installed by a mono-Wittig
reaction on 2,2-difluoro-1,3-cyclooctadione (7.21). Compound 7.21 was obtained in high
yield from known 1,3-cyclooctadione (7.22) by treatment with Cs,CO3 and Selectfluor.
The synthesis of DIFO2 was much more facile than that of DIFO, but was limited by the
scale in which 1,3-cyclooctadione could be produced due to the need for Na metal in the
first step. Notably, since the report of DIFO2 there have been alternative methods
developed for the preparation of 1,3-cyclooctadione, which are more suitable for large-
scale synthesis.”” Fortunately, 1,3-cycloheptadione, the requisite starting material if a
homologation strategy was pursued, was readily available on large scales using robust, safe
chemistry.

Scheme 7.7 depicts the proposed route to tetraFO 7.24 starting from 1,3-
cycloheptadione (7.28). Alkyne formation could be achieved from 7.25 by vinyl triflate
formation and treatment with a fluoride source. Compound 7.25 could come from the key
homologation reaction of 7.26 and TMSCHN,. Tetrafluorinated ketone 7.26 could arise
from compound 7.27, which should be readily available following a sequence similar to
that employed for the synthesis of DIFO2.
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Scheme 7.7. Retrosynthetic analysis of tetraFO 7.24 by a homologation strategy.
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1,3-Cycloheptadione (7.28) was prepared from cyclopentanone (7.29) by silyl enol
ether formation (7.30) followed by a [2+2] cycloaddition reaction with in situ generated
2,2-dichloro ketene. The resulting bicycle 7.31 was dechlorinated and opened to desired
diketone 7.28 according to previously reported procedures.’® Purification of 7.28 proved
to drastically decrease the yield and the 1,3-cycloheptadione was often used crude.
Difluorination was accomplished through treatment with Cs,COs followed by Selectfluor.
A mono-Wittig reaction between 2,2-difluoro-1,3-cycloheptadione (7.32) and (4-
(methoxycarbonyl)benzyl)triphenylphosphonium bromide followed by hydrogenation of
the resulting alkene yielded difluorinated ketone 7.27. Installation of the final two fluorine
atoms proceeded through imine formation with hexylamine and treatment with
Selectfluor.” The success of the second fluorination resulted in installation of all the
fluorine atoms in only two synthetic steps (Scheme 7.8). At this point, tetraFO appeared
only a homologation away.

Scheme 7.8. Synthesis of tetrafluorinated ketone 7.26.
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Homologation of ketone 7.26 proved to be a difficult synthetic transformation. Not
only did TMSCHN; in combination with a variety of Lewis acids not afford desired
compound 7.25, but other diazo compounds also proved ineffective at facilitating the ring
expansion (see Scheme 7.9 and Table 7.1).

Scheme 7.9. Attempted homologation of ketone 7.26.

0 ™S O HO Mef
R F F

F —X - F F F

7.26 COOMe 7.25 7.33, 43% COOMe 734 ypto79% COOMe

COOMe

Table 7.1. Selected homologation attempts.

Entry | Diazo species | Lewis acid | Reaction conditions | Result

1 TMSCHN, AlMes -78 °C, 3 min Compound 7.33

2 TMSCHN, BF; OEt, -78°C,2h Epoxide 7.34

3 TMSCHN, MAD 0°C,2h Epoxide 7.34

4 TMSCHN, TMSOTf 0 °C, 15 min Epoxide 7.34

5 TMSCHN, Sc(OT1); 0 °C, 30 min Epoxide 7.34

6 N,CHCOOEt | AlMes Rt, overnight No reaction

7 N,CHCOOEt | BF3OEt, Rt, overnight No reaction

8 N,CHCOOEt | Sc(OTf); Rt, overnight No reaction

9 N,CHCOOEt | BF3OEt, 60 °C, 1 week Unknown

10 TMSCLIN, N/A 40 °C, overnight Epoxide 7.34

11 N,CLiCOOEt | N/A 40°C,2h Decomposition

12 TMSCHN, None 40 °C, overnight Diazocompound  (large
IR stretch at 2090 nm)

13 TMSCHN, None Microwave, 10 min Diazocompound

14 CH,N, AlMe; 0°C,1h Epoxide 7.34

The reaction of tetrafluorinated ketone 7.26 with trimethylsilyl diazomethane in the
presence of a variety of Lewis acids favored epoxide formation (7.34) over homologation
(Table 7.1, entries 2-5),'**2"%*32 the exception being when trimethylaluminum was
employed as a Lewis acid. Instead of facilitating epoxide formation, AIMe; resulted in
methyl addition to yield tertiary alcohol 7.33 (entry 1). Ethyldiazoacetate (N,CHCOOEt),
a diazo species commonly employed for homologation reactions when epoxide addition is
competing with the desired transformation,>*** proved unreactive under standard
homologation conditions. Upon forcing conditions where 7.26 was combined with
ethyldiazoacetate, unidentifiable products were produced. Further attempts at
homologation with the more nucleophilic species TMSCLIN, (entry 10)°° and

125




N,CLiCOOEt (entry 11)*"** or TMSCHN; at elevated temperatures (entries 12-13) did not
yield desired product. Lastly, even diazomethane yielded epoxide 7.33 (entry 14).

After many homologation attempts with diazo species, other ways to effect the
same transformation were attempted. The desired diazo intermediate could also be formed
though a multistep procedure. Cyanohydrin 7.35 was obtained through treatment of 7.26
with trimethylcyanide and zinc bromide. Reduction of 7.35 yielded amino-alcohol 7.36
and oxidation of 7.36 with NaNO; (Scheme 7.10) should then promote a Tiffeneau-
Demjanov rearrangement.”***! However, when this sequence was performed, we found
that epoxide product 7.38 was again produced, suggesting the initial nucleophilic attack
(which is often the rate-determining step in homologation reactions) was proceeding as
desired and ring-expansion of 7.37 must not be a favorable process.

Scheme 7.10. Tiffeneau-Demjanov rearrangement of tetrafluorinated ketone 7.26.

HoN

0 F HO ON ¢ HO ) F
R F F. F R F
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Another possible ring-expansion/alkyne formation strategy was the insertion of a
carbene generated from an exocyclic olefin in a Corey-Fuchs type transformation (Scheme
7.11).* Toward this end, tetrafluorianted ketone 7.26 was converted to 7.39 by treatment
with CBr4 and PPhs. Lithium halogen exchange of the dibromoalkene appeared to proceed
but only protonated exocyclic olefin products were isolated.*

Scheme 7.11. Corey-Fuchs alkyne formation from 7.26.
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Tetrafluorinated cyclooctyne 7.24 still remains elusive. Its possible that conditions
for the desired homologation exist; however, based on the above results it seems unlikely
that this transformation will proceed in high yield, and we directed our attention toward
another reactive cyclooctyne containing a difluoro group and a fused aryl ring.

Materials and Methods
General Experimental Procedure

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI and
used without purification unless noted otherwise. Anhydrous DMF and MeOH were
purchased from Aldrich or Acros in sealed bottles; all other solvents were purified as
described by Pangborn et al.** In all cases, solvent was removed by reduced pressure with
a Buchi Rotovapor R-114 equipped with a Welch self-cleaning dry vacuum. Products
were further dried by reduced pressure with an Edwards RVS5 high vacuum. Thin layer
chromatography was performed with EMD 60 A silica gel plates. Flash chromatography
was performed using Silicycle® 60 A 230-400 mesh silica. All 'H, "°C, and '°F NMR
spectra are reported in ppm and referenced to solvent peaks ('H and "°C). Spectra were
obtained on Bruker AV-300, AVQ-400, AVB-400, DRX-500, AV-500, or AV-600
instruments. Electron impact (EI) and electrospray ionization (ESI) mass spectra were
obtained from the UC Berkeley Mass Spectrometry Facility.

Experimental Procedures

Cyclooctane-1,2-dione (7.8)."> A mixture containing 1,2-cis-octanediol 7.7 (735 mg, 5.10
mmol, 1.0 equiv.), (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO, 137 mg, 0.878
mmol, 0.17 equiv.), iodobenzenedichloride" (3.57 g, 13.0 mmol, 2.6 equiv.) and pyridine
(2.6 mL, 32 mmol, 6.3 equiv.) in CH,Cl, (50 mL, anhydrous) was heated to 50 °C
overnight. The following morning the reaction mixture was diluted with CH,Cl, (200 mL)
and washed with sat. sodium sulfite (150 mL), IM HCI (150 mL) and brine (200 mL). The
organics were dried, decanted, and evaporated to dryness. The crude product was purified
by on a Biotage 40M column using a hexane/CH,Cl, solvent system (1:1 then 1:2
hexane/CH,Cl,) to yield 495 mg 7.8 (3.54 mmol, 69%). Ry = 0.6 in hexane/CH,CL. 'H
NMR (500 MHz, CDCls): § 2.56-2.53 (m, 2H), 1.74 (dd, J = 3.7, 2.6 Hz, 2H), 1.60-1.57
(m, 2H). *C NMR (125 MHz, CDCl;): 8 210.2, 40.1, 26.5, 21.3.

(1E,3E)-2,3-Bis(triethylsilyloxy)cycloocta-1,3-diene (7.9). Lithium
bis(trimethylsilyl)amide (4.8 mL of 1M in THF solution, 4.8 mmol, 2.1 equiv.) was further
diluted in THF (28 mL, anhydrous) and cooled to -78 °C. 1,2-cyclooctadione (315 mg,
2.25 mmol, 1.0 equiv.) was dissolved in THF (8 mL, anhydrous) and added to the solution
of base over 1 h. Upon addition of all diketone, the mixture was stirred for an additional
20 min at -78 °C, at which point triethylsilyl chloride (1.2 mL, 7.1 mmol, 3.2 equiv.) was
added. The mixture was stirred 10 additional minutes at -78 °C, and warmed to rt. After
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stirring 1.5 h at rt, the reaction was evaporated to dryness and the crude product was
purified by silica gel chromatography on a Biotage 40M column with a hexane/ethyl
acetate solvent system. This procedure yielded pure bis(silyl enol ether) 7.9 (540 mg, 1.5
mmol, 65%). R¢= 0.3 in hexane. 'H NMR (400 MHz, CDCl;): § 5.08 (t, J = 8.3 Hz, 2H),
2.12 (bs, 2H), 1.96 (bs, 2H), 1.67 (bs, 2H), 1.27-1.11 (m, 2H), 0.98 (t, J = 7.8 Hz, 18H),
0.67 (q, J= 7.8 Hz, 12H). >C NMR (100 MHz, CDCls): § 146.7, 112.2, 26.2, 25.0, 7.0,
5.2. HRMS (EI): cald. For CH400,Si," [M]", 368.2567; found, 368.2575.

3,8-Difluorocyclooctane-1,2-dione (7.10). Bis(silyl enol ether) 7.9 (373 mg, 1.01 mmol,
1.0 equiv.) was dissolved in acetonitrile (70 mL, anhydrous). Selectfluor (1.62 g, 4.58
mmol, 4.5 equiv.) was added and the reaction was stirred at rt overnight. The reaction was
monitored by TLC for disappearance of 7.9 (Rr=1 in 2:1 hexane/ethyl acetate). When no
more 7.9 was present the reaction mixture was quenched with water (100 mL) and
extracted with ether (4 x 150 mL). The organics were combined, dried, decanted, and
evaporated to dryness. The crude product was purified on a Biotage 40M silica gel column
with a hexane/ethyl acetate solvent system (8:1 to 1:1). This procedure resulted in 28 mg
of 7.10 (0.16 mmol, 16%) as a mixture of diastereomers and hydrates. R¢=0.2 in 2:1
hexane/ethyl acetate. "H NMR (400 MHz, CDCls): 6 5.42 (ddd, J=46.4, 7.5, 3.8 Hz, 1H),
5.23 (ddd, J=47.5, 8.3, 3.5 Hz, 2H minor), 4.78 (ddd, J = 44.9, 8.4, 3.1 Hz, 1H), 2.58-
2.39 (m, 1H), 2.23-1.98 (m, 1H, 2H minor), 1.95-1.80 (m, 1H, 2H minor), 1.75-1.45 (m,
2H, 2H minor), 1.36-1.03 (m, 3H, 2H minor). ’F NMR (376 MHz, CDCl;): § -189.81
(ddd, J =45, 33, 12 Hz, 1F), -193.36 - -193.57 (m, 2F minor), -195.19 (ddd, J =41, 28, 10
Hz, 1F). HRMS (EI): cald. For CsH,00,F," [M]", 176.0649; found, 176.0650.

((1Z,22)-3,8-difluorocycloocta-2,8-diene-1,2-diyl)bis(oxy)bis(trimethylsilane) (7.11).
Potassium bis(trimethylsilyl)amide (0.7 mL of a 0.5 M solution in toluene, 0.35 mmol, 2.1
equiv.) was further diluted in THF (2.0 mL, anhydrous) and cooled to -78 °C.
Difluorodiketone 7.10 (30 mg, 0.17 mmol, 1.0 equiv.) was diluted in THF (1.0 mL,
anhydrous) and added to the solution of base over 1 h. After and addition 2 h at -78 °C,
triethylsilyl chloride (0.10 mL, 0.59 mmol, 3.5 equiv.) was added. The mixture was stirred
at -78 °C for 45 min, warmed to rt, and stirred an additional 1.5 h at rt at which point the
mixture was evaporated to dryness. The crude product was purified by silica gel
chromatography with hexanes to yield 5 mg of 7.11 (0.012 mmol, 14%). '"H NMR (500
MHz, CDCls): § 2.50-2.42 (m, 2H), 2.28-2.16 (m, 2H), 1.73 (t, J= 8.7 Hz, 2H), 1.33 (t, J =
10.7 Hz, 2H), 0.97 (t, J= 7.9 Hz, 18H), 0.66 (q, J= 7.9 Hz, 12H). "’F NMR (376 MHz,
C¢Dg): 6 -119.92 (dd, J =33, 20 Hz, 2F).

Allyl 2-chloro-2,2-difluoroacetate (7.15)."> Chlorodifluoroacetic acid (7.12, 50 mL, 0.57
mol, 1.0 equiv.) and allyl alcohol (7.14, 52 mL, 0.77 mol, 1.3 equiv.) and hexanes (75 mL)
were combined and heated to 90 °C in a flask equipped with a Dean-Stark apparatus.
When water ceased to be collected (~ 5 h), the product was purified by fractional
distillation at ambient temperature with the product distilling at ~100 °C. This procedure
resulted in 50 mL of pure 7.15 (72 g, 0.42 mol, 74%). '"H NMR (500 MHz, CD;CN): §
6.00 (ddt, J=16.4, 10.7, 5.9 Hz, 1H), 5.45 (dd, J=17.2, 1.2 Hz, 1H), 5.37 (dd, J=10.5,
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0.9 Hz, 1H), 4.86 (d, J= 5.9 Hz, 2H). “C NMR (150 MHz, CDCl;): & 159.3 (t, J = 35 Hz),
129.8, 120.8, 117.1 (t, J =301 Hz), 68.8. "’F NMR (565 MHz, CDCls): & -68.1 (3F).

2,2-Difluoropent-4-enoic acid (7.6)."° Allyl ester 7.15 (20.8 g, 124 mmol, 1.0 equiv.) was
dissolved in acetonitrile (100 mL, anhydrous). Zinc (9.9 g, 150 mmol, 1.2 equiv.) and
trimethylsilyl chloride (22 mL, 174 mmol, 1.4 equiv.) were added and the mixture was
heated to reflux for 3 d. After 3 d, the reaction was still not complete and more zinc (2.0 g)
and trimethylsilyl chloride (5 mL) was added. After an additional 2 d at reflux, the
mixture was cooled to rt and quenched with 50 g of wet silica. This slurry was filtered and
the filtrate was purified by fractional distillation to yield ~12 g of product (90 mmol, 73%).
"H NMR (400 MHz, CDCl;): 8 5.74 (ddt, J=17.3, 10.2, 7.1 Hz, 1H), 5.28-5.22 (m, 2H),
2.82 (td, J=16.8, 7.1 Hz, 2H). >*C NMR (125 MHz, CDCL): 8 166.3 (t, J = 32 Hz), 128.5
(t, J=6Hz), 122.3,-116.8 (t, J = 249 Hz), 39.6 (t,J = 24 Hz). ’F NMR (376 MHz,
CD;CN): 8 -106.45 (t, J= 17 Hz). HRMS (ESI): calcd. for CsHsO,F," [M+H]", 135.0263;
found, 135.0261.

2,2-Difluoro-N-methoxy-/N-methylpent-4-enamide (7.16). A solution containing acid
7.6 (1.0 g, 7.3 mmol, 1.0 equiv.), 1-hydroxybenzotriazole (HOBt, 1.5 g, 11 mmol, 1.5
equiv.), 1-ethyl-3-(3-dimethylaminopropyl)carbodimide hydrochloride (EDC, 1.6 g, 10
mmol, 1.4 equiv.), N,N-diisopropylethyl amine (2.5 mL, 14 mmol, 2.0 equiv.), and N,O-
dimethyl hydroxylamine hydrochloride (1.2 g, 12 mmol, 1.6 equiv.) in cold (0 °C)
acetonitrile (60 mL, anhydrous) was prepared. The mixture was warmed to rt overnight.
The following morning the reaction was evaporated to dryness and purified by silica gel
chromatography with a hexane/ethyl acetate solvent system. This procedure yielded 580
mg of 7.16 (3.2 mmol, 44%). "H NMR (400 MHz, CDCl;): § 5.77-5.70 (m, 1H), 5.23-5.17
(m, 2H), 3.69 (s, 3H), 3.19 (s, 3H), 2.86 (td, J=17.1, 7.1 Hz, 2H). "’F NMR (376 MHz,
CDCls): § -102.23 (t, J= 15 Hz, 2F). HRMS (EI): calcd. for C;H;;NO,F," [M]’,
179.0758; found, 179.0759.

(E)-Z,2,7,7-Tetraﬂu0ro-Nl,NS-dimethoxy-Nl,Ns-dimethyloct-4-enediamide (7.17).
Compound 7.16 (250 mg, 1.4 mmol, 1.0 equiv.) was dissolved in CH,Cl, (10 mL,
anhydrous) and Grubbs 2™ generation catalyst (93 mg, 0.11 mmol, 8 mol%) was added.
The mixture was heated to 50 °C for 1 h, at which point it was cooled to rt, evaporated to a
residue, and purified by silica gel chromatography using a hexane/ethyl acetate solvent
system (10:1 to 1:1). This procedure yielded 220 mg of 7.17 (0.66 mmol, 94%). R¢=0.6
in toluene/acetone. '"H NMR (400 MHz, CDCl;): & 5.57 (bs, 2H), 3.66 (s, 6H), 3.17 (s,
6H), 2.84 (tdd, J = 16.9, 3.6, 1.3 Hz, 4H). "C NMR (101 MHz, CDCls): § 163.3 (t, J = 30
Hz), 126.2, 116.9 (t, J =252 Hz), 61.9, 38.1 (t, J= 24 Hz), 33.0 (t, J = 24 Hz). °’F NMR
(376 MHz, CDCl;): § -102.08 (s, 4F). HRMS (ESI): calcd. for C,HoN,O4F4" [M+H]",
331.1275; found, 331.1280.
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3-(3-Bromo-5,5-difluoro-6-oxotetrahydro-2 H-pyran-2-yl)-2,2-difluoro-N-methoxy-/V-
methylpropanamide (7.18). Compound 7.17 (29 mg, 0.088 mmol, 1.0 equiv.) was
dissolved in CH,Cl, (0.75 mL, anhydrous) and cooled to 0 °C. To this solution, bromine
(130 uL of a 1:10 dilution in CH,Cl,, 0.26 mmol, 2.9 equiv.) was added. After 3 h, the
mixture was evaporated to dryness and purified by silica gel chromatography using a
hexane/ethyl acetate solvent system (product elutes at 2:1). This procedure resulted in 21
mg of 7.18 (0.056 mmol, 65%). R¢=0.7 in 1:1 hexane/ethyl acetate. 'H NMR (400 MHz,
CDCl3): 8 4.74 (q, J = 6.7 Hz, 1H), 4.35 (bd, J = 6.2 Hz, 1H), 3.77 (s, 3H), 3.27 (s, 3H),
3.02-2.83 (m, 3H), 2.74-2.59 (m, 1H). °C NMR (150 MHz, MeOD): & 168.7 (t, J = 30
Hz), 168.6 (t,J=29 Hz), 117.7 (t, J= 250 Hz), 117.4 (J= 250 Hz), 70.4 (q, J = 4 Hz),
61.90 (s), 51.7 (bs), 40.6 (t, J =25 Hz), 40.1 (t, J = 24 Hz), 35.8. "’F NMR (565 MHz,
CDCls): & -103.75 (dt, J =257, 14 Hz, 1F), -105.0 (dt, J = 255, 15 Hz, 1F), -106.8 (dt, J =
255,16 Hz, 1F), -107.7 (ddd, J = 257, 21, 15 Hz, 1F). HRMS (ESI): calcd. for
CioH1304NF,Br’ [M+H]", 365.9959; found, 365.9957.

2,2-Difluorocycloheptane-1,3-dione (7.32). 1,3-cycloheptadione3 0 (7.28,1.0 g, 7.9 mol,
1.0 equiv.) was dissolved in acetonitrile (44 mL, anhydrous). Cesium carbonate (4.05 g, 12
mmol, 1.6 equiv.) was added and the mixture was stirred at rt for 30 min. It was then
cooled to 0 °C and Selectfluor (5.2 g, 15 mmol, 1.8 equiv.) was added. The mixture was
warmed to rt and monitored by '’F-NMR for disappearance of Selectfluor. After 1.5 h the
reaction was filtered to remove Cs,CO;. The filtrate was evaporated to dryness and pushed
through a plus of silica gel eluting with 1:1 hexanes/ethyl acetate. This procedure yielded
a mixture of 7.32 and hydrated 7.32 (760 mg, 4.5 mmol, 56%). "H NMR (600 MHz,
CDCls): & 3.65 (bs, 2H hydrate), 2.72-2.70 (m, 4H), 2.60 (t, J = 6.5 Hz, 2H hydrate), 2.01-
1.99 (m, 4H, 2H hydrate), 1.84-1.83 (m, 2H hydrate), 1.68-1.65 (m, 2H hydrate). >°C NMR
(150 MHz, CDCls): 8 198.9 (t, J = 23 Hz, hydrate), 197.7 (t, /=25 Hz), 115.3 (t, J = 259
Hz, hydrate), 110.1 (t, J = 262 Hz), 94.8 (t, J = 26 Hz, hydrate), 39.8, 39.3 (hydrate), 37.5
(hydrate), 24.96, 22.6 (hydrate), 22.0 (hydrate). '°F NMR (565 MHz, CDCls): & -115.84
(s, 2F), -120.09 (s, 2F, hydrate). HRMS (EI): calcd. for C;HsO,F," [M]", 162.0492; found,
162.0496.

(E)-Methyl 4-((2,2-difluoro-3-oxocycloheptylidene)methyl)benzoate. 2,2-
Diflurocycloheptane-1,3-dione (7.32, 366 mg, 2.26 mmol, 1.0 equiv.) and (4-
(methoxycarbonyl)benzyl)triphenylphosphonium bromide (1.15 g, 2.34 mmol, 1.04 equiv.)
were dissolved in THF (32 mL, anhydrous) and cooled to 0 °C. 1,8-Diazabicycloundec-7-
ene (410 uL, 2.7 mmol, 1.2 equiv.) was added dropwise and the solution turned yellow in
color. The mixture was stirred at 0 °C for 1.5 h, at which point it was quenched with
methanol. The mixture was evaporated onto silica gel and further purified by silica gel
chromatography using a mixture of 2:1 hexane/toluene with 0,1, or 2% ethyl acetate. The
product elutes with 2% ethyl acetate. This procedure yielded 241 mg of product (0.82
mmol, 36%). R¢= 0.7 in 2:1 hexane/ethyl acetate. 'H NMR (600 MHz, CDCl;): & 8.04 (d,
J=8.3 Hz, 2H), 7.34 (d, /= 8.2 Hz, 2H), 7.10 (s, 1H), 3.92 (s, 3H), 2.70 (dd, /= 6.2, 6.2
Hz, 2H), 2.56 (dd, J= 5.9, 5.9 Hz, 2H), 1.94-1.92 (m, 2H), 1.84-1.82 (m, 2H). °C NMR
(100 MHz, CDCl3): 6 199.4 (t, J =29 Hz), 166.6, 139.7, 134. 7 (t, /=20 Hz), 131.1 (t, J =
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9 Hz), 129.8, 129.6, 128.9, 115.5 (t, J = 254 Hz), 52.3, 39.3, 28.11, 27.1, 24.5. "’"F NMR
(565 MHz, CDCls): 8 -108.11 (s, 2F). HRMS (EI): calcd. for C1sH405F," [M]", 294.1068;
found, 294.1064.

Methyl 4-((2,2-difluoro-3-oxocycloheptyl)methyl)benzoate (7.27). (E)-methyl 4-((2,2-
difluoro-3-oxocycloheptylidene)methyl)benzoate (68 mg, 0.23 mmol, 1.0 equiv.) was
dissolved in ethanol (1.5 mL) and flushed with nitrogen. Palladium hydroxide on carbon
(20%, 7.5 mg) was added and solution was flushed with hydrogen. The reaction mixture
was stirred under a hydrogen atmosphere for 1.5 h, at which point it was filtered through
Celite, rinsed with ethanol, and evaporated to dryness to yield pure 7.27 (70 mg, 0.23
mmol, quant.). R¢=0.7 in 2:1 hexane/ethyl acetate. '"H NMR (600 MHz, CDCl3):  7.95
(d, J=8.3 Hz, 2H), 7.22 (d, /= 8.2 Hz, 2H), 3.87 (s, 3H), 3.18 (dd, /= 13.8, 3.5 Hz, 1H),
2.75 (dtd, J=15.2, 6.4, 3.0 Hz, 1H), 2.63-2.58 (m, 1H), 2.46 (dd, J=13.8, 10.9 Hz, 1H),
2.22-2.13 (m, 1H), 1.92-1.87 (m, 1H), 1.75-1.70 (m, 2H), 1.65-1.62 (m, 1H), 1.36-1.31
(m, 1H), 1.27-1.21 (m, 1H). >C NMR (150 MHz, CDCl3): 8 201.9 (dd, J = 29, 26 Hz),
167.0, 144.4, 130.0, 129.4, 128.7, 119.5 (dd, J = 256, 253 Hz), 52.2, 44.5 (dd, J =22, 21
Hz), 38.5, 33.6 (dd, J= 6, 4 Hz), 28.3 (dd, J = 6, 2 Hz), 25.1, 23.5. ’F NMR (565 MHz,
CDCl3): 8 -106.63 (d, J = 245 Hz, 1F), -120.51 (dd, J = 245, 24 Hz, 1F). HRMS (EI):
caled. for Ci6H305F," [M], 296.1224; found, 296.1228.

Methyl 4-((2,2,4,4-tetrafluoro-3-oxocycloheptyl)methyl)benzoate (7.26).
Difluoroketone 7.26 (595 mg, 2.1 mmol, 1.0 equiv.) was dissolved in cyclohexane (5 mL)
in the presence of molecular sieves, trifluoroacetic anhydride (1 drop), and hexylamine
(0.28 mL, 2.1 mmol, 1.0 equiv.). This mixture was heated to reflux for 10 h, at which
point, it was cooled to rt, evaporated to dryness and the residue was dissolved in ether (75
mL). The ether solution was washed with saturated NaHCO; (50 mL) and brine (50 mL).
The organics were dried, decanted, and evaporated to a residue containing the hexylimine
of 7.26. The residue was dissolved in acetonitrile (20 mL, anhydrous) and sodium sulfate
(590 mg, 4.2 mmol, 2.0 equiv.) was added followed by Selectfluor (2.21 g, 6.2 mmol, 3.0
equiv.). The mixture was refluxed overnight. The following morning, 3M HCI (1 mL)
was added and the mixture was heated for an additional 10 min. The solution was then
cooled to rt and the acetonitrile was removed by evaporation. The residue was dissolved in
ether (75 mL) was washed with saturated NaHCO3 (50 mL) and brine (50 mL). The ether
was dried, decanted, and evaporated to dryness. The crude product was purified by silica
gel chromatography with a hexane/ethyl acetate solvent system (6:1 to 2:1). This
procedure yielded 288 mg (0.87 mmol, 43%) as a mixture of ketone and hydrate. R¢= 0.6
in 3:1 toluene/acetone. 'H NMR (600 MHz, CDCls): 6 8.01 (d, J= 8.2 Hz, 2H), 7.99 (d, J
= 8.4 Hz, 2H hydrate), 7.29-7.26 (m, 2H, 2H hydrate), 4.02 (bs, 1H hydrate), 3.93 (s, 3H,
4H hydrate), 3.29 (d, J= 9.5 Hz, 1H hydrate), 3.25 (dd, J = 13.8, 3.5 Hz, 1H), 2.56-2.51
(m, 1H, 2H hydrate), 2.42-2.37 (m, 2H), 2.33-2.25 (m, 1H hydrate), 2.19-2.12 (m, 1H, 1H
hydrate), 1.85-1.71 (m, 2H, 2H hydrate), 1.58-1.53 (m, 1H), 1.44-1.38 (m, 1H, 2H
hydrate). *C NMR (150 MHz, CDCls): & 189.02 (m), 167.3, 167.1 (hydrate), 145.1
(hydrate), 143.6, 130.2 (hydrate), 130.0, 129.5, 129.4 (hydrate), 129.1 (hydrate), 128.6,
121.7 (apparent t, J = 254 Hz), 121.2 (apparent t, J = 250 Hz, hydrate),118.4 (apparent t, J
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= 255 Hz, hydrate) 116.8 (t, J =252 Hz) 94.8 (apparent dt, J = 53, 27 Hz, hydrate), 52.4
(hydrate), 52.3, 45.7 (t, J = 23 Hz, hydrate), 43.7 (t, /= 25.1 Hz), 35.0 (dd, /=7, 5 Hz),
34.7 (t, J= 24 Hz, hydrate), 33.4 (apparent t, J = 4 Hz, hydrate), 32.7 (t, J = 24 Hz), 27.5
(d, J= 5 Hz, hydrate), 26.0 (d, J = 8 Hz), 20.2 (dd, J = 8, 3 Hz, hydrate), 19.5 (t, J = 6 Hz).
F NMR (565 MHz, CDCls): § -98.01 (dq, J= 268, 11 Hz, 1F), -103.08 (dtd, J = 259, 20,
10 Hz, 1F hydrate), -104.20 (dm, J = 260 Hz, 1F), -105.55 (dddd, J = 268, 23, 13, 9 Hz,
1F), -107.64 (ddt, J= 260, 23, 10 Hz, 1F hydrate), -108.65 (dm, J = 260.0 Hz, 1F hydrate),
-119.26 (ddd, J = 260, 24, 12 Hz, 1F), -121.66 (ddd, J = 260, 26, 20 Hz, 1F hydrate).
HRMS (EI): calcd. for C¢H160:F;" [M]", 332.1036; found, 332.1039.

Methyl 4-((2,2,4,4-tetrafluoro-3-hydroxy-3-methylcycloheptyl)methyl)benzoate (7.33).
Tetrafluorinated ketone 7.26 (19 mg, 0.057 mmol, 1.0 equiv.) was dissolved in CH,Cl,
(0.5 mL) and cooled to 0 °C. Trimethylaluminum (35 uL of a 2M solution in toluene,
0.070 mmol, 1.2 equiv.) was added and the mixture was stirred for 20 min, at which point
trimethylsilyl diazomethane (35 uL of a 2M solution in CH,Cl,, 0.070 mmol, 1.2 equiv.)
was added. After 5 min, TLC indicated the reaction was complete. The mixture was
quenched with sat. aqueous Rochelle’s salt and stirred until all aluminum was complexes.
This solution was extracted with CH,Cl, (3 x 5 mL). The organics were dried, decanted,
evaporated to dryness and the crude product was purified by silica gel chromatography
using a hexanes/ether solvent system (20:1 to 2:1). This procedure yielded 9 mg of 7.33
(0.026 mmol, 45%) as a mixture of diastereomers (~1:0.3). R¢=0.7 in 3:1 hexane/ethyl
acetate. 'H NMR (600 MHz, CDCls, major diastereomer only): & 7.97 (d, J = 7.2 Hz, 2H),
7.27 (d, J=7.4 Hz, 2H), 3.91 (s, 3H), 3.26 (dd, J = 13.9, 3.8 Hz, 1H), 2.80-2.70 (m, 1H),
2.50 (dd, J=13.8, 10.5 Hz, 1H), 2.45-2.34 (m, 1H), 2.20 (s, 1H), 2.04-1.98 (m, 1H), 1.74-
1.64 (m, 1H), 1.56-1.51 (m, 6H). "’F NMR (565 MHz, CDCls): & -99.07 (ddt, J = 264, 21,
7 Hz), -103.09 (ddd, J = 255, 35, 15 Hz), -105.93 (d, J =265 Hz), -118.57 (ddd, J = 264,
29, 22 Hz). HRMS (EI): calcd. for C17H2003F," [M]", 348.1349; found, 348.1358.

Methyl 4-((4,4,9,9-tetrafluoro-1-oxaspiro[2.6]nonan-5-yl)methyl)benzoate (7.34). A
solution of 0.09 M TMSCLIN, was generated by combining trimethylsilyldiazomethane
(0.05 mL of a 2 M solution in CH,Cl,) with nbutyllithium (0.06 mL of a 1.6 M solution in
hexane) in THF (1.0 mL, anhydrous) at -78 °C. Tetrafluorinated ketone 7.26 (20 mg,
0.060 mmol, 1.0 equiv.) was dissolved in THF (1.5 mL, anhydrous) and cooled to 0 °C.
The TMSCLIiN; (0.67 mL, 0.060 mmol, 1.0 equiv.) was added and the mixture was
warmed to rt. No significant reaction at rt and the mixture was heated to 40 °C overnight.
The following morning the mixture was quenched with methanol and evaporated to
dryness. The crude product was purified by silica gel chromatography with a
hexanes/ether solvent system (40:1 to 10:1) to yield 14 mg of 7.34 (0.04 mmol, 67%). R¢=
0.7 in 3:1 hexane/ethyl acetate. 'H NMR (400 MHz, CDCl;): & 8.0-7.96 (m, 2H major, 2H
minor) 7.28-7.23 (m, 2H major, 2H minor), 3.91 (s, 3H minor), 3.91 (s, 3H major), 3.30-
3.17 (m, 2H major, 2H minor), 3.14-3.10 (m, 1H major, 1H minor), 2.56-2.36 (m, 3H
major, 3H minor), 2.18-2.04 (m, 1H major, 1H minor), 1.80-1.65 (m, 2H major, 2H
minor), 1.62-1.46 (m, 1H major, 1H minor), 1.41-1.26 (m, 1H major, 1H minor). "H NMR
(600 MHz, CDCl3, major only): 6 7.97 (d, J= 8.2 Hz, 2H), 7.24 (d, /= 8.2 Hz, 2H), 3.91
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(d, J=3.1Hz3),3.29 (t,J=5.6 Hz, 1H), 3.23 (dt,J=14.1, 7.1 Hz, 1H), 3.11 (t,J=5.9
Hz, 1H), 2.55-2.38 (m, 3H), 2.17-2.04 (m, 1H), 1.75-1.69 (m, 2H), 1.52 (q, J = 13.0 Hz,
1H), 1.36 q, J=11.9 Hz, 1H). >C NMR (150 MHz, CDCl;): 8 167.1, 144.9, 130.1, 129.4,
128.7,120.9 (ddd, J = 254, 249, 4 Hz), 120.0 (apparent td, J = 246, 8 Hz), 60.2-59.6 (m),
52.3,46.8 (ddd, J =13, 5,2 Hz), 45.0 (t, J =23 Hz), 36.8 (t, /=25 Hz), 34.6 (dd, /=7, 6
Hz), 29.4 (d, J=4 Hz), 19.45 (d, J=9 Hz). "’F NMR (376 MHz, CDCl;): 8 -88.41 (d, J =
261 Hz, 1F major), -92.89 (dq, J = 262, 5 Hz, 1F minor), -97.46 (d, J =261 Hz, 1F minor),
-103.49 (d, J =261 Hz, 1F major), -105.35 (dddd, J = 30, 25, 19, 6 Hz, 1F major), -107.00
(dm, J =214 Hz, 1F minor), -118.04 (ddd, J = 260, 28, 14 Hz, 1F major), -120.62 (ddd, J =
262, 24, 7 Hz, 1F minor). HRMS (EI): calcd. for C17H;303F," [M]", 346.1192; found,
346.1195.

Methyl 4-((3-cyano-2,2,4,4-tetrafluoro-3-hydroxycycloheptyl)methyl)benzoate (7.35).
Tetrafluorinated ketone 7.26 (11 mg, 0.033 mmol, 1.0 equiv.) was dissolved in ether (0.25
mL, anhydrous). Zinc bromine (1 grain) and trimethylsilyl cyanide (~15 uL, 0.1 mmol, 3
equiv.) was added and the reaction mixture was stirred overnight at rt. The following
morning the reaction was not complete and more trimethylsilyl cyanide (~15 uL) was
added and the mixture was stirred at rt for an additional 24 h, at which point it was
evaporated to dryness. The crude product was purified by silica gel chromatography using
a hexanes/ethyl acetate solvent system (7.35 elutes at 4:1). This procedure resulted in 5
mg of 7.35 as a 1:0.3 mixture of diastereomers (0.014 mmol, 42%). R¢=0.4 in 3:1
hexane/ethyl acetate. 'H NMR (600 MHz, CDCl;): & 8.00 (d, J = 7.2 Hz, 2H minor), 7.98
(d, J= 8.3 Hz, 2H major), 7.27-7.25 (m, 2H major, 2H minor), 4.66 (bs, 1H major), 4.39
(bs, 1H minor), 3.92 (s, 3H major, 3H minor), 3.27 (dd, /= 13.7, 3.4 Hz, 1H major, 1H
minor), 2.73-2.64 (m, 1H major), 2.59-2.53 (m, 1H minor), 2.55 (dd, J=11.0, 13.9 Hz, 1H
major), 2.46-2.34 (m, 1H major, 2H minor), 2.24-2.09 (m, 1H major, 1H minor), 1.75-1.68
(m, 1H major, 1H minor), 1.58-1.50 (m, 3H major, 2H minor), 1.42-1.40 (m, 1H minor).

(4-((4,4,9,9-Tetrafluoro-1-oxaspiro[2.6]nonan-5-yl)methyl)phenyl)methanol (7.38).
Cyanohydrin 7.35 (5 mg, 0.014 mmol, 1.0 equiv.) was dissolved in ether (0.2 mL,
anhydrous). This solution was added dropwise to a solution of lithium aluminum hydride
(0.25 mL, 1M solution in THF, 0.25 mmol, 18 equiv.). The mixture was warmed to 50 °C
and allowed to react overnight. The following morning it was quenched with sat. aqueous
Rochelle’s salt and extracted with ethyl acetate (3 x 15 mL). The organics were combined,
dried, decanted, and evaporated to dryness to yield 7.36 (3 mg, 0.009 mmol, 69%; HRMS
(ESI): calcd. for C1sH2,0,NF," [M+H]", 336.1581; found, 336.1586). This crude product
was dissolved in a mixture of water (80 uL) and acetic acid (80 uL). A separate solution
of sodium nitrite (8 mg, 0.12 mmol, 13 equiv.) in water (160 uL) was prepared and added
to the solution containing amino-alcohol 7.36. The mixture was stirred at rt overnight.

The following morning, additional water (2 mL) was added and the product was extracted
with ether (3 x 5 mL). The organics were combined, dried, decanted, and evaporated to
dryness to yield 7.38 as a mixture of diastereomers. '"H NMR (600 MHz, CDCl;): & 7.32
(d, J= 8.3 Hz, 2H minor), 7.31 (d, J = 8.3 Hz, 2H major), 7.20 (d, /= 7.9 Hz, 1H), 7.17 (d,
J=7.9 Hz, 1H), 4.69 (s, 2H minor), 4.68 (s, 2H major), 3.29 (dd, J=14.7, 5.7 Hz, 1H
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major, 1H minor), 3.18-3.10 (m, 2H major, 2H minor), 2.49-2.40 (m, 3H major, 3H
minor), 2.15-2.03 (m, 3H major, 2H minor), 1.86-1.22 (m, 3H major, 3H minor). F NMR
(565 MHz, CDCls): 8 -89.51 (dm, J =259 Hz), -94.15 (dq, J = 256, 9 Hz), -98.45
(apparent d, J =257 Hz), -104.71 (d, J = 259 Hz), -106.29 (ddddd, J = 260, 30, 25, 18, 6
Hz), -107.96 (dm, J =290 Hz), -118.96 (ddd, J = 261, 29, 14 Hz), -121.73 (ddd, J = 262,
24,7 Hz). HRMS (EI): calcd. for Ci¢H;30,F," [M]", 318.1243; found, 318.1252.

Methyl 4-((3-(dibromomethylene)-2,2,4,4-tetrafluorocycloheptyl)methyl)benzoate
(7.39). Tetrafluorinated ketone 7.26 (6 mg, 0.02 mmol, 1.0 equiv.) was dissolved in
CH,Cl, (0.5 mL) and cooled to 0 °C. Carbon tetrabromide (28 mg, 0.084 mmol, 4.2
equiv.) was added followed by triphenylphosphine (60 mg, 0.23 mmol, 11 equiv.). The
mixture was stirred at rt overnight. The following morning, the mixture was evaporated to
dryness and purified by silica gel chromatography using a hexanes/ethyl acetate solvent
system. This procedure yielded 4 mg of 7.39 (0.008 mmol, 41%). R¢= 0.7 in 3:1
hexanes/ethyl acetate. "H NMR (600 MHz, CDCl3): 6 7.98 (d, J=7.9 Hz, 2H), 7.25 (d, J =
8.9 Hz, 2H), 3.91 (s, 3H), 3.25 (d, /= 10.4 Hz, 1H), 2.61- 2.452 (m, 2H), 2.33- 2.21 (m,
2H), 1.78-1.74 (m, 1H), 1.67-1.65 (m, 1H), 1.43- 1.34 (m, 2H). >C NMR (150 MHz,
CDCl3): 8 167.1, 144.4, 135.5 (dd, J = 26, 25 Hz), 130.1, 129.4, 128.9, 122.3 (apparent t, J
=252 Hz), 120.8 (apparent t, J = 250 Hz), 101.2, 52.3, 47.8 (dd, J = 23, 23 Hz), 38.1
(apparent t, J = 26 Hz), 34.1 (d, J= 6 Hz), 27.6 (t,J = 3 Hz), 19.6 (dd, J=7, 4 Hz). "°F
NMR (565 MHz, CDCls): 6 -82.92 (dq, J =260, 13 Hz, 1F), -86.55 (dt, /=258, 19 Hz,
1F), -88.09 (d, J =259 Hz, 1F), -99.13 (dm, J = 262 Hz, 1F). HRMS (EI): calcd. for
C17H160,BrF, " [M], 485.9453; found, 485.9453.
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Chapter 8

Synthesis and Stabilization of Difluorobenzocyclooctyne

Fused Phenyl Rings Activate Cyclooctynes for Reaction with Azides

With the tetrafluorinated cyclooctyne appearing intangible (see previous chapter),
we looked toward other methods to active cyclooctynes for reactivity with azides. As the
utility of Cu-free click chemistry became apparent to the chemical biology community,
other groups joined the quest for more reactive cyclooctynes. In 2008, the Boons group
reported a dibenzocyclooctyne (8.1, DIBO, Figure 8.1A) that displayed similar reactivity
with azides to DIFO (k= 0.057 M''s™ vs. k=0.076 M"'s™ for DIBO and DIFO
respectively).! By synthesizing DIBO-biotin (8.2) and performing a standard cell-surface
labeling experiment (see Chapter 4), we confirmed that DIBO displayed comparable
reactivity to DIFO on Jurkat cells treated with azidosugar (Figure 8.1B).
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Figure 8.1. A. Dibenzocyclooctyne 8.1 and biotin conjugate 8.2. B. Jurkat cells were
incubated in the presence (+ Az, blue bars) or absence (— Az, green bars) of 25 uM
AcsManNAz for 3 d. Cells were reacted with 10 uM DIFO- biotin (3.4) or DIBO-biotin
(8.2) for 1 h at rt, incubated with FITC-avidin, and analyzed by flow cytometry. The error
bars represent standard deviations from three replicate samples. Au = arbitrary units.

In addition to other experimentalists becoming interested in the design and
synthesis of new cyclooctyne reagents, many computational chemists have found Cu-free
click chemistry an intriguing reaction. Theoretical work has been performed to understand
the basis of DIFO and DIBO’s rate enhancements compared to OCT.>** DFT-based
methods have consistently predicted the rate-enhancing impact of fluorination, which has
been attributed to its effects on transition state distortion/interaction energies.”> The fused
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aryl rings of DIBO were proposed by Goddard and coworkers to exert two opposing
effects on the rate of cycloaddition with azides.* On the one hand, the aryl rings could
promote the cycloaddition reaction by augmenting the cyclooctyne’s ring strain. However,
this effect was predicted to be tempered by unfavorable steric interactions (i.e., A-1,3
strain) between the azide’s alkyl substituent and the ortho hydrogen atoms of the aryl
rings. Goddard further speculated that removal of one aryl ring could enhance the
cycloaddition rate compared to DIBO, at least for one triazole regioisomer.

Design of a More Reactive Difluorobenzocyclooctyne (DIFBO)

Motivated by this growing body of experimental and theoretical work, we proposed
that compounds combining the rate-enhancing features of DIFO and DIBO might possess
superior kinetics that are desirable for labeling azides in biological systems, while at the
same time appearing more synthetically tractable than a tetrafluorinated cyclooctyne.
Hence, we became interested in difluorobenzocyclooctyne (DIFBO) (8.3, Figure 8.2), a
hybrid of DIFO and DIBO.

_ Strain — F Electronic — F
O 6 O activation ‘ . activation O/\F
HO 0
.1, DIB .3, DIFB
8.1, O 8.3, (0] HOOC

3.1, DIFO

Figure 8.2. Difluorobenzocyclooctyne (DIFBO, 8.3) is a hybrid of DIFO and DIBO.

When designing the synthesis of DIFBO, we again looked to the homologation
strategy outlined in Chapter 7 (Scheme 7.5). While the ring-expansion was unsuccessful
for tetrafluorinated ketone 7.26, the difluorinated ketone 7.27 was reactive with
TMSCHN,, providing precedent for the homologation of difluorinated ketones, such as
8.5, which would be the necessary precursor for DIFBO. Compound 8.5 should be easily
prepared by a method reported for difluorination of aryl ketones by Stavber and
coworkers.’ Notably, DIFBO (8.3) does not contain a functional group for probe
conjugation. We envisioned that a methyl-ester could easily be placed on the aryl ring if
DIFBO appeared a promising reagent for Cu-free click chemistry.

Synthesis of DIFBO

Benzosuberone 8.4 was converted to 2,2-difluorobenzosuberone in 62% yield
through imine formation with hexylamine followed by treatment of the imine with
Selectfluor and hydrolysis back to the ketone with aqueous acid. Subjecting 8.5 to
trimethylsilyldiazomethane (TMSCHN;) with a stoichiometric amount of trimethyl
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aluminum resulted in clean homologation to yield compound 8.6, with the trimethylsilyl
group intact alpha to the ketone. Immediate vinyl triflate formation by deprotonation with
KHMDS followed by trapping of the enolate with trifluoromethane sulfonic anhydride
yielded compound 8.7. This intermediate was converted to DIFBO (8.3) by reaction with
cesium fluoride (Scheme 8.1).” The synthesis of DIFBO validated the homologation
strategy for the facile synthesis of cyclooctynes. However, a complication arose in that the
desired product could not be isolated in pure form. Rather, DIFBO underwent spontaneous
homotrimerization upon concentration to form a mixture of two compounds, suggesting
our initial hypothesis was correct and the combination of electronic and strain activation
resulted in a highly reactive cyclooctyne.

Scheme 8.1. Synthesis of difluorobenzocyclooctyne.

1) Hexylamine Q F AlMeg ™S R E
2) A, Selectflour F TMsCHN, F
—_—
3) HCI -78 °C
8.5, 62% 8.6, 95%
KHMDS

TMS OTf ‘

8.3, DIFBO 8.7, 80%

After extensive NMR analysis (see appendix D) and further confirmation by X-ray
crystallography (Figure 8.3), we determined that the two trimer products were asymmetric
diastereomers 8.8 and 8.9 (Scheme 8.2). Interestingly, trimer product 8.10 that would be
derived from three DIFBO molecules coming together in a C3 symmetric manner was not
observed. Trimerization is a well-established reaction pathway for highly strained
cycloalkynes.*”'° However, the trimerization of DIFBO was a nearly quantitative process,
and many of the precedented trimerization reactions are low yielding unless a metal is
present. 12

To confirm that DIFBO had indeed been formed prior to trimerization, we added
benzyl azide to the reaction of compound 8.3 with CsF and obtained a mixture of triazole
products 8.11 and 8.12 (1:1.6 ratio, see appendix D) in 93% yield (Scheme 8.3). Thus, the
rate of reaction of DIFBO with benzyl azide appeared to be faster than that of
trimerization.
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Scheme 8.2. Trimerization of DIFBO.

8.9
Figure 8.3. Crystal structures of trimer products. Thermal ellipsoid plots for trimer

products 8.8 and 8.9 shown at 50% probability. Grey atoms correspond to carbon and
green atoms correspond to fluorine. The hydrogen atoms have been removed for clarity.

Scheme 8.3. Isolation of cycloadducts between DIFBO and benzyl azide.

PR Ph
N N,
™S OTf LN N N~ NJ
F F F
F CsF F 4+ F
BnNj
8.7 8.11, 35% 8.12, 58%
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Stabilization of DIFBO

The trimerization reaction created several problems with regard to the
characterization of DIFBO. The compound was impossible to isolate in pure form at
convenient temperatures and could not be stored for future use. Thus, we sought a means
to stabilize DIFBO for detailed spectroscopic and kinetic characterization. Cyclodextrins,
cyclic oligomers of a.-1,4 linked glucose, are well-known for their ability to bind small,
non-polar molecules within their bowl-shaped cavities.'>'*'> The three commonly used
cyclodextrins, a, 8, and y, comprising six, seven, and eight glucose residues, respectively,
possess different cavity dimensions that can be selected to match the small molecule guest
of interest (Figure 8.4). The inclusion complexes are stable in water and during freeze-
drying but readily dissociate upon suspension in organic solvents. Cyclodextrin
complexation has previously been exploited to enhance the stability of lipophilic
drugs.'®'"'® Based on this precedent, we sought to test whether cyclodextrins would form
stable inclusion complexes with DIFBO, thereby permitting long-term storage and
facilitating kinetic characterization.

oM
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HO, i
3 u "OH o . ‘OH
MQA . BCD H.J:;A H.,VB:E +-CD ?‘
o HO, Q OH HO o é; ’?H HO o
mﬁ: AT ~;h: E‘«"“ w;bé
) o a HO OH o
Y. "y 0y OH o o 0 ______ o OH
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471053A 6.0t06.5A 75t08.3A

Figure 8.4. The three common cyclodextrin molecules, a, 3, and y containing 6,7, and 8
glucose residues, respectively. Shown are the chemical structures (top), and the schematic
which represents each structure (bottom) as well as the diameter of the cavity of each
cyclodextrin host.

We combined a crude solution of DIFBO in acetonitrile, generated as shown in
Scheme 8.1, with aqueous solutions of a-, 3-, or y-cyclodextrin. TLC and mass
spectrometry analysis showed the persistence of DIFBO in the -cyclodextrin-containing
mixture, whereas side products were formed in the a.- or y-cyclodextrin-containing
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mixtures. Encouraged by this observation, we developed a procedure for generating and
isolating the DIFBO-p-cyclodextrin complex (Scheme 8.4). We found that the reaction
solution in which DIFBO was generated could be directly loaded onto a silica gel column
without concentration. Upon elution with hexanes, pure DIFBO was obtained. The
DIFBO-B-cyclodextrin complex could not be formed in the presence of hexane, and
consequently, we exchanged the solvent by dilution with acetonitrile followed by careful
room temperature evaporation of the hexane. An aqueous solution of $-cyclodextrin was
then added to the DIFBO/acetonitrile solution and immediately a white precipitate formed.
This mixture was lyophilized to afford a white powder.

Scheme 8.4. Synthesis and purification of DIFBO-B-cyclodextrin complex 8.13.

T™MS  OTf

E = F = F
E CsF F chromatography E
CH3CN
87 + TMSF, CsOTf in hexane
solvent
exchange
1) rotovap — F
2) freeze O F
3) lyophilize
in CH3CN

'"H NMR analysis of the powder dissolved in de-DMSO (Figure 8.5A) confirmed
the presence of pure DIFBO, providing strong evidence for a successful complexation
process. However, an inclusion complex of this type is expected to dissociate in DMSO,"
and indeed, our NMR analysis suggested that $-cyclodextrin and DIFBO were both free in
solution (Figure 8.5A). To obtain direct spectral evidence of the DIFBO-f-cyclodextrin
complex, we performed solid state CPMAS ">C NMR analysis of the lyophilized powder
in comparison to pure f-cyclodextrin (Figure 8.5B). The resonance corresponding to the
anomeric carbon of glucose in the putative DIFBO-f-cyclodextrin complex was shifted
downfield from the corresponding resonance in pure B-cyclodextrin. In addition, all of the
cyclodextrin "°C resonances were broadened in the putative complex. Both of these effects
have been previously observed in CPMAS "*C-NMR spectra of -cyclodextrin inclusion
complexes,””*! supporting our conclusion that DIFBO was indeed inside the -
cyclodextrin cavity.
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Figure 8.5. A. "H NMR spectrum in ds-DMSO of the B-cyclodextrin-DIFBO complex

(red) and of p-cyclodextrin alone (blue). B. CPMAS *C NMR of the DIFBO-f-
cyclodextrin complex (red) compared to B-cyclodextrin alone (blue).

Next a more detailed study of DIFBO’s stability and reactivity with azides in the
presence of B-cyclodextrin was performed. A solution of DIFBO in acetonitrile was
combined with B-cyclodextrin and the aqueous mixtures were lyophilized. The resulting
powders were resuspended in a solution of benzyl azide in acetonitrile and the products
were analyzed by HPLC (Figure 8.6A) alongside synthetic standards (Figure 8.6B-E).

The reaction containing -cyclodextrin produced two major products, which were
identified as triazoles 8.11 and 8.12, with only trace amounts of trimer isomers 8.8 and 8.9.
This result further confirms that f3-cyclodextrin prevents trimerization of DIFBO. We then
investigated the long-term stability of the DIFBO-B-cyclodextrin complex. The dry
powder was periodically suspended in 1:1 acetonitrile/water containing benzyl azide and
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Figure 8.6. DIFBO is stable for 2 months as a f3-cyclodextrin inclusion complex. A
solution of DIFBO in acetonitrile was combined with -cyclodextrin (1 equiv.) and
concentrated. The resulting solid was resuspended in a 1:1 mixture of acetonitrile/water
containing 1 equiv. of benzyl azide (final concentration of 600 uM) immediately (A) or 1
(©),2(G),4(H), 7 (), 14 (J), or 60 (K) days after preparation of the solid. The reaction
mixtures were analyzed by reverse phase HPLC with detection by absorbance at 254 nm.
Peak assignments were made through comparison to synthetic standards (B-E). The slight
difference in retention times of the two triazole peaks in K as compared to F-J are
attributed to a different HPLC column.
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the integrity of DIFBO was determined indirectly by monitoring the formation of triazoles
8.11 and 8.12 as well as the absence of trimers 8.8 and 8.9. No trimer formation, nor
significant amounts of any other degradation products, were observed over the course of
two months during storage on the benchtop at room temperature and open to air (Figure
8.6F-K). Therefore, B-cyclodextrin appears to be a convenient host for stabilization and
storage of DIFBO. DIFBO can be readily extracted from the cyclodextrin by simply
suspending the complex in organic solvent and removing the insoluble free cyclodextrin by
filtration.

To ensure that the stability imparted on DIFBO was due to the correct matching of
host and guest size, various additives were combined with DIFBO and subjected to the
HPLC assay described above. These additives included all three cyclodextrins as well as
monomeric glucose and water alone. In the absence of any additive (Figure 8.7A) or in the
presence of water or glucose (Figure 8.7B/C), DIFBO formed trimers 8.8 and 8.9 prior to
resuspension with benzyl azide. Similarly, addition of a-cyclodextrin had no stabilizing
effect on DIFBO and only trimers were observed, indicating either that DIFBO cannot fit
into the smaller cyclodextrin cavity or that its complex with a-cyclodextrin is relatively
unstable (Figure 8.7D).

The products formed from the DIFBO/y-cyclodextrin mixture were more
complicated (Figure 8.7F). Trimers 8.8 and 8.9 were the major species observed, though
the presence of a small amount of triazoles 8.11 and 8.12 indicated that some DIFBO had
been preserved through the lyophilization process, but this amount was minimal compared
to the stabilization imparted by B-cyclodextrin (Figure 8.7E). More interestingly, multiple
new peaks in the HPLC trace suggested that y-cyclodextrin alters the reactivity of DIFBO.
We isolated the two major new species (HPLC peaks designated with asterisks in Figure
8.7F) and, using mass spectrometry, NMR spectroscopy and X-ray crystallography,
identified them as oxidized DIFBO dimers 8.14 and 8.15 (Figure 8.8). Both 8.14 and 8.15
comprise two DIFBO moieties as well as a molecule of oxygen, with 8.15 being hydrated
as well.
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Figure 8.7. Only p-cyclodextrin prevents trimerization of DIFBO. Reverse phase HPLC
analysis of lyophilized DIFBO mixtures treated with benzyl azide. A solution of DIFBO

in acetonitrile was combined with no additive (A), water (B), glucose (C), a-cyclodextrin
(D), B-cyclodextrin (E), or y-cyclodextrin (F) and concentrated. The resulting solids were
resuspended in a 1:1 mixture of acetonitrile/water containing 1 equiv. of benzyl azide (final
concentration of 600 uM). The reaction mixture was analyzed by reverse phase HPLC
with detection by absorbance at 254 nm. Peak assignments were made through
comparison to synthetic standards (Figure 8.6B-E).
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Figure 8.8. A. Chemical structures of dimers 8.14 and 8.15. B. Thermal ellipsoids of
dimers 8.14 and 8.15 shown with 50% probability. Grey atoms correspond to carbon, green
atoms correspond to fluorine, and red atoms correspond to oxygen. The hydrogen atoms
were removed for clarity.

We speculate that both 8.14 and 8.15 derive from a common intermediate,
cyclobutadiene 8.16, formed by dimerization of DIFBO (Scheme 8.5). This unstable
antiaromatic intermediate presumably reacts rapidly with molecular oxygen to yield 8.17
or 8.18 depending on the automer of 8.16 which reacts with oxygen.”>* C-C bond
cleavage in either an exocyclic or endocyclic fashion with respect to the cyclooctyne rings
leads to compound 8.15 or 8.19, respectively. Compound 8.19 is readily hydrated due to
the electrophilic a-fluorinated ketone. Compound 8.16 may also be an intermediate in the
formation of trimers 8.8 and 8.9, which constitute the two regioisomers formed by addition
of another molecule of DIFBO. Indeed, rapid formation of 8.16 as the first step in the
trimerization process would explain why C-3 symmetric timer 8.10 is not observed.
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Scheme 8.5. Proposed mechanism of DIFBO dimerization and trimerization.

The formation of dimers 8.14 and 8.15 only in the presence of y-cyclodextrin raises
an interesting question regarding the participation of this host molecule. It is possible that
the y-cyclodextrin cavity can accommodate two DIFBO molecules and thereby facilitate
the dimerization reaction. Also, the host might uniquely bind intermediate 8.16, thereby
preventing its reaction with another large DIFBO molecule but not with molecular oxygen.

Precedent for Proposed Oligomerization Mechanism

Cyclobutadiene has a rich history as a guest molecule. The classic example of
stabilization of cyclobutadiene in a host-guest complex is work from Cram’s laboratory
where unsubstituted cyclobutadiene was generated inside a hemicarcerand host, which
sufficiently protected the cyclobutadiene for characterization by NMR (Figure 8.9).%*

More recent work has resulted in the first X-ray crystal structure of 1,3-
dimethylcyclobutadiene, which was facilitated by complexation in a guanidinium-
sulfonate-calixarene.”

Additionally, there is considerable precedent for the dimerization of strained
alkynes into cyclobutadiene. Cyclobutadiene 8.22, the first cyclobutadiene that was stable
at room temperature, was synthesized by Krebs and coworkers through the PdCl, mediated
dimerization of 3,3,6,6-tetramethyl-1-thiacycloheptyne (8.20) through intermediate 8.21
(Scheme 8.6).2°*"  Krebs has also hypothesized cyclobutadiene intermediates in the
dimerization of highly strained 1,2-dehydrocyclooctatetraene.”®** Furthermore, Wittig and
coworkers have proposed cyclobutadiene intermediates in the trimer-and tetramerization of
cyclohexyne.’*!
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Figure 8.9. Work by Cram and coworkers where cyclobutadiene was generated inside a
hemicarcerand host and characterized by NMR.

Scheme 8.6. Dimerization of thiacycloheptyne 8.20 to yield stable cyclobutadiene 8.22.
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Unexpected Lessons from DIFBO

Collectively, the data presented within this chapter lead us to believe that DIFBO’s
reactivity is rooted in its propensity to form a putatively antiaromatic compound. Thus,
DIFBO offers a new tool to study the classical chemical principle of (anti)aromaticity that
is still a topic of much discussion today.’*** Additionally, the use of f-cyclodextrin to
control the reactivity of DIFBO demonstrates a promising strategy to harness highly
reactive small molecule components in bioconjugation reactions, opening the door for new,
rapid bioorthogonal chemistries.
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Materials and Methods
General Experimental Procedure

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI and
used without purification unless noted otherwise. Anhydrous DMF and MeOH were
purchased from Aldrich or Acros in sealed bottles; all other solvents were purified as
described by Pangborn et al.** In all cases, solvent was removed by reduced pressure with
a Buchi Rotovapor R-114 equipped with a Welch self-cleaning dry vacuum. Products
were further dried by reduced pressure with an Edwards RVS5 high vacuum.
Lyophilization was performed on a LABCONCO FreeZone" instrument equipped with an
Edwards RV2 pump. Thin layer chromatography was performed with EMD 60 A silica gel
plates. Flash chromatography was performed using Silicycle® 60 A 230-400 mesh silica.
All 'H, °C, and "’F NMR spectra are reported in ppm and referenced to solvent peaks (‘"H
and C). Spectra were obtained on Bruker AVQ-400, AVB-400, DRX-500, AV-500, or
AV-600 instruments. CPMAS "*C-NMR was performed on an AV-500 spectrometer (see
below for further detail). Electron impact (EI) and electrospray ionization (ESI) mass
spectra were obtained from the UC Berkeley Mass Spectrometry Facility. X-ray
crystallography structures were obtained from the UC Berkeley X-ray Crystallography
Facility.

Experimental Procedures

2,2-Difluoro-1-benzosuberone (8.5). Benzosuberone 8.4 (5, 1.0 mL, 6.7 mmol, 1 equiv.)
was dissolved in cyclohexane (13.5 mL) and hexylamine (1.2 mL, 9.1 mmol, 1.4 equiv.)
and trifluoroacetic acid (5 drops) were added. The reaction was heated to reflux overnight
with azeotropic removal of water (Dean-Stark trap). The following morning the reaction
mixture was evaporated to dryness, dissolved in ether (25 mL), washed with sat. NaHCO;
(1 x 15 mL) and brine (1 x 15 mL). The organic solution was dried over MgSO,4 and
evaporated to dryness. The resulting crude imine (1.8 g) was dissolved in acetonitrile (67
mL). To this solution Selectfluor™ (5.01 g, 14.2 mmol, 2.1 equiv.) and Na,SO4 (680 mg,
4.9 mmol) were added. The reaction mixture was heated to reflux overnight. The
following morning 3M HCI (4.5 mL) was added to hydrolyze the imine. After 10 min at
reflux, the solution was cooled to rt and evaporated to dryness. The residue was dissolved
in ether (25 mL), washed with sat. NaHCOs (1 x 15 mL) and brine (1 x 15 mL). The
organic solution was dried over MgSQO4 and evaporated to dryness. The crude mixture was
purified by flash chromatography with a hexane/ethyl acetate solvent system (30:1 to
15:1). This procedure yielded pure difluorobenzosuberone as a clear oil (0.92 g, 4.7 mmol,
70%). Ry= 0.4 in 4:1 hexane/ethyl acetate. 'H NMR (400 MHz, CDCls): & 7.72 (dd J =
7.7, 1.3 Hz, 1H), 7.49 (td, J= 6.5, 1.4 Hz, 1H), 7.36 (td, J= 8.4, 0.9 Hz, 1H), 7.27 (dd, J =
7.7, 0.6 Hz, 1H), 3.04-3.07 (m, 2H), 2.35-2.46 (m, 2H), 2.04 (apparent quin, J = 6.4 Hz,
2H). “C NMR (100 MHz, CDCl3): § 194.2 (t, J=29 Hz), 141.7, 134.8, 133.0, 130.3,
129.9, 126.9, 119.0 (t, J = 250 Hz), 34.4 (t, J = 24 Hz), 33.6, 22.0 (t, J= 5 Hz). ”’F NMR
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(376 MHz, CDCl3): 8 -99.3 (t, J = 15 Hz, 2F). HRMS (EI): calcd. for C;H;0OF," [M]’,
196.0700; found, 196.0705.

7,7-difluoro-5-(trimethylsilyl)-7,8,9,10-tetrahydrobenzo[8]annulen-6(5H)-one (8.6).
Difluorobenzosuberone 8.4 (4.0 mmol, 1 equiv.) was dissolved in CH,Cl, (50 mL) and
cooled to -78 ‘C. To this solution, trimethylaluminum (2M solution in toluene, 2.0 mL, 4.0
mmol, 1 equiv.) was added. After 15 min, trimethylsilyl diazomethane (2M solution in
hexanes, 2.0 mL, 4.0 mmol, 1 equiv.) was added. Five minutes later the reaction was
quenched with sat. aqueous NH4Cl and warmed to 0 °C. Rochelle’s salt was added to
complex the aluminum salts. This solution was stirred at rt for 15 min and then extracted
with CH,Cl, (3 x 75 mL). The organic layers were combined, dried with MgSOs,
decanted, and evaporated to dryness. This procedure resulted compound 7 with 33%
toluene remaining (1.2 g, 3.9 mmol, 97%). R¢ = 0.85 in 4:1 hexane/EtOAc. 'H NMR (600
MHz, CDCls): § 7.17-7.22 (m, 2H), 7.07 (dd, J = 6.8, 2.0 Hz, 1H), 7.04 (dd, /= 6.9, 1.9
Hz, 1H), 3.67 (s, 1H), 2.75 (dt, J = 14.7, 4.6 Hz, 1H), 2.45-2.51 (m, 1H), 2.04-2.12 (m,
1H), 1.90-1.97 (m, 1H), 1.64-1.76 (m, 1H), 1.56-1.63 (m, 1H), 0.12 (s, 9H). *C NMR
(150 MHz, CDCl3): 6 201.8 (t, /=27 Hz), 137.7, 135.1, 130.4, 130.1, 126.9, 126.7, 119.2
(t, J =252 Hz), 48.6, 33.1 (t,J = 25 Hz), 30.2, 23.6 (t, J= 5 Hz), -1.6. ’F NMR (564 MHz,
CDCls): 0 -100.95 (apparent t, J = 17 Hz, 1F), -100.99 (dd, J = 23, 17 Hz, 1F). HRMS
(EI): calcd. for C;sHyOF,Si" [M]", 282.1253; found, 282.1255.

7,7-difluoro-5-(trimethylsilyl)-7,8,9,10-tetrahydrobenzo[8]annulen-6-yl triflate (8.7).
A solution of compound 8.6 (8.5 mmol, 1 equiv) in THF (110 mL) was cooled to -78 °C
and potassium bis(trimethylsilyl)amide (0.5 M solution in toluene, 20.4 mL, 10.2 mmol,
1.2 equiv.) was added and the solution turned a dark orange/brown. After 1 h,
trifluoromethane sulfonic anydride (Tf,0, 2.07 mL, 10.2 mmol, 1.2 equiv.) was added and
the solution turned a lighter yellow color. The solution was stirred for 3 hr, warming to ~ -
45 °C, at which point it was quenched with methanol and evaporated to dryness.
CAUTION: If a large XS of Tf,O is used or this reaction is warmed to room temperature
before quenching, a gel will form that is very difficult to separate compound 8.7 from. The
crude product was purified via silica gel chromatography with a hexane/toluene solvent
system (75:1, 50:1, 25:1). This procedure resulted in pure TMS vinyl triflate 8.7 in 80%
yield (2.8 g, 6.8 mmol). Ry = 0.8 in 6:1 hexane/ethyl acetate. 'H NMR (400 MHz, CDCl;):
8 7.24-7.29 (m, 2H), 7.16-7.19 (m, 1H), 7.03-7.07 (m, 1H), 2.77 (dt, J=13.1, 4.4 Hz, 1H),
2.56 (td, J= 5.3, 1.3 Hz, 1H), 1.91-2.13 (m, 2H), 1.49-1.69 (m, 2H), 0.19 (s, 9H). "°C
NMR (100 MHz, CDCls): 6 144.9 (t,J = 28 Hz), 142.7 (t, J=4 Hz), 136.2 (t, J = 3 Hz),
135.8, 128.7, 128.4, 126.7, 126.5, 119.0 (q, J =321 Hz), 118.3 (dd, J = 246, 241 Hz), 32.6
(t, J=25 Hz), 30.2, 23.9 (dd, J = 7, 3 Hz), -0.62. ’F NMR (376 MHz, CDCl3): § -70.1 (t, J
= 13 Hz, 3F), -84.5 (dsex, J =277, 11 Hz, 1F), -92.0 (dm, J=278 Hz, 1F). HRMS (EI):
caled. for Ci6H903FsSiS" [M]", 414.0744; found, 414.0642.

152



Difluorobenzocyclooctyne (DIFBO, 8.3). TMS vinyl triflate 8.7 (34 mg, 0.082 mmol, 1
equiv.) was dissolved in CD3CN (3 mL) and CsF (75 mg, 0.50 mmol, 6 equiv.) was added.
The reaction was stirred at rt for ~30 min (reaction mixture turns yellow and has a foul
odor), at which point it was transferred directly onto a plug of silica gel and eluted with
CDsCN (0.75 mL). A portion of this solution was taken for NMR analysis. R¢=0.75 in
4:1 hexane/ethyl acetate. '"H NMR (500 MHz, CDsCN): & 7.38 (t, J= 8.1 Hz, 1H), 7.33 (,
J=17.3Hz, 1H), 7.26-7.31 (m, 2H), 2.97 (apparent t, J = 5.0 Hz, 2H), 2.57-2.65 (m, 2H),
1.89 (bs, 2H). Too unstable for *C NMR. "’F NMR (564 MHz, CDsCN): & -87.5 (bs, 2F).
HRMS (EI): caled. for C1,H oF," [M]", 192.0751; found, 192.0754.

Trimer 8.8. Elutes from reverse phase (C-18) HPLC at 29.7 min using CH;CN/H,O
solvent system with a gradient of 50% to 100% CH3;CN over 25 min followed by 10 min of
100% CH3CN. R¢=0.45 in 4:1 hexane/ethyl acetate. "H NMR (500 MHz, CDCL;): § 7.51
(bs, 1H), 7.33 (td, J=17.5, 0.9 Hz, 1H), 7.23 (J=17.5, 1.0 Hz, 1H), 7.18 (d, /= 7.5, 1H),
7.00-7.09 (m, 4H), 6.83-6.89 (m, 3H), 6.68 (d, /= 7.3 Hz, 1H), 2.79-2.84 (m, 1H), 2.53-
2.59 (m, 3H), 2.40 (apparent t, J = 6.4 Hz, 2H), 2.31 (td, J = 12.9, 5.6 Hz, 1H), 1.88-2.08
(m, 4H), 1.76-1.80 (m, 1H), 1.64-1.73 (m, 2H), 1.55-1.62 (m, 1H), 1.24-1.47 (m, 3H). °C
NMR (150 MHz, CDCl3): 8 141.6 (dd, J =5, 4 Hz), 141.02, 140.99, 139.9 (dd, J = 30, 22
Hz), 139.6 (t, /=4 Hz), 138.9, 138.7 (apparent t, /= 3 Hz), 138.6 (d, /=3 Hz), 138.3,
137.4,136.8 (t, J =23 Hz), 135.5 (dd, J =33, 26 Hz), 133.4 (q, /=5 Hz), 132.1, 131.2,
128.5, 128.08, 128.07, 128.01, 127.2, 127.1, 125.1 (dd, J = 247, 244 Hz), 125.0, 124.7,
124.1, 123.1 (dd, J =247, 244 Hz), 122.8 (dd, J = 254, 240 Hz), 38.7 (td, J = 28, 7 Hz),
37.5 (t,J=30 Hz), 35.8 (t, /=28 Hz), 30.64, 30.61, 30.1, 24.0 (apparent q, J = 4 Hz), 23.6
(dd, J=7, 3 Hz), 21.2 (d, J= 10 Hz). ’F NMR (564 MHz, CDCl;): 8 -59.1 (d, J =255 Hz,
1F), -66.7 (d, J= 274 Hz, 1F), -70.0 (dd, J =276, 71 Hz, 1F), -71.4 (dtt, J = 257, 70, 13
Hz, 1F), -75.8 (ddd, J =275, 33, 10 Hz, 1F), -76.9 (dquin, J =277, 30 Hz, 1F). HRMS
(EI): calcd. for C3¢H3oFs [M]", 576.2252; found, 576.2265.

Trimer 8.9. Elutes from reverse phase (C-18) HPLC at 31.7 min using CH3;CN/H,O
solvent system with a gradient of 50% to 100% CH3;CN over 25 min followed by 10 min of
100% CH3CN. Ry= 0.55 in 4:1 hexane/ethyl acetate. '"H-NMR (500 MHz, CDCl;): & 7.51-
7.45 (m, 1H), 7.31 (td, J="7.5, 1.2 Hz, 1H), 7.21 (td, J=7.7, 1.1 Hz, 1H), 7.14 (d, J= 7.5
Hz, 1H), 6.96-7.05 (m, 4H), 6.72 (td, J = 7.4, 1.4 Hz, 1H), 6.66 (td, J= 7.7, 0.9 Hz, 1H),
6.47 (d, J=7.6 Hz, 1H), 6.33 (d, /=7.5 Hz, 1H), 2.67-2.82 (m, 4H), 2.52-2.65 (m, 2H),
2.45-2.51 (m, 1H), 2.33-2.39 (m, 1H), 2.05-2.20 (m, 3H), 1.87-1.98 (m, 2H), 1.76-1.84 (m,
1H), 1.59-1.71 (m, 3H), 1.48-1.58 (m, 1H). >C NMR (125 MHz, CDCl3): § 141.2-141.3
(m), 140.6 (d, /=7 Hz), 140.0 (d, /=4 Hz), 139.7-139.8 (m), 139.5 (d, /= 5 Hz), 139.2-
139.3 (m), 139.1 (d, /=1 Hz), 138.2 (apparent q, J = 22 Hz), 137.1 (apparent t, J = 24
Hz), 133.7-133.8 (m), 130.5 (d, /=3 Hz), 129.5, 128.2, 128.03, 127.99, 127.94, 127.2,
127.0, 125.7 (t, J = 245 Hz), 125.4, 124.6, 124.3 (apparent d, J =245 Hz), 123.8, 123.3 (t, J
=246 Hz), 39.0 (td, J= 39, 27 Hz), 38.1 (td, /=27, 11 Hz), 36.0 (t, /=27 Hz), 31.1, 30.7,
30.2, 24.8-24.9 (m), 24.3 (apparent quin, J = 3 Hz), 23.6 (apparent q, J = 4 Hz). '’"F NMR
(564 Hz, CDCls): 8 -62.2 (dt, J = 255, 16 Hz, 1F), -67.7 (dd, J = 270, 17 Hz, 1F), -69.1
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(dd, J =255, 25 Hz, 1F), -71.3 (dd, J = 253, 81 Hz, 1F), -72.6- -73.6 (m, 2F). HRMS (EI):
caled. for C3H3oFs [M]", 576.2252; found, 576.2252.

Cycloadducts of benzyl azide and DIFBO (8.11, 8.12). Compound 8.7 (202 mg, 0.49
mmol, 1 equiv.) and CsF (440 mg, 2.9 mmol, 5.9 equiv.) were combined in CH3CN (10
mL). After 15 minutes, benzyl azide (66 uL, 0.53 mmol, 1.1 equiv.) was added. This
mixture was let stir overnight at rt. The following morning the reaction mixture was
evaporated to dryness and purified by silica gel chromatography (hexane/ethyl acetate
system) to yield two triazole products (8.11, 55 mg, 0.17 mmol, 35%) and (8.12, 92 mg,
0.28 mmol, 58%). Compound 8.11: R¢= 0.2 in 6:1 hexane/ethyl acetate. 'H NMR (600
MHz, CD;CN): 6 7.48 (td, J=17.5, 1.5 Hz, 1H), 7.44 (dd, J="7.7, 1.3 Hz, 1H), 7.39
(apparent td, J = 7.5, 1.3 Hz, 1H), 7.30 (d, /= 7.6 Hz, 1H), 7.20-7.22 (m, 3H), 6.88-6.90
(m, 2H), 5.56 (apparent d, J = 3.1 Hz, 2H), 2.57 (apparent dd, J = 13.4, 6.2 Hz, 1H), 2.06-
2.19 (m, 3H), 1.73-1.85 (m, 1H), 1.61-1.67 (m, 1H). *C NMR (150 MHz, CD;CN): §
143.1 (t, J=30 Hz), 141.1, 136.6, 135.3 (t, J= 6 Hz), 132.0, 130.5, 130.0, 129.7, 129.1,
128.2, 127.9, 126.6, 119.1 (dd, J = 235, 231 Hz), 53.0, 31.9 (t, /=24 Hz), 30.6, 25.9 (d, J
=9 Hz). ”F NMR (564 MHz, CD;CN): § -91.8 (ddd, J =271, 34, 6 Hz, 2F). HRMS
(ESI): calcd. for C1oH gN3F," [M+H]", 326.1463; found, 326.1461. Compound 8.12: R¢=
0.6 in 6:1 hexanes/ethyl acetate. "H NMR (600 MHz, CD;CN): & 7.72 (dd, J 7.6, 1.3 Hz,
1H), 7.45 (td, J = 7.5, 1.5 Hz, 1H), 7.36-7.41 (m, 3H), 7.32-7.35 (m, 4H), 5.80 (s, 2H),
2.50-2.68 (bm, 2H), 1.62-2.21 (bm, 4H). >C NMR (150 MHz, CDsCN): 8 145.8 (t, J=6
Hz), 139.5, 137.0, 131.5, 130.8, 130.7 (t, /= 131 Hz), 130.4, 130.2, 129.7, 129.2, 128.7,
127.8, 119.2 (t, J =235 Hz), 54.5 (t, J = 3 Hz), 32.4 (t,J =24 Hz), 30.8, 26.5 (t, /= 5 Hz).
F NMR (564 MHz, CD;CN): & -74.1 (d, J=270 Hz, 1F), -89.8 (d, J =265 Hz, IF).
HRMS (ESI): calcd. for CjoHgNsF," [M+H]", 326.1463; found, 326.1460.

Dimer 8.14. Elutes from reverse phase (C-18) HPLC at 15.3 min using CH;CN/H,0O
solvent system with a gradient of 50% to 100% CH3;CN over 25 min followed by 10 min of
100% CH3CN. R¢=0.15 in 4:1 hexane/ethyl acetate. In solution this compound sits as a
mixture of isomers in a 3:1 ratio. Minor compound designated as H* (only major product
tabulated for '>C and '’F NMR). '"H NMR (500 MHz, CDCl;): & 8.09 (d, J=7.9 Hz, 1H"),
7.53 (d, J=7.9 Hz, 1H), 7.34 (td, J="7.5, 1.2 Hz, 1H), 7.18-7.28 (m, 4H, 3H’), 7.09-7.11
(m, 2H’),7.04 (bs, 1H’), 6.94 (d, J= 7.4, 1H’), 6.85 (td, J = 7.8, 1.0 Hz, 1H), 6.15 (d, J =
7.8 Hz, 1H), 4.21 (bs, 1H’), 4.15 (bs, 1H), 4.04 (bs, 1H"), 3.36 (bs, 1H), 2.94-3.01 (m, 2H),
2.86 (apparent dd, J = 14.5, 3.5 Hz, 1H), 2.78 (apparent dd, J = 13.3, 6.0 Hz, 1H), 2.64-
2.67 (m, 1H’), 2.51 (dt, J = 14, 3.5 Hz, 1H’), 2.21-2.39 (m, 2H, 5H’), 1.93-2.19 (m, 4H,
1H"), 1.70-1.83 (m, 1H, 3H"), 1.55-1.61 (m, 1H, 1H"). >C NMR (150 MHz, CDCl;): &
146.7 (t, J= 8.4 Hz), 141.8, 140.1 (d, J =3 Hz), 135.6, 133.8 (t, /=30 Hz), 131.5, 130.3,
129.9, 128.9, 128.5, 126.9, 126.7, 125.8, 121.6 (dd, J =256, 250 Hz), 120.0 (dd, J = 240,
232 Hz), 110.3, 107.0 (dd, J = 33, 25 Hz), 36.6 (apparent td, J = 25, 6Hz), 34.4, 32.2 (t, J =
26 Hz), 30.4, 24.9 (d, J= 9 Hz), 23.1 (d, J= 11 Hz). ’F NMR (564 MHz, CDCl3): § -74.8
(d, J=270 Hz, 1F), -93.6 (d, J = 287 Hz, 1F), -99.1 (d, J =259 Hz, 1F), -110.2 (d, J = 260
Hz, 1F). HRMS (ESI): calcd. for Co4H2,F403Na’ [M+Na]", 457.1403; found, 457.1413.
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Dimer 8.15. Elutes from reverse phase (C-18) HPLC at 21.3 min using CH;CN/H,O
solvent system with a gradient of 50% to 100% CH3;CN over 25 min followed by 10 min of
100% CH3CN. Ry= 0.4 in 4:1 hexane/ethyl acetate. "H NMR (500 MHz, CDCl3): & 7.90
(dd, /=8.0, 1.4 Hz, 1H), 7.52 (td, J = 7.5, 1.5 Hz, 1H), 7.30 (td, J= 6.7, 1.2 Hz, 1H), 7.25
(d, J=9.2 Hz, 1H), 3.42 (bs, 2H), 2.33 (bs, 2H), 2.01 (bs, 2H). °C NMR (125 MHz,
CDCls): 8 193.3 (d, /=3 Hz), 145.1-145.6 (m), 143.0, 135.6, 134.8, 131.8, 129.9, 127.1,
120.4 (ddd, J = 253, 246, 8 Hz), 35.8-36.0 (m), 31.3, 23.3 (t, /=2 Hz). "’F NMR (564
MHz, CDCl;): 8 -86.5 (bs, 2F). HRMS (ESI): calcd. for Co4Hy00,FsNa” [M+Na]",
439.1292; found, 439.1270.

DIFBO-B-cyclodextrin complex (8.13). DIFBO precursor 8.7 (256 mg, 0.618 mmol, 1
equiv.) was dissolved in acetonitrile (26 mL) and CsF (573 mg, 3.77 mmol, 6.1 equiv.) was
added. This mixture was allowed to stir at rt until all 8.7 was converted into DIFBO (~25
min, turns slightly yellow in color and has a foul odor). This solution was directly loaded
onto silica gel and eluted with hexane. The fractions containing DIFBO were combined
with ~75 mL acetonitrile and the hexane was removed by careful rotary evaporation at rt.
The remaining DIFBO/acetonitrile solution was added to a solution of -cyclodextrin
(recrystallized, 702 mg, 0.618 mmol, 1 equiv, in 50 mL DI H,O). The solution becomes
cloudy. The acetonitrile was removed by rotary evaporation and the resulting aqueous
solution was flash-frozen in liquid N, and lyophilized to a white powder (688 mg, 0.518
mmol, 84%).

CPMAS >C NMR Procedure

Solid-state NMR measurements of B-cyclodextrin and f-cyclodextrin-DIFBO
complex were taken at rt on a 11.75 T Bruker Avance NMR spectrometer equipped with a
double resonance magic angle spinning (MAS) probe. Samples were spun at 10 kHz using
zirconia rotors of 4 mm outer diameter and 80 uL sample volume. The 1-D "C cross-
polarization (CP) experiments were conducted using a 'H 90° pulse of 4.2 us, a 59 kHz 'H-
decoupling field, 2 ms contact time, 2 s recycle delay and 1800-4000 scans. The *C
chemical shifts were referenced against the adamantane "°C signals at 29.45 and 38.48

Analysis of DIFBO-Cyclodextrin Complexes

DIFBO was generated, purified, and transferred into acetonitrile as described
above. The resulting DIFBO-acetonitrile section was divided into six portions (A-F) that
were treated in different manners. Portion A was evaporated to dryness and placed on the
lyophilizer. Portion B was combined with water (4 mL), the acetonitrile was removed by
rotary evaporation and the resulting aqueous solution was flash-frozen and lyophilized.
Portion C was combined with 1 equiv. of glucose in water (4 mL) and treated in the same
manner as portion B. Portion D, E and F were treated in the same manner as portion C
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except the glucose was replaced by f-cyclodextrin, a-cyclodextrin, or y-cyclodextrin
respectively.

For HPLC analysis of the resulting products, 0.6 umol of each powder was
dissolved in CH3CN/H,O (1 mL, 1:1 ratio). To this solution, 1 equiv. of benzyl azide (15
uL of 0.04 mM solution in 1:1 CH3CN/H,0) was added and the mixture was let react
overnight. The following morning 150 nmol (250 uL) was analyzed by reverse phase
HPLC (C-18 column) using a gradient of 50% CH3CN/50% H>O to 100% CH3CN over 25
min followed by isocratic elution with 100% CH3CN for 10 min before re-equilibration to
50% CH3CN/50% H,O. The chromatography was monitored by absorbance at 210 and
254 nm.

X-Ray Crystallography

Major Trimer 8.8. A colorless prism 0.12 x 0.08 x 0.04 mm in size was mounted on a
Cryoloop with Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K
using phi and omega scans. Crystal-to-detector distance was 60 mm and exposure time
was 5 seconds per frame using a scan width of 1.0°. Data collection was 99.9% complete
to 67.00° in q. A total of 12405 reflections were collected covering the indices, -
10<=h<=10, -15<=k<=14, -14<=I<=14. 4349 reflections were found to be symmetry
independent, with an Ry of 0.0149. Indexing and unit cell refinement indicated a
primitive, monoclinic lattice. The space group was found to be P2(1) (No. 4). The data
were integrated using the Bruker SAINT software program and scaled using the SADABS
software program. Solution by direct methods (SIR-2008) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen atoms
were placed using a riding model. Their positions were constrained relative to their parent
atom using the appropriate HFIX command in SHELXL-97.

Minor trimer 8.9. A colorless rod 0.20 x 0.20 x 0.20 mm in size was mounted on a
Cryoloop with Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K
using phi and omega scans. Crystal-to-detector distance was 60 mm and exposure time
was 5 seconds per frame using a scan width of 1.0°. Data collection was 97.5% complete
to 67.00° in q. A total of 46641 reflections were collected covering the indices, -
13<=h<=13, -13<=k<=13, -26<=[<=29. 9620 reflections were found to be symmetry
independent, with an Ry of 0.0356. Indexing and unit cell refinement indicated a
primitive, triclinic lattice. The space group was found to be P-1 (No. 2). The data were
integrated using the Bruker SAINT software program and scaled using the SADABS
software program. Solution by direct methods (SIR-2008) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen atoms
were placed using a riding model. Their positions were constrained relative to their parent
atom using the appropriate HFIX command in SHELXL-97.

156



Dimer 8.14. A colorless prism 0.12 x 0.10 x 0.06 mm in size was mounted on a Cryoloop
with Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5 seconds
per frame using a scan width of 1.0°. Data collection was 97.9% complete to 67.00° in q.
A total of 38046 reflections were collected covering the indices, -13<=h<=13, -
13<=k<=17, -18<=I<=18. 7750 reflections were found to be symmetry independent, with
an Ry, 0f 0.0245. Indexing and unit cell refinement indicated a primitive, triclinic lattice.
The space group was found to be P-1 (No. 2). The data were integrated using the Bruker
SAINT software program and scaled using the SADABS software program. Solution by
direct methods (SIR-2008) produced a complete heavy-atom phasing model consistent
with the proposed structure. All non-hydrogen atoms were refined anisotropically by full-
matrix least-squares (SHELXL-97). All hydrogen atoms, except for the water hydrogen
atoms H8x and H8y, were placed using a riding model. Their positions were constrained
relative to their parent atom using the appropriate HFIX command in SHELXL-97. The
hydrogen atoms H8x and H8y were located from the Fourier difference map and their
distances were restrained to the parent oxygen atom O8.

Dimer 8.15. A colorless prism 0.12 x 0.10 x 0.05 mm in size was mounted on a Cryoloop
with Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 5 seconds
per frame using a scan width of 1.0°. Data collection was 97.7% complete to 67.00° in q.
A total of 16000 reflections were collected covering the indices, -9<=h<=9, -10<=k<=10, -
17<=I<=16. 3374 reflections were found to be symmetry independent, with an Rj,; of
0.0180. Indexing and unit cell refinement indicated a primitive, triclinic lattice. The space
group was found to be P-1 (No. 2). The data were integrated using the Bruker SAINT
software program and scaled using the SADABS software program. Solution by direct
methods (SIR-2008) produced a complete heavy-atom phasing model consistent with the
proposed structure. All non-hydrogen atoms were refined anisotropically by full-matrix
least-squares (SHELXL-97). All hydrogen atoms were placed using a riding model. Their
positions were constrained relative to their parent atom using the appropriate HFIX
command in SHELXL-97.

Cell Culture

Jurkat (human T cell lymphoma) cells were maintained in a 5% CO,, water-
saturated atmosphere and grown in RPMI 1640 media supplemented with 10% FBS,
penicillin (100 units/ml), and streptomycin (0.1 mg/ml). Cell densities were maintained
between 1 x 10° and 2 x 10° cells per mL.

Cell-Surface Azide Labeling and Detection

Jurkat cells were incubated in untreated media or media containing 25 uM
AcsManNAz. After 3 d, the cells were twice concentrated (500 x g, 3 min, 4 °C) and
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resuspended in 10 mL FACS buffer (PBS containing 1% FCS, 2 x 10 mL) and cells
(approx. 500,000 per a well) were placed in a 96 well V-bottom plate. The cells were
concentrated by centrifugation (2500 x g, 3 min, 4 °C), resuspended in 200 uL cold FACS
buffer, and again concentrated by centrifugation (2500 x g, 3 min, 4 °C). The cells were
then reacted for 1 h at rt with the specified reagent DIBO-biotin or DIFO-biotin (10 uM).
After 1 h, the cells were thrice concentrated by centrifugation (2500 x g, 3 min, 4 °C) and
resuspended in 200 uL cold FACS buffer. Following an additional concentration by
centrifugation (2500 x g, 3 min, 4 °C), cells were resuspended in FACS buffer (100 uL)
containing FITC-avidin (1:200 dilution of 1 mg/mL stock, Sigma-Aldrich) and incubated
in the dark at 4 °C for 15 min. Following the incubation, cells were concentrated by
centrifugation, resuspended in 200 uL cold FACS buffer, concentrated by centrifugation,
and another FITC-avidin incubation was performed. After the second FITC-avidin
labeling, the cells were thrice concentrated by centrifugation (2500 x g, 3 min, 4 °C) and
resuspended in 200 uL cold FACS buffer. The cells were then diluted to 400 uL for flow
cytometry analysis. Flow cytometry was performed on a BD Biosciences FACSCalibur
flow cytometer equipped with a 488-nm argon laser. All flow cytomery experiments were
performed with three replicate samples.
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Chapter 9

Reactivity of Monobenzocycloalkynes

Difluoro and Monobenzocyclooctyne®

While difluorobenzocyclooctyne (DIFBO, 8.1) did not turn out to be a useful
cyclooctyne for Cu-free click chemistry,' its reactivity profile provided insight into how
1,3-dipolar cycloaddition kinetics can be modulated. The ability to extract pure DIFBO
from the B-cyclodextrin complex 8.13 enabled analysis of how the combination of
fluorination and a fused aryl ring affects the cycloaddition rate compared to either rate-
enhancing feature alone.

The DIFBO-B-cyclodextrin complex was dissolved in deuterated acetonitrile and
the free B-cyclodextrin was removed by filtration. A stoichiometric amount of benzyl
azide was added and the reaction was monitored by "H-NMR (Scheme 9.1). The second-
order rate constant for the cycloaddition was found to be 0.22 + 0.01 M''s™ (Figure 9.1),
which is larger than those of DIFO? (k= 0.076 M's™) and DIBO” (k= 0.057 M"'s™).

Scheme 9.1. DIFBO is extracted from f3-cyclodextrin and undergoes cycloaddition
reaction with benzyl azide.
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Figure 9.1. Plot of 1/[DIFBO] vs. time for the reaction of DIFBO with benzyl azide in
CD;CN at rt. The slope of the line represents the second-order rate constant for the
reaction.

These results demonstrated that fusion of an aryl ring to the DIFO scaffold
enhanced its reactivity with azides by a significant margin and suggested that addition of
electron withdrawing groups to the DIBO scaffold would augment its reactivity as well.
However, DIFBO and DIBO cannot be directly compared; according to Goddard’s
proposal (as discussed in Chapter 8), the second aryl ring in DIBO may actually retard the
reaction rate due to unfavorable steric interactions between its ortho hydrogen atom and
the azide substrate in the transition state. Thus, we synthesized monobenzocyclooctyne
9.3 (MOBO),” as it was the ideal substrate against which to judge the relative contribution
of fluorination to DIFBO’s reactivity. Starting from 6-phenylhexanoic acid (9.1), an
intramolecular Friedel Crafts acylation yielded ketone 9.2° followed by vinyl triflate
formation and elimination to the alkyne (MOBO, Scheme 9.2). Unlike DIFBO, MOBO
was readily isolable and displayed only minimal decomposition upon extended storage.
We found the rate constant of its cycloaddition reaction with benzyl azide, forming
cycloadducts 9.4 and 9.5 (1:2 ratio), to be 0.0095 + 0.0003 M's™ (Scheme 9.2, Figure 9.2).

Scheme 9.2. Synthesis of MOBO and reactivity with benzyl azide.
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Figure 9.2. Plot of 1/[MOBOY] vs. time for the reaction of MOBO with benzyl azide in
CD;CN at rt. The slope of the line represents the second-order rate constant for the

reaction.
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Figure 9.3. Comparison of NOFO (2.47), MOBO (9.3), DIFO (3.1), and DIFBO (8.3)
illustrating that electronic effects of the gem-difluoro group provide more rate
enhancement than a fused aryl ring.
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The second-order rate constant for MOBO is 23-fold lower than that observed for
DIFBO and also almost an order of magnitude lower than those of DIFO or DIBO.> This
result confirms that both the electronic effects of fluorination and the enhanced ring strain
created by the fused aryl ring contribute to DIFBO’s reactivity, though the electronic
effects seem to predominate (Figure 9.3). These results suggest that tetraFO (7.1) would
display even more rapid reactivity with azides than DIFBO. Also of note is that DIBO
reacts with benzyl azide considerably faster than MOBO, contrary to the previous DFT-
based predictions, suggesting that the steric effects of an ortho-hydrogen do not
signiﬁcaﬁr&tly hinder the transition-state geometry necessary for the cycloaddition to
proceed.

Reactivity of DIFBO in a Biological Setting

DIFBO gave us valuable information regarding the two established methods of
rate-enhancement for Cu-free click chemistry. However, DIFBO was unstable and, while
its reactivity with benzyl azide appeared faster than its rate of trimerization, it did not
display selective reactivity with protein-associated azides as judged by a Western blot
competition experiment (Figure 9.4).

Jurkat cells were grown in the presence of peracetylated N-azidoacetyl
mannosamine for 3 days and lysates were generated. These lysates were first treated with
protected DIFBO 8.13 in phosphate buffered saline (PBS) and then reacted with Phos-
FLAG (2.11) overnight. The degree of Staudinger ligation product was analyzed by
Western blot probing with an a-FLAG antibody. Signal from the Western blot is
representative of the number of azide groups present in the lysate. No difference in signal
intensity was observed between cell lysate treated with or without DIFBO, suggesting that
DIFBO was either not selective for azides or stays contained within the $-cyclodextrin in
aqueous solution. The latter explanation is unlikely, as model reactions with 8.13 and 2-
azidoethanol in water appear to proceed with kinetics comparable to free DIFBO (8.3).
Evidence for the former explanation is observed when lysate that was not treated with
azide is analyzed. Upon overexposure of the blot, more nonspecific background binding of
the a-FLAG antibody to cell lysate that was treated with DIFBO was evident, likely due to
the additional hydrophobicity DIFBO imparts on a protein.
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Figure 9.4. Western blot competition experiment between DIFBO and Phos-FLAG.
Lysate (25 ug) from Jurkat cells grown in the presence of absence of AcsManNAz (25
uM) for 3 days was treated with DIFBO-f-cyclodextrin (150 uM), free B-cyclodextrin
(150 uM), or no reagent for 4 h. Phos-FLAG (250 uM) was added to all samples and the
Staudinger ligation proceeded overnight. The following day the lysate was analyzed by
Western blot probing with a-FLAG-HRP.

Efforts to Stabilize DIFBO®

Clearly strategies to increase the reactivity of cyclooctynes have been the main
focus of Cu-free click chemistry, but the results of DIFBO demonstrated that the optimal
cyclooctyne for labeling azides in living systems can only be designed if we understand
both factors that activate and stabilize cyclooctynes. Thus, we turned our attention to
using DIFBO as a scaffold to study stabilizing factors. Through the synthesis of MOBO,
we had already demonstrated that decreasing the electronic activation (removal of the gem-
difluoro group) resulted in a stable, yet slow cyclooctyne. Additionally, DIFO is a stable
molecule and hence, decreasing the ring-strain should be a successful method of
stabilization for DIFBO. We proposed decreasing the ring-strain by expanding the ring
size of DIFBO to result in cyclononyne 9.6. These two stabilization methods are simply
reversions of the activation methods and result in a net thermodynamic stabilization, which
will most likely bring about a significant decrease in reactivity with azides (Figure 9.4).

A more promising strategy is the kinetic stabilization of DIFBO through structural
changes rather than the kinetic stabilization from a non-covalent interaction (i.e.
encapsulation inside f3-cyclodextrin). Physical organic chemists have spent considerable
effort synthesizing highly strained molecules that are able to persist due to kinetic
stability.”®”'® Considering the main degradation product of DIFBO was a trimer, we
envisioned that steric protection of the alkyne through an appropriately placed methyl
group at the ortho-position on the aryl ring (compound 9.7) or the addition of methyl

® Hitomi Nakamura contributed to work in this section.

165



groups at the propargylic position (compounds 9.8 and 9.9) would result in a more stable
cyclooctyne (Figure 9.4). Because steric protection of the alkyne at the propargylic
position required removal of the activating fluorine atoms, we envisioned methyl-DIFBO
9.7 with steric protection off the aryl ring was the best candidate for a reactive yet stable
DIFBO species.

Strain Electronic

release deactivation
©ZF / 8.3, DIFBO \

Strain Electronic
release deactivation,
steric
© Steric protection 9.3, MOBO
> protection _
F

HOOC _ F
3.1, DIFO F O Me
=_F 9.8 %
9.6 F Electronic =_ Me
deactivation, Me
steric
9.7 protection

9.9

3
e

Steric
protection

()5
W,
 C—

Figure 9.5. A variety of methods to stabilize DIFBO.

We envisioned all these monobenzocycloalkynes (9.6-9.9) could be synthesized
through the homologation strategy employed for DIFBO. The substituted benzosuberone
precursors for cyclooctyne 9.8 and 9.9 (9.14 and 9.10, respectively) were synthesized by
standard alkylation and for the case of 9.8 fluorination methods (Schemes 9.3 and 9.4).
2,2-dimethyl benzosuberone (9.10) was synthesized in one step through dialkylation of 8.4
with Mel.'" 2-Fluoro-2-methyl benzosuberone (9.14) was obtained through
monoalkylation with Mel (9.12) followed by silyl enol ether formation (9.13) and
treatment with Selectfluor. Unfortunately, all attempts to homologate ketone 9.14 and
9.10 did not yield desired a-silyl ketones 9.11 or 9.15, nor any ring-expansion product. It
appeared that the ketones of 9.10 and 9.14 were not electrophilic enough for this
transformation, as addition of trimethylsilyl cyanide'” and dithionate'>'* also did not
proceed efficiently.

Scheme 9.3. Synthesis and attempted homologation of 2,2-dimethylbenzosuberone 9.10.

o] 0 Me TMS O
LDA Me Me
el — Me
8.4 9.10, 13% 9.11
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Scheme 9.4. Synthesis and attempted homologation of 2-fluoro-2-methyl benzosuberone.
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Fortunately, the ketone necessary for the synthesis of methyl-DIFBO 9.7 contains
the same gem-difluoro group as difluorobenzosuberone (8.5), which readily underwent
homologation with trimethylsilyl diazomethane. As was the case for DIFBO, the synthesis
of 9.7 began with benzosuberone (8.4), which was converted to silyl enol ether 9.16.
Treatment of 9.16 with 2 equivalents of nBuLi and TMEDA and quenching with Mel
yielded methylated benzosuberone 9.17." The additional methyl group prevented imine
formation with hexylamine, presumably due to unfavorable steric interactions between the
ortho-methyl group and alkyl chain of hexylamine, so the simple procedure of Stavber and
coworkers for direct addition of two fluorine atoms was not feasible.'® Hence, the two
fluorine atoms were installed via a four-step process involving silyl enol ether formation
and treatment with Selectfluor (Scheme 9.5) to yield ketone 9.21. After screening many
combinations of Lewis acids and diazo species,''*!**?!%? we were unable to form 9.22
or any product containing the requisite eight-membered ring scaffold, which could lead to
9.7. This result demonstrated that the homologation strategy is highly substrate dependent
and even small structural differences can lead to large differences in reactivity. For the
case of ketone 9.21, we suspect that the ortho-methyl group prevents the transition-state
geometry required for homologation from being obtained.

Scheme 9.5. Synthesis and attempted homologation of difluorinated benzosuberone 9.21.
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We next directed our efforts toward cyclononyne 9.6 (Scheme 9.6). Ketone 9.2
employed in the synthesis of MOBO was converted to the hexylamine imine and treated
with Selectfluor.'® Following imine hydrolysis, difluoroketone 9.23 was obtained in 68%
yield. However, as with the other DIFBO analogues, ketone 9.23 did not readily undergo
homologation with TMSCHN,. We could unreliably form a small amount of cyclononyne
9.6 through treatment of 9.23 with TMSCLiN,.> The small amount of 9.6 isolated
appeared stable but reacted very slowly with azides (k ~ 10° M''s™). This result
demonstrated that while ring-expansion was an effective stabilizing method, the addition
of an extra carbon significantly decreased ring-strain and was not a practical strategy for
Cu-free click chemistry.

Scheme 9.6. Synthesis of difluorobenzocyclononyne 9.6.

o) O F F __F
1) Hexylamine TMSCLIN, F
—_—
2) Selectfluor -
3) HCI
9.2 9.23, 68% 9.6, 3%

A More Subtle Strain-Release Strategy®

At this point, we became interested in a more subtle method of ring-expansion: the
addition of a sulfur atom. A canonical C(sp’)- C(sp’) bond length is 1.54 A whereas a
C(sp®)- S(sp’) bond length is closer to 1.81 A, a significant difference, but much more
conservative than expanding the ring size. Our target compound became cyclooctyne 9.32,
deemed thiaDIFBO. The synthesis of thiaDIFBO again relied on a ring expansion
strategy. Ketone 9.27 was prepared from thiophenol (9.24) and y-butyric lactone (9.25)
though an SN2 reaction to yield 9.26, which was cyclized with polyphosphoric acid to give
9.27.* The installation of fluorine atoms in ketone 9.27 was complicated by the fact that
Selectfluor is able to fluorinate sulfides, which then results in a Pummerer type
transformation.”® Thus, the less activated electrophilic fluorinating agent N-
fluorobenzenesulfonimide (NFSI) was employed for fluorination alpha to the ketone.
Ketone 9.29 was obtained in 37% yield after two iterations of deprotonation with LDA and
quenching with NFSI. Treatment of 9.29 with trimethylaluminum and TMSCHN,, the
conditions employed for homologation of 2,2-difluorobenzosuberone (8.5), resulted in o.-
silyl ketone 9.30. The homologation product was immediately converted to vinyl triflate
9.31 through enolate formation with NaHMDS and trapping with trifluoromethane sulfonic
anhydride. Cesium fluoride quantitatively converted 9.31 into thiaDIFBO 9.32, which,
unlike DIFBO, was stable to concentration and no trimer products were observed even
upon long-term storage.

¢ Gabriela de Almeida contributed to work in this section.
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Scheme 9.7. Synthesis of thiaDIFBO.
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With ring-expansion by replacement of a carbon with an endocyclic sulfur atom
appearing to be a successful stabilization strategy, we investigated the effect the decrease
in ring strain had on the rate of cycloaddition with benzyl azide. ThiaDIFBO was
combined with one equivalent of benzyl azide and the reaction to yield triazole products
9.33 and 9.34 was monitored by NMR. We found that thiaDIFBO had a second-order rate

constant of 0.014 M™'s™, almost twenty-fold slower than DIFBO (k = 0.22 M's™") and on
par with the reactivity of MOBO (k = 0.0095 M's™).

Scheme 9.8. Reactivity of thiaDIFBO with benzyl azide.
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Figure 9.6. Plot of 1/[thiaDIFBO] vs. time for the reaction of thiaDIFBO with benzyl
azide in CD;CN at rt. The slope of the line represents the second-order rate constant for
the reaction.

Clearly, the addition of a sulfur atom has a substantial affect on the rate of Cu-free
click chemistry even when an activating propargylic gem-difluoro group is present. At this
point, we realized that if the stabilization imparted by the addition of a sulfur atom could
be coupled with the more traditional stabilization methods of steric protection of the
alkyne, the dramatic activating effect of decreasing the ring size to a seven-membered ring
could be explored for Cu-free click reagents for the first time. A stable thiacycloheptyne,
3,3,6,6 tetramethylthiacycloheptyne (TMTH) 8.20, was known in the literature, although
its rate of reactivity with azides had not been determined. We were interested in a
monobenzo version of TMTH, which contained a fused aryl ring on one side of the alkyne
and a gem-dimethyl group on the other side (thiacycloheptyne 9.35).

O Ok

8.20, TMTH 9.35
Figure 9.7. Thiacycloheptynes.

As for the case of DIFBO and thiaDIFBO, the synthesis of thiacycloheptyne 9.35
was facilitated by a homologation reaction (Scheme 9.9). Commercially available
benzothiacyclohexanone 9.36 was dimethylated by treatment with KHMDS and methyl
iodide to produce 9.37. Subjecting dimethylcyclohexanone 9.37 to AlMe; and TMSCHN,
resulted in a successful ring expansion, but we obtained silyl enol ether 9.38 rather than the
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anticipated o-silyl ketone. This result prevented the mild-fluoride mediated alkyne
formation from being employed; however, the seven-membered ring scaffold was in place
and ketone 9.39 was revealed by treatment with acid and transformed to vinyl triflate 9.40
under standard conditions. Unexpectedly, treatment of 9.40 with lithium diisopropylamide
and other amide bases often employed for alkyne formation from vinyl triflate species
proved to be ineffective for accessing 9.35 from 9.40, perhaps due to steric hindrance
between these large bases and the gem-dimethyl group adjacent to the vinyl proton. Only
sodium hydride led to depletion of starting material, but, disappointingly, no desired
alkyne or other small molecule could be recovered. However, if 9.40 was treated with
sodium hydride in the presence of benzyl azide, triazole cycloadducts 9.41 and 9.42 were
obtained, suggesting that 9.35 was formed in situ.

Scheme 9.9. Synthesis and trapping of monobenzothiacycloheptyne 9.35.
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Cu-Free Click Chemistry Conclusions

The quest for a highly reactive cyclooctyne for Cu-free click chemistry seems to be
one that necessitates walking the narrow balance beam between reactivity and stability.
We have learned a great deal regarding factors that activate and stabilize cycloalkynes, but
dramatic increases in the second-order rate constant appear unlikely at this point. Cu-free
click chemistry is reaching the end of its kinetic modifications and it is time for the
development of new bioorthogonal chemistries.
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Materials and Methods
General Experimental Procedure

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI and
used without purification unless noted otherwise. Anhydrous DMF and MeOH were
purchased from Aldrich or Acros in sealed bottles; all other solvents were purified as
described by Pangborn ez al.*° In all cases, solvent was removed by reduced pressure with
a Buchi Rotovapor R-114 equipped with a Welch self-cleaning dry vacuum. Products
were further dried by reduced pressure with an Edwards RVS5 high vacuum.
Lyophilization was performed on a LABCONCO FreeZone" instrument equipped with an
Edwards RV2 pump. Thin layer chromatography was performed with EMD 60 A silica gel
plates. Flash chromatography was performed using Silicycle® 60 A 230-400 mesh silica.
All 'H, °C, and "’F NMR spectra are reported in ppm and referenced to solvent peaks (‘"H
and C). Spectra were obtained on Bruker AVQ-400, AVB-400, DRX-500, AV-500, or
AV-600 instruments. Electron impact (EI) and electrospray ionization (ESI) mass spectra
were obtained from the UC Berkeley Mass Spectrometry Facility.

Experimental Procedures

7,8,9,10-tetrahydrobenzo[8]anulen-5(6H)-one (9.2).° One drop of N,N-
dimethylformamide (anhydrous) was added 6-phenyl hexanoic acid (2.0 mL, 11 mmol, 1.0
equiv.). To this solution oxalyl chloride (1.2 mL, 13 mmol, 1.2 equiv.) was added
dropwise and bubbling was observed. After bubbling ceased, the reaction was stirred an
additional 15 min and evaporated to dryness to yield the 6-phenyl hexanoic acid chloride.
The acid chloride was dissolved in carbon disulfide (50 mL). This solution was added to a
refluxing mixture of aluminum chloride (5.1 g, 38 mmol, 3.5 equiv.) in carbon disulfide
(90 mL) at a rate of 1.5 mL/h. After 3 d at reflux, the reaction was evaporated to dryness,
redissolved in CH,Cl, (200 mL) and again evaporated to dryness. The crude product was
purified by silica gel chromatography using a hexane/ethyl acetate solvent system (product
elutes at 10:1 hexane/ethyl aceate) to yield 870 mg (5.0 mmol, 46%) of 9.2. Rr=0.8in 3:1
hexane/ethyl acetate. "H NMR (500 MHz, CDCl3): 6 7.63 (dd, J=17.7, 1.2 Hz, 1H), 7.36
(td, J=7.5, 1.4 Hz, 1H), 7.24 (td, J= 7.4, 0.8 Hz, 1H), 7.15 (d, /= 7.6 Hz, 1H),3.01 (dd, J
= 6.5, 6.5 Hz, 2H), 2.89 (dd, /= 6.9, 6.9 Hz, 2H), 1.83-1.74 (m, 4H), 1.52- 1.47 (m, 2H).
C NMR (100 MHz, CDCI3): § 207.6, 140.1, 140.0, 131.7, 131.1, 127.7, 126.5, 44.3,
34.5,28.0, 25.3,24.2. HRMS (EI): caled. for C;,H40" [M]", 174.1045; found, 174.1049.

Monobenzocyclooctyne (9.3).” 7,8,9,10-tetrahydrobenzo[8]anulen-5(6H)-one (9.2)° (100
mg, 0.57 mmol, 1.0 equiv.) was dissolved in THF (3 mL, anhydrous) and cooled to -78 °C.
To this solution, potassium bis(trimethylsilyl)amide (0.5 M solution in toluene, 2.28 mL,
1.14 mmol, 2.0 equiv.) was added and the mixture was stirred at -78 °C. After 1 h, N-
phenyl-bis(trifluoromethanesulfonimide) (234 mg, 0.66 mmol, 1.1 equiv. in 5 mL THF)
was added. The reaction mixture was allowed to warm to 0 °C. After 1 h at 0 °C, the
reaction was quenched with MeOH and evaporated to dryness to result in crude
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monobenzocyclooctyne 9.3. Silica gel chromatography eluting with hexane yielded
monobenzocyclooctyne 9.3 as a volatile, foul smelling oil (30 mg, 0.19 mmol, 33%). Ry =
0.9 in 4:1 hexane/EtOAc. 'H NMR (600 MHz): § 7.14-7.20 (m, 4H), 2.80 (bs, 2H), 2.58 (t,
J=6.8 Hz, 2H), 2.13 (bs, 2H), 1.76 (bs, 2H). ?C NMR (150 MHz): § 151.6, 128.9, 127.1,
126.1, 125.8, 124.3, 112.8, 93.8, 39.2, 33.8, 25.7, 20.5. HRMS (EI): calcd. for C,H;,"
[M]", 156.0939; found, 156.0940.

2,2-Dimethyl-1-benzosuberone (9.10). A 0.5 M solution of LDA was prepared (2.5 ml
1.4 M nBuLi, 4.0 mL THF, 0.70 mL diisopropylamine combined at -78 °C and let stir for
30 min) and benzosuberone (8.4, 0.50 mL, 3.4 mmol, 1 equiv) was added. After this
mixture was stirred for 1 h at -78 °C, Mel (0.60 mL, 9.6 mmol, 2.8 equiv) was added. The
resulting yellow solution was warmed to rt overnight. The following day the reaction
mixture was quenched with aqueous sat. NH4Cl (7 mL) and the product was extracted into
CH,ClI; (3 x 10 mL). The organics were combined, dried with MgSO., decanted and
evaporated to dryness. The crude mixture was purified by silica gel chromatography,
eluting with 20:1 hexane/ethyl acetate to yield 9.1 (80 mg, 0.43 mmol, 13%) as well as a
mixture of mono- and dimethylated benzosuberones. Ry= 0.6 in 9:1 hexane/EtOAc. 'H
NMR (400 MHz): 6 7.33-7.36 (m, 1H), 7.25-7.28 (m, 2H), 7.11 (d, J = 7.4, 1H), 2.77 (t,J
= 6.7 Hz, 2H), 1.91 (quin, J = 6.6 Hz, 2H), 1.66-1.69 (m, 2H), 1.18 (s, 6H). >C NMR (150
MHz): 6 215.1, 141.5, 137.4, 130.8, 128.7, 127.2, 126.7, 46.1, 37.8, 33.2, 25.9, 23 .4.
HRMS (EI): calcd. for C13H;s0" [M]", 188.1201; found, 188.1201.

2-Methyl-1-benzosuberone (9.12). Lithium bis(trimethylsilyl)amide (1M solution in
THF, 0.80 mL, 0.80 mmol, 1.2 equiv.) and THF were cooled to -78 °C. To this solution,
benzosuberone (8.4, 100 uL, 0.68 mmol, 1.0 equiv.) was added dropwise. This solution
was stirred for 1.5 h at which point methyl iodide (210 uL, 3.4 mmol, 5.0 equiv.) was
added. The reaction was warmed to rt over 4 h and then quenched with methanol. The
mixture was evaporated to dryness and the crude oil was purified by silica gel
chromatography (35:1 hexane/ethyl acetate). This procedure yielded 9.12 as a clear oil (79
mg, 0.45 mmol, 66%). Ry= 0.6 in 9:1 hexane/ ethyl acetate. "H NMR (600 MHz): & 7.44
(d, J=17.7Hz, 1H), 7.35 (t, J= 7.1 Hz, 1H), 7.25 (t, /=7.6 Hz, 1H), 7.19 (d, J = 7.3 Hz,
1H), 2.88-3.01 (m, 3H), 2.03-2.06 (m, 1H), 1.84-1.91 (m, 1H), 1.64-1.68 (m, 2H), 1.21 (d,
J=6.5Hz, 3H). °C NMR (150 MHz): 8 207.9, 142.0, 139.8, 131.4, 129.9, 128.5, 126.5,
44.3,33.8,32.1, 25.7, 16.6. HRMS (EI): calcd. for C;;H140" [M]", 174.1045; found,
174.1042.

Compound 9.13. 2-Methyl-1-benzosuberone (9.12, 318 mg, 1.8 mmol, 1.0 equiv.) was
dissolved in THF (31 mL) and cooled to -78 °C. Lithium bis(trimethylsilyl)amide (1M
solution in THF, 2.0 mL, 2.0 mmol, 1.1 equiv.) was added to this solution. After I hr,
TESCI (490 uL, 2.9 mmol, 1.6 equiv.) was added and the reaction mixture was warmed to
rt overnight. The following morning the reaction was quenched with water (1 mL) and
evaporated to dryness. The crude product was extracted with Et,O (3 x 10 mL, 15 mL
H,0). The organic extracts were combined, dried with MgSO,, decanted, and evaporated
to dryness. The product was purified by silica gel chromatography with hexane/ethyl
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acetate (100% hexane to 100:1 hexane/ethyl acetate) to yield 394 mg of silyl enol ether
9.13. (1.4 mmol, 75%). R¢= 0.9 in 9:1 hexane/ethyl acetate. '"H NMR (500 MHz): § 7.46
(d, J=8.0 Hz, 1H), 7.23-7.28 (m, 1H), 7.17-7.21 (m, 2H), 2.62 (t, J = 7.1 Hz, 2H), 2.13
(apparent quin, J = 7.2 Hz, 2H), 1.96 (s, 3H), 1.84 (t, /= 7.1 Hz, 2H), 0.94 (t, /= 7.9 Hz,
9H), 0.57 (q, J =8.0 Hz, 6H). °C NMR (150 MHz): § 143.2, 140.2, 140.1, 128.6, 127.1,
126.9, 125.8, 117.3, 33.8, 32.7, 30.0, 17.8, 6.9, 5.4. HRMS (EI): calcd. for C;gHys0Si"
[M]", 288.1909; found, 288.1913.

2-Fluoro-2-methyl-1-benzosuberone (9.14). Selectfluor (533 mg, 1.5 mmol, 1.5 equiv)
was dissolved in DMF (20 mL) and cooled to 0 °C. Compound 9.13 (294 mg, 1.0 mmol, 1
equiv.) was dissolved in DMF (15 mL) and this solution was added to the Selectfluor™
solution over 30 min. After addition of 9.13, the reaction mixture was warmed to rt and
stirred for an additional 30 min. The reaction was then quenched with H,O (20 mL) and
extracted with ether (2 x 40 mL). The ether extracts were combined, dried with MgSQy,
decanted and evaporated to dryness. The crude product was purified by silica gel
chromatography eluting with 15:1 hexane/ethyl acetate. This procedure resulted in 139 mg
of pure 9.14 (0.72 mmol, 71%). R¢= 0.4 in 9:1 hexane/ethyl acetate. 'H NMR (600
MHz): 8 7.52 (dd, J=17.6, 1.1 Hz, 1H), 7.40 (td, J=17.5, 1.3 Hz, 1H), 7.30 (t, /= 7.4 Hz,
1H), 7.21 (d, J = 7.6 Hz, 1H), 3.14 (dd, /= 15.9, 10.7 Hz, 1H), 2.91 (dd, /= 16.1, 8.3 Hz,
1H), 2.20-2.28 (m, 1H), 2.10-2.16 (m, 1H), 2.04 (dtd, /= 32.2, 14.5, 5.1 Hz, 1H), 1.78-
1.85 (m, 1H), 1.59 (d, J=21.6 Hz, 3H). °C NMR (150 MHz): § 204.6 (d, J = 29 Hz),
141.1, 137.7, 131.5, 129.7, 128.9, 126.5, 100.8 (d, /= 178 Hz), 38.3 (J =23 Hz), 34.5,
24.1 (J=2 Hz), 23.5 (d, J=24 Hz). "F-NMR (564 MHz): d -144.9- -144.6 (m, 1F).
HRMS (EI): calcd. for C,H;30F " [M]", 192.0950; found, 192.0952.

9-Methyl-1-benzosuberone (9.17). 9-Methyl-1-benzosuberone (9.17) was prepared as
decribed by R. McCague." Briefly, TMS-enol ether of benzosuberone 9.16 (2.55 g, 11
mmol, 1.0 equiv.) was dissolved in hexanes (32 mL, dried over molecular sieves
overnight). To this solution, tetramethylethylenediamine (4.0 mL, 27 mmol, 2.5 equiv.,
freshly distilled) was added followed by nBuLi (1.42 M solution in hexanes, 16.0 mL, 23.0
mmol, 2.1 equiv.). The resulting orange mixture was heated to reflux. After 2 h, methyl
iodide (0.87 mL, 14 mmol, 1.3 equiv) in hexanes (5.1 mL) was added and the reaction was
immediately quenched with water (25 mL). Upon cooling to rt, the product was extracted
into hexane (3 x 50 mL). The organics were combined, dried with MgSO., decanted and
evaporated to dryness. The crude product was purified by silica gel chromatography in a
hexane/ether solvent system (40:1 to 30:1). This procedure yielded desired product 9.17
(980 mg, 5.6 mmol, 51%) plus some recovered benzosuberone and 2,9-dimethyl
benzosuberone. R;= 0.5 in 5:1 hexane/ethyl acetate. 'H NMR (500 MHz): & 7.14 (d, J =
7.6 Hz, 1H), 7.02 (d, J=7.6 Hz, 1H), 6.90 (d, J= 7.5 Hz, 1H), 2.69 (t, J= 6.6 Hz, 2H),
2.53-2.55 (m, 2H), 2.27 (s, 3H), 1.67-1.76 (m, 4H). °C NMR (125 MHz): § 210.3, 139.5,
138.0, 135.3, 129.9, 129.0, 126.3, 42.0, 32.3, 25.5, 22.3, 19.7. HRMS (ESI): calcd. for
C,H;s0" [M+H]", 175.1117; found, 175.1115.
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Trimethyl(1-methyl-6,7-dihydro-SH-benzo[7]annulen-9-yloxy)silane (9.18). 9-Methyl-
1-benzosuberone (9.17, 440 mg, 2.5 mmol, 1.0 equiv.) was dissolved in THF (44 mL,
anhydrous) and cooled to -78 °C. Lithium bis(trimethylsilyl)amide (1 M solution in THF,
4.7 mL, 4.7 mmol, 1.9 equiv.) was added and the resulting mixture was stirred at -78 °C.
After 1.5 h, TMSCI (1.07 mL, 8.4 mmol, 3.4 equiv) was added and the reaction was
warmed to 0 °C. Upon reaching 0 °C, the reaction was quenched with methanol and
evaporated to dryness. The crude product was purified by silica gel chromatography
eluting with hexane to yield 9.18 (255 mg, 1.0 mmol, 40%). R¢= 0.9 in 4:1 hexane/ethyl
acetate. '"H NMR (600 MHz): 6 7.13 (t, /=7.5 Hz, 1H), 7.08 (d, /= 7.3 Hz, 1H), 7.03 (d, J
=17.5 Hz, 1H), 5.45 (t,J= 7.7 Hz, 1H), 2.62 (t,J=7.0 Hz, 2H), 2.39 (s, 3H), 1.98
(apparent quin, J = 7.0 Hz, 2H), 1.73 (bs, 2H), 0.17 (s, 9H). °C NMR: 150.3, 140.6, 137.2,
136.7, 128.8, 127.7, 126.2, 108.4, 34.0, 32.7, 22.1, 21.0, 0.3. HRMS (EI): calcd. for
Ci15H,,0Si" [M]", 246.1440; found, 246.1440.

2-Fluoro-9-methyl-1-benzosuberone (9.19). Selectfluor (475 mg, 1.3 mmol, 1.3 equiv)
was dissolved in N,N-dimethylformamide (25 mL, anhydrous) and cooled to 0 °C.
Compound 9.18 (255 mg, 1.0 mmol, 1.0 equiv) was dissolved in N,N-dimethylformamide
(12 mL, anhydrous) and this solution was added to the Selectfluor solution over 30 min at
0 °C. After addition of 9.18 was complete, the reaction mixture was warmed to rt and
stirred for an additional 1.5 h. The reaction was then quenched with water (25 mL) and
extracted with ether (2 x 50 mL). The ether extracts were combined, dried with MgSQy,
decanted and evaporated to dryness. The crude product was purified by silica gel
chromatography eluting with 40:1 hexanes/ether. This procedure resulted in 142 mg of
pure 9.19 (0.74 mmol, 71%). R¢= 0.7 in 3:1 hexane/ethyl acetate. '"H NMR (600 MHz): 8
7.17 (t, J="1.7 Hz, 1H), 7.07 (d, J= 7.6 Hz, 1H), 6.96 (d, /= 7.5 Hz, 1H), 5.07 (ddd, Jr =
50.5 Hz, portion at 5.11 apparent t, J = 5.8 Hz, portion at 5.03 dd, J= 7.6, 4.1 Hz, 1H),
2.74-2.76 (m, 2H), 2.26 (s, 3H), 2.13-2.17 (m, 2H), 1.99-2.05 (m, 1H), 1.78-1.84 (m, 1H).
BC NMR (150 MHz): § 206.3 (d, J = 24 Hz), 138.1, 137.9, 135.9, 130.2, 129.0, 127.0,
94.9 (d, J= 183 Hz), 35.2, 33.7 (d, J= 22 Hz), 23.2 (d, J = 6 Hz), 19.6. "’F NMR (564
MHz): 8 -101.2 (t, J =11 Hz, 1F). HRMS (EI): Calcd. for C;;H;;0F" [M]", 192.0950;
found, 192.0954.

Triethyl(8-fluoro-1-methyl-6,7-dihydro-5SH-benzo[7]annulen-9-yloxy)silane (9.20). 2-
Fluoro-9-methyl-1-benzosuberone (9.19, 114 mg, 0.59 mmol, 1.0 equiv.) was dissolved in
THF (10 mL, anhydrous) and cooled to -78 °C. Lithium bis(trimethylsilyl)amide (1M
solution in THF, 1.1 mL, 1.1 mmol, 1.9 equiv.) was added. The reaction mixture was
stirred for 30 min at -78 °C at which point TESCI (0.33 mL, 2.0 mmol, 3.4 equiv.) was
added. The reaction was warmed to rt. After 10 min at rt, the reaction was quenched with
methanol, evaporated to dryness, and chromatographed on silica gel eluting with
hexane/ethyl acetate (20:1). This procedure resulted in pure 9.20 (147 mg, 0.48 mmol,
81%). R¢=0.95 in 3:1 hexane/ethyl acetate. 'H NMR (500 MHz): § 7.10 (apparent t, J =
7.4 Hz, 1H), 7.05 (d, J=7.2 Hz, 1H), 6.98 (d, /= 7.4 Hz, 1H), 2.65 (bs, 2H), 2.39 (s, 3H),
2.07-2.15 (bm, 4H), 0.89 (t, J =7.9 Hz, 9H), 0.60 (q, J = 7.9 Hz, 6H). °C NMR (125
MHz): d 148.8 (d, J =255 Hz), 139.9, 138.2 (d, /=4 Hz), 135.5(d, /=4 Hz), 129.8 (d, J

175



=14 Hz), 129.1, 127.8, 126.4, 33.4, 32.5, 25.3 (d, J = 25 Hz), 21.0, 5.3, 5.2. '’F NMR (564
MHz): § -126.1 (t, J =23 Hz, 1F). HRMS (EI): calcd. for C;3H,,FOSi" [M]", 306.1815;
found.

2,2-Difluoro-9-methyl-1-benzosuberone (9.21). Selectfluor (121 mg, 0.34 mmol, 1.6
equiv.) was dissolved in N,N-dimethylformamide (6 mL, anhydrous). Compound 9.20 (64
mg, 0.21 mmol, 1.0 equiv.) was dissolved in N,N-dimethylformamide (3 mL, anhydrous)
and this solution was added to the Selectfluor solution over 30 min. After addition of 9.20
was complete, the reaction was stirred for an additional 30 min, at which point water (5
mL) was added and the product was extracted with ether (2 x 15 mL). The ether extracts
were combined, dried with MgSQO,, decanted and evaporated to dryness. The crude
product was purified by silica gel chromatography (hexane/ethyl acetate). This procedure
resulted in 42 mg of pure 9.21 (0.20 mmol, 95%). R¢= 0.7 in 3:1 hexane/ethyl acetate. 'H-
NMR (500 MHz): & 7.25 (t,J = 7.6 Hz, 1H), 7.13 (d, /= 7.7 Hz, 1H), 7.00 (d, /= 7.7 Hz,
1H), 2.79-2.81 (m, 2H), 2.30 (s, 3H), 2.26-2.33 (m, 2H), 1.94-1.98 (m, 2H). "C-NMR
(125 MHz): 8 198.5 (t, /=30 Hz), 138.2, 137.0, 136.2, 131.0 (apparent d, /= 12 Hz),
129.3 (apparent d, J = 19 Hz), 127.1 (apparent d, /= 18 Hz), 118.1 (t, J =250 Hz), 35.8 (t,
J =24 Hz), 34.3, 22.5 (bs), 19.7. ”’F-NMR (564 MHz): § -106.0 (apparent t, /= 11 Hz,
2F). HRMS (EI): calcd. for C,H,0F," [M]", 210.0856; found, 210.0860.

Compound 9.23. Ketone 9.2° (88 mg, 0.51 mmol, 1 equiv) was dissolved in cyclohexane
(12 mL) and hexylamine (90 uL, 0.68 mmol, 1.3 equiv) and trifluoroacetic acid (1drop)
were added. The reaction was heated to reflux overnight. The following morning the
reaction mixture was washed with sat. NaHCO; (1 x 15 mL) and brine (1 x 15 mL). The
organic solution was dried over MgSQO4 and evaporated to dryness. The resulting crude
imine (155 mg) was dissolved in acetonitrile (5 mL). To this solution Selectfluor (354 g,
1.0 mmol, 2.0 equiv) and Na,SO4 (50.3 mg, 0.35 mmol) were added. The reaction mixture
was heated to reflux overnight. The following morning 3M HCI was added to hydrolyze
the imine. After 10 min at reflux, the solution was cooled to rt and evaporated to dryness.
The residue was dissolved in ether (10 mL), washed with sat. NaHCO; (1 x 5 mL) and
brine (1 x 5 mL). The organic solution was dried over MgSO, and evaporated to dryness.
The crude mixture was purified by flash chromatography with a hexane/ethyl acetate
solvent system (96:4 hexane/EtOAc). This procedure yielded pure 9.23 (72 mg, 0.34
mmol, 68%). R¢= 0.8 in 3:1 hexane/ethyl acetate). "H NMR (600 MHz): 8 7.41 (td, J =
7.6, 1.4 Hz, 1H), 7.30 (td, J=7.5, 1.0 Hz, 1H), 7.23 (dd, J = 7.6, 1.0 Hz, 1H), 7.21 (dd, J =
7.7,0.2 Hz, 1H), 2.73-2.75 (m, 2H), 2.14-2.21 (m, 2H), 1.78 (apparent quin, J =6.2 Hz,
2H), 1.61 apparent quin, J = 5.3 Hz, 2H). >C NMR (150 MHz): & 198.3 (t, J= 29 Hz),
137.8,137.0, 130.9, 129.7, 126.5, 126.3, 119.1 (t,J =251 Hz), 33.1 (t,J = 24 Hz), 31.4,
28.9,19.0 (t, J= 6 Hz). "F-NMR (564 MHz): 8 -105.1 (t, J= 16 Hz, 2F). HRMS (EI):
calcd. for C1,H,OF," [M]", 210.0856; found, 210.0859.

Difluorobenzocyclononyne 9.6. A solution of 0.09 M TMSCLIN, was generated by

combining trimethylsilyldiazomethane (0.1 mL of a 2 M solution in CH,Cl,) with
nbutyllithium (0.12 mL of a 1.6 M solution in hexane) in THF (2.0 mL, anhydrous) at -78
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°C. This solution was stirred for 20 min at -78 °C. Difluoroketone 9.23 (15 mg, 0.071
mmol, 1.0 equiv.) was dissolved in THF (1.0 mL, anhydrous) and cooled to 0 °C.
TMSCLIiN; (0.8 mL, 0.07 mmol, 1.0 equiv.) was added. The mixture was stirred for 30
min at 0 °C, at which point it was quenched with methanol and evaporated to dryness. It
was purified by silica gel chromatography to yield 0.5 mg of 9.6 (0.002 mmol, 3%). This
procedure was very unreliable and often did not yield any cyclononyne product. R¢= 0.9
in 3:1 hexane/ethyl acetate. 'H NMR (400 MHz, CDCls): § 7.86 (bs, 1H), 7.26-7.11 (m,
3H), 4.23 (bs, 1H), 3.47 (bs, 1H), 2.76 (bs, 1H), 2.31-2.15 (m, 1H), 2.02-1.88 (m, 2H),
1.81-1.55 (m, 2H). ""F NMR (376 MHz, CDCl5): 8 -92.06 (d, J = 183.7 Hz), -109.52 (d, J
=239.7 Hz).

4-(phenylthio)butanoic acid (9.26).>* Na metal (1.6 g, 70 mmol, 1.1 equiv.) was added
portionwise to ethanole (19 mL) cooled to 0 °C. Upon addition of all Na, thiophenol (9.24,
6.52 mL, 64 mmol, 1 equiv.) was added dropwise. Upon addtion of all thiophenol, the Na
was completely dissolved. y-Butyrolactone (9.25, 5.1 mL, 67 mmol, 1.1 equiv.) and the
solution was heated to reflux for 4 h, with lots of white precipitate forming. The reaction
mixture was quenched with wet ethanol and evaporated to a white solid. The solid was
dissolved in water and filtered. The filtrate was acidified with 1M HCI and precipitate
formed. The precipitate was recrystallized from hexanes (1L) to yield 9.26 (8.9 g, 64
mmol, quant.) "HNMR (600 MHz, CDCls): 6 7.35 (d, J= 7.9 Hz, 2H), 7.29 (t,J=7.6 Hz,
2H), 7.19 (t, J=7.3 Hz, 1H), 2.98 (t,J = 7.1 Hz, 2H), 2.53 (t, /= 7.2 Hz, 2H), 1.96 (p, J =
7.1 Hz, 2H).

3,4-dihydrobenzo[b]thiepin-5(2H)-one (9.27).** Acid 9.26 (2.6 g, 13 mmol, 1.0 equiv.)
was dissolved in polyphosphoric acid (38 g) and heated to 100 °C for 2 h. The reaction
mixture was poured onto ice and extracted with toluene (3 x 150 mL). The organics were
dried, decanted, and evaporated to dryness. The crude product was purified by silica gel
chromatography using a hexane/ethyl acetate solvent system (15:1 to 10:1). This
procedure yielded pure 9.27 (1.3 g, 7.1 mmol, 54%). R¢= 0.5 in 5:1 hexane/ethyl acetate.
"H NMR (500 MHz, CDCl;): & 7.83 (dd, J= 7.8, 1.3 Hz, 1H), 7.45 (d, J= 7.8 Hz, 1H),
7.31 (td, J=7.4,0.9 Hz, 1H), 7.24 (td, /= 7.4, 0.9 Hz, 1H), 3.04 (t, /= 6.7 Hz, 2H), 2.97
(t, J= 6.8 Hz, 2H), 2.26 (p, J = 6.7 Hz, 2H). >*C NMR (150 MHz, CDCl;): & 202.7, 142.1,
138.2, 130.9, 130.2, 130.1, 125. 9, 40.1, 34.9, 29.9. HRMS (EI): calcd. for C;oH;00S"
[M]", 178.0452; found, 178.0457.

4-fluoro-3,4-dihydrobenzo|b]thiepin-5(2H)-one (9.28). A flame-dried flask was charged
with 3,4-dihydrobenzo[b]thiepin-5(2H)-one 9.27 (1.2 g, 6.6 mmol, 1.0 equiv.). The flask
was evacuated and backfilled with nitrogen twice. THF (33 mL, anhydrous) was added to
the flask and the solution cooled to —78 °C. Lithium diisopropylamide (4.0 mL of 2M
solution in heptane/THF/ ethylbenzene, 8.0 mmol, 1.2 equiv) was added and the solution
warmed to 0 °C and allowed to stir for 1 h. Separately, a dry flask was charged with N-
fluorobenzenesulfonimide (NFSI) (2.7 g, 8.6 mmol, 1.3 equiv) and evacuated and
backfilled with nitrogen twice. THF (30 mL, anhydrous) was added and the solution
cooled to —78 °C. The solution of 9.27 was slowly added to the NFSI solution over 12 min
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via syringe and the mixture was allowed to warm to rt over 30 min, at which point it was
quenched with saturated ammonium chloride (50 mL). The organic layer was separated
and the aqueous layer extracted with ethyl acetate (2 x 100 mL). The organic layers were
combined, dried with sodium sulfate, filtered, and concentrated under reduced pressure.
The crude oil was purified using silica gel chromatography (93:7 hexanes/ethyl acetate) to
yield 1.1 g (5.6 mmol, 85%) of 9.28 as a yellow oil. R¢= 0.5 in 9:1 hexane/ethyl acetate. 'H
NMR (300 MHz, CDCls): 6 8.02-7.98 (dd, J = 7.6,1.5 Hz, 1H), 7.47-7.44 (d, J= 7.8 Hz,
1H), 7.41-7.7.36 (td, J = 7.5, 1.5 Hz, 1H), 7.33-7.28 (t, J = 7.1 Hz, 1H), 5.81-5.76 (dd, J =
7.2,9 Hz, 0.5 Hz), 5.65-5.60 (dd, /= 7.2, 9 Hz, 0.5H), 3.24-3.16 (m, 1H), 2.89-2.70 (m,
1H), 2.52-2.37 (m, 1H). “C NMR (130 MHz, CDCls): § 197.5-197.4 (d, J = 16.6), 141.7,
134.9, 131.8, 131.1, 130.1, 126.2, 93.8-92.5 (d, J = 185), 36.4-36.3 (d, /=24), 29.7 (d, J =
12). F NMR (375 MHz, CDCls): & -189.4 (dt, J; = 4, 45 Hz, 1F). HRMS (EI): calcd. for
Ci1oHoFOS™ [M] ", 196.0358; found, 196.0357.

4,4-difluoro-3,4-dihydrobenzo[b]thiepin-5(2H)-one (9.29). A flame-dried flask was
charged with 4-fluoro-3,4-dihydrobenzo[b]thiepin-5(2H)-one 9.28 (800 mg, 4.1 mmol, 1.0
equiv.). The flask was evacuated and backfilled with nitrogen twice. THF (20 mL,
anhydrous) was added to the flask and the solution cooled to —78 °C. LDA (2.5 mL of 2 M
solution in heptane/ THF/ ethylbenzene, 4.9 mmol, 1.2 equiv.) was added and the solution
warmed to 0 °C and allowed to stir for 1 h. Separately, a dry flask was charged with NFSI
(1.7 g, 5.3 mmol, 1.3 equiv.) and evacuated and backfilled with nitrogen twice. THF (20
mL, anhydrous) was added and the solution cooled to —78 °C. The solution of base was
slowly added to the NFSI solution over 10 min via syringe and the reaction then allowed to
warm to rt. Saturated ammonium chloride (40 mL) was added to the reaction followed by
ethyl acetate (50 mL). The organic layer was separated and the aqueous layer extracted
with ethyl acetate (2 x 50 mL). The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated under reduced pressure. The crude oil was purified using
silica gel chromatography (93:7 hexanes/EtOAc) to yield 390 mg (1.8 mmol, 45%) of 9.29
as a light yellow oil that solidified upon cooling. R¢= 0.6 in 9:1 hexane/ethyl acetate.'H
NMR (500 MHz, CDCls): § 7.65-7.63 (d, J= 7.8, 1H), 7.39-7.30 (m, 2H), 7.26-7.24 (t, J =
8 Hz, 1H), 3.05-3.03 (t, J = 6 Hz, 2H), 2.76-2.68 (m, 2H). *C NMR (150 MHz, CDCl;): &
193, 138.5, 135.0, 132.0, 131.2, 130.0, 126.4, 118.6 (t, J = 243 Hz), 39.6 (t, J =25 Hz),
28.0. "F NMR (375 MHz, CDCls): 8 -99 (t, J= 19 Hz, 1F). HRMS (EI): calcd. for
C1oHgF,0S" [M]", 214.0264; found, 214.0270.

(Z2)-4,4-difluoro-6-(trimethylsilyl)-3,4-dihydro-2H-benzo[b] thiocin-5-yl
trifluoromethanesulfonate (9.31). A flame-dried flask was charged with 4,4-difluoro-
3,4-dihydrobenzo[b]thiepin-5(2H)-one 9.29 (214 mg, 1.00 mmol, 1.0 equiv.) and
evacuated and backfilled with nitrogen twice. Dichloromethane (12.5 mL, anhydrous) was
added and the solution cooled to 0 °C. Trimethylsilyl diazomethane (TMSCHN,) (600 uL
of 2M solution in dichloromethane, 1.2 mmol, 1.2 equiv.) was added via syringe
immediately followed by trimethylaluminum (AlMes) (600 uL of 2M solution in toluene,
1.2 mmol, 1.2 equiv.). The reaction was stirred at 0 °C for 10 min, at which point the
reaction was quenched with saturated ammonium chloride (5 mL) followed by saturated
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Rochelle’s salt (5 mL). The mixture was extracted with CH,Cl; (3 x 25 mL). The organic
layers were combined, dried over sodium sulfate, filtered, and concentrated to an oil that
still contained 4,4-difluoro-6-(trimethylsilyl)-3,4-dihydro-2 H-benzo[ b]thiocin-5(6H)-one
(9.30) and toluene was obtained. The oil was transferred to a dry flask that was evacuated
and backfilled with nitrogen twice. THF (10 mL, anhydrous) was added and the reaction
cooled to —78 °C. NaHMDS (600 uL of 2M solution in THF, 1.2 mmol, 1.2 equiv.) was
added and the reaction stirred for 2 h at —78 °C. Trifluoromethane sulfonic anhydride (200
uL, 1.2 mmol, 1.2 equiv.) was then added and the reaction stirred for 1 h at —78 °C.
Methanol (1 mL) was added and the reaction was then allowed to warm to rt and
concentrated. The oily solid was taken up in dichloromethane and filtered. The filtrate was
concentrated and purified via HPLC on a 100 A Cig column, (70% to 100% acetonitrile in
water over 30 minutes). The desired product eluted at 17 minutes. Concentration of desired
fraction yielded 16 mg (0.037 mmol, 4%) of (£)-4,4-difluoro-6-(trimethylsilyl)-3,4-
dihydro-2H-benzo[b]thiocin-5-yl trifluoromethanesulfonate 9.31 as a clear oil. R¢= 0.8 in
9:1 hexane/ethyl acetate. '"H NMR (500 MHz, CDCls): § 7.67-7.65 (d, J= 8, 1H), 7.40-
7.37 (t,J=17.5,1H), 7.29-7.26 (m, 1H), 7.16-7.14 (d, J= 7.5 Hz, 1H), 3.00-2.96 (m, 1H),
2.83-2.76 (m, 1H), 2.35-2.23 (m, 1H), 2.12-2.05 (m, 1H), 0.019 (s, 9H). °C NMR (125
MHz, CDCl): d 144.1(t, J = 30), 143 (d, J = 24), 136.6, 130.3, 129.3, 128.2, 126.5, 122.6,
120, 119.9, 117.5, 116, 34.2 (t, J=26.3 Hz), 29.8 (t,J=5 Hz), -1.3. ’"F NMR (375
MHz, CDCls): 8 -70 (t, J= 19 Hz, 3F), -90 (dp, J; =262, 22.5 Hz, 1H), -92 (bd, J = 274
Hz, 1H) . HRMS (EI): calcd. for C;sH;7F503S,Si" [M] ", 432.0309; found, 432.0316.

ThiaDIFBO (9.32). (Z2)-4,4-difluoro-6-(trimethylsilyl)-3,4-dihydro-2H-benzo[b]thiocin-
5-yl trifluoromethanesulfonate 9.31 (16 mg, 0.037 mmol, 1.0 equiv.) was dissolved in
deuterated acetonitrile (1 mL) and cesium fluoride (34 mg, 0.22 mmol, 6.0 equiv.) was
added. The reaction was stirred for 1 h at rt. It was then filtered, and the filtrate
concentrated and purified by silica gel chromatography (99:1 hexanes/ EtOAc) to yield 8
mg (0.04 mmol, 99%) of the desired product as a clear oil. R¢= 0.9 in 9:1 hexane/ethyl
acetate.' H NMR (600 MHz, CD;CN): § 7.56-7.54 (d, J=9 Hz, 1H), 7.47-7.45 (d, J =8
Hz, 1H), 7.42-7.39 (t, J= 7.2 Hz, 1H), 7.35-7.33 (t, /= 7.5 Hz, 1H), 3.17-2.16 (m, 1H),
2.86-2.79 (m, 1H). >C NMR (125 MHz, CD;CN): & 148, 131.4, 130.9, 128.8, 127.4,
122.4, 120.6, 119.9, 106.3 (t, J=9 Hz), 46.1 (t, J=27.5 Hz), 28.8 (t, /= 3.8 Hz). '°F
NMR (375 MHz, CD;CN): -86 (bt, 2F). HRMS (EI): calcd. for C;HgF," [M] ", 210.0315;
found, 210.0321.

3-methylthiochroman-4-one. THF (5.5 mL, anhydrous) and LIHMDS (3.61 mL of 1 M
solution in THF, 3.61 mmol, 1.2 equiv.) were combined and cooled to -78 °C.
Thiochromanone 9.36 (502 mg, 3.05 mmol, 1.0 equiv.) was dissolved in THF (2.0 mL,
anhydrous) and added to the solution of base over 1 h at -78 °C. After stirring for an
additional hour at -78 °C, methyl iodide (0.93 mL, 15 mmol, 4.9 equiv.) was added and the
mixture was warmed to rt over 3 h at which point, the reaction was quenched with
methanol (2 mL) and evaporated to dryness. Silica gel chromatography (35:1 hexane/ethyl
acetate) resulted in pure desired compound (400 mg, 2.24 mmol, 73%). R¢=0.45in 6:1
hexane/ethyl acetate. "H NMR (600 MHz, CDCls): 6 8.05 (dd, /= 7.2, 1.0, 1H), 7.33-7.30
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(m, 1H), 7.19 (dd, J=7.9, 0.7 Hz, 1H), 7.13-7.10 (m, 1H), 3.09 (s, 1H), 3.08 (d, J=3.1
Hz, 1H), 2.88 (dp, J= 8.7, 6.8 Hz, 1H), 1.30 (d, /= 6.8 Hz, 3H). "*C NMR (150 MHz,
CDCls): 8 196.5, 141.9, 133.0, 130.5, 129.6, 127.4, 124.9, 42.2, 33.1, 15.1. HRMS (EI):
caled. for C1oH;00S" [M]", 178.0452; found, 178.0452.

3,3-dimethylthiochroman-4-one (9.37). THF (1.0 mL, anhydrous) and LiHMDS (0.96
mL of 1 M solution in THF, 0.96 mmol, 1.2 equiv.) were combined and cooled to -78 °C.
3-methylthiochroman-4-one (144 mg, 0.809 mmol, 1.0 equiv.) was dissolved in THF (1.0
mL, anhydrous) and added to the solution of base over 1 h at -78 °C. After stirring for an
additional hour at -78 °C, methyl iodide (0.25 mL, 4.0 mmol, 4.9 equiv) was added and the
mixture was warmed to rt over 3 h, at which point the reaction was quenched with MeOH
(1 mL) and evaporated to dryness. Silica gel chromatography (40:1 hexanes/ EtOAc)
resulted in pure 9.37 (129 mg, 0.672 mmol, 83%). R¢=0.55 in 6:1 hexane/ethyl acetate.
"H NMR (500 MHz, CDCl;): & 8.08 (dd, J= 8.0, 1.2 Hz, 1H), 7.33 (ddd, J= 8.0, 7.2, 1.5
Hz, 1H), 7.20 (dd, /= 8.0, 0.8 Hz, 1H), 7.14 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H), 3.07 (s, 2H),
1.32 (s, 6H). °C NMR (125 MHz, CDCls): § 198.5, 141.6, 132.9, 130.3, 129.7, 127.3,
124.9, 41.1, 39.3, 23.7. HRMS (EI): calcd. for C;1H;,0S" [M]", 192.0609; found,
192.0604.

(3,3-dimethyl-2,3-dihydrobenzo[b]thiepin-5-yloxy)trimethylsilane (9.38). 3,3-
dimethylthiochroman-4-one 9.37 (365 mg, 1.90 mmol, 1.0 equiv.) was dissolved in CH,Cl,
(10 mL, anhydrous) and cooled to -78 °C. AlMe; (1.14 mL of 2M solution in toluene, 2.28
mmol, 1.2 equiv.) was added and the solution was stirred for 15 min at which point,
TMSCHN; (1.14 mL of 2M solution in CH,Cl,, 2.28 mmol, 1.2 equiv.) was added. The
solution was warmed to rt overnight. The mixture was quenched with aqueous Rochelle’s
salt (5 mL) and stirred until two layers formed. The quenched solution was extracted with
dichloromethane (3 x 10 mL). The organic layers were combined, dried with MgSO,,
decanted, and evaporated to dryness. Silica gel chromatography (150:1 hexane/ethyl
acetate) resulted in pure 9.38 (160 mg, 0.576 mmol, 30%). R¢= 0.9 in 6:1 hexane/ethyl
acetate. 'H NMR (600 MHz, CDCl;): 8 7.38 (d, J = 7.6 Hz, 1H), 7.14-7.11 (m, 2H), 7.00
(t, J=7.1 Hz, 1H), 5.81 (s, 1H), 2.77 (s, 2H), 1.28 (s, 6H), 0.30 (s, 9H). >C NMR (125
MHz, CDCls): 6 162.3, 137.4, 137.1, 131.5, 131.0, 126.6, 124.8, 110.1, 46.1, 44.2, 28.0,
0.8. HRMS (EI): calcd. for C;sH,,0SSi" [M], 278.1161; found, 278.1163.

3,3-dimethyl-3,4-dihydrobenzo|b]thiepin-5(2H)-one (9.39). Silyl enol ether 9.38 (90
mg, 0.32 mmol, 1 equiv.) was dissolved in methanol and 12M HCI (1 drop) was added.
The mixture was stirred for 30 min at rt and then quenched with saturated sodium
bicarbonate (until bubbling ceased). The methanol was removed by rotary evaporation and
the resulting aqueous solution was extracted with dichloromethane (3 x 10 mL). The
organic layers were combined, dried with MgSQO., decanted, and evaporated to dryness.
This procedure resulted in pure ketone 9.39 (65 mg, 0.31 mol, 97% yield). Re= 0.5 in 4:1
hexane/ethyl acetate. "HNMR (400 MHz, CDCl3): 8 7.46 (dd, /= 7.5, 1.1 Hz, 1H), 7.29
(d, J=7.3 Hz, 1H), 7.20 (td, J= 7.5, 1.4 Hz, 1H), 7.14 (td, /= 7.5, 1.4 Hz, 1H), 4.03 (s,
2H), 2.83 (s, 2H), 1.32 (s, 6H). °C NMR (150 MHz, CDCLs): 8 209.3, 138.2, 136.8, 132.7,

180



130.6, 128.6, 127.5, 49.3, 47.2, 46.2, 24.3. HRMS (EI): calcd. for C,H40S" [M]",
206.0765; found, 206.0764.

3,3-dimethyl-2,3-dihydrobenzo[b]thiepin-5-yl trifluoromethanesulfonate (9.40).
Ketone 9.39 (62 mg, 0.30 mol, 1 equiv.) was dissolved in THF (4.5 mL, anhydrous) and
cooled to -78 °C. KHMDS (0.72 mL of 0.5 M solution in toluene, 0.36 mmol, 1.2 equiv.)
was added and the solution was stirred for 2 h at -78 °C at which point trifluoromethane
sulfonic anhydride (70 uL, 0.42 mmol, 1.4 equiv.) was added and the reaction was warmed
to 0 °C over 2 h. The reaction mixture was quenched with methanol (1 mL) and
evaporated to dryness. Silica gel chromatography with hexanes/ethyl acetate (150:1)
resulted in pure 9.40 (66 mg, 0.20 mmol, 66%). Rr= 0.9 in 4:1 hexane/ethyl acetate. 'H
NMR (500 MHz, CDCls): 6 7.47 (dd, J = 7.6, 1.4 Hz, 1H), 7.30-7.24 (m, 2H), 7.20 (td, J =
7.4, 1.7 Hz, 1H), 6.62 (s, 1H), 2.86 (s, 2H), 1.42 (s, 6H). °C NMR (150 MHz, CDCl;): §
158.3, 139.2, 133.9, 132.9, 131.5, 128.2, 127.2, 122.0, 118.7 (q, J = 320 Hz), 45.5, 44.5,
27.3. ’F NMR (565 MHz, CDCls): 8 -75.63. HRMS (EI): calcd. for C;3H305S,F5" [M],
338.0258; found, 338.0262.

Triazole products (9.41 and 9.42). Vinyl triflate 9.40 (10 mg, 0.030 mmol, 1.0 equiv.)
was dissolved in THF (1.0 mL, anhydrous). NaH (10 mg, 60% in mineral oil, 0.26 mmol,
8.7 equiv.) was added to this solution followed by benzyl azide (15 uL, 0.12 mmol, 4.0
equiv.). The mixture was allowed to stir overnight. The following day the reaction was
quenched with methanol (0.25 mL) and evaporated to dryness. The crude reaction mixture
was purified by silica gel chromatography (6:1, 4:1, 1:1 hexanes/ethyl acetate). This
procedure resulted in 5 mg of pure 9.41 and 9.42 (0.016 mmol, 53%) in a 1:0.6 ratio. R¢=
0.3 in 4:1 hexane/ethyl acetate. 'H NMR (600 MHz, MeOD): § 8.21 (d, J = 7.8 Hz, 1H),
7.60 (d, J=7.8 Hz, 1H"), 7.56 (d, J= 7.8 Hz, 1H’), 7.52 (d, /= 7.7 Hz, 1H), 7.39-7.35 (m,
3H, 2H’), 7.31-7.22 (m, 2H, 3H’), 7.08 (d, J = 7.7 Hz, 2H), 6.96 (d, J = 6.8 Hz, 2H’), 5.92
(s, 2H), 5.69 (s, 2H"), 2.96 (s, 2H), 2.90 (s, 2H"), 1.50 (s, 6H"), 1.46 (s, 6H). >C NMR
(150 MHz, MeOD): 0 154.0, 143.5, 143.0, 142.1, 139.5, 138.2, 137.4, 134.8, 134.5, 133.1,
132.4, 131.5, 131.1, 130.2, 130.0, 129.9, 129.9, 129.1, 129.0, 128.8, 128.6, 128.6, 127.8,
127.54,127.52, 55.0, 54.1, 51.6, 51.2, 49.7, 39.5, 39.0, 30.4, 28.4. HRMS (ESI): calcd. for
C19H2N3S" [M+H]", 322.1372; found, 322.1374.

Kinetics

DIFBO (8.3). B-cyclodextrin-DIFBO complex (~200 mg, 8.13) was dissolved in CD;CN
(~4 mL) and the B-cyclodextrin was removed by filtration. The white solid was washed
with CD3;CN (~1.5 mL). The resulting eluent was transferred to NMR tubes (600 uL
each). A 59 mM solution of BnN3 in CD3CN was prepared. To the first NMR tube
containing DIFBO, an approximate amount of BnNj; solution was added. Using
integration, the amount of BnN3 necessary for an exact 1:1 mixture of BnN3:DIFBO to be
obtained was calculated. This amount (90-100 uL) was added to the remaining DIFBO
solutions and each reaction was monitored by 'H NMR over 15 min. The concentration of
each sample was determined relative to the amount of BnN; added. A plot of 1/[DIFBO]
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(M) vs. time (sec) resulted in a linear regression (Figure 9.1) whose slope was the second-
order rate constant. This procedure was repeated four times with a concentration of 7-8
mM, to yield a second-order rate constant of 0.22 + 0.01 Mgt

Monobenzocyclooctyne (9.3). A solution of monobenzocyclooctyne (24 mM) in CD;CN
with a small amount of hexamethyldisilane was prepared. A solution of BnN3 (146 mM)
was also prepared using the same solution of CD3CN containing a small amount of
hexamethyldisilane. 'H-NMR spectra of each of these solutions were obtained, and using
the ratio of BnNj3 or 9.3 to hexamethyldisilane the appropriate amount of each solution
necessary for a 1:1 mixture of BnN3:9.3 was calculated. The correct amount of BnN; was
added to 9.3 and the reaction was monitored by 'H NMR over 45 min. The concentration
of each sample was determined based on the concentration of the initial
monobenzocyclooctyne solution. A plot of 1/[9.3] (M™") vs. time (sec) resulted in a linear
regression whose slope was the second-order rate constant (Figure 9.2). This procedure
was repeated three times with a concentration of 19 mM to yield a second-order rate
constant of 0.0095 + 0.0003 M™'s™".

ThiaDIFBO (9.32). ThiaDIFBO 9.32 and BnNj; were separately dissolved in CD3CN and
mixed together in a 1: 1 ratio at a concentration of 7 mM. The reaction was monitored by
"H NMR for 20 min at rt. The percent conversion was calculated by the disappearance of
thiaDIFBO and BnNj relative to the formation of product as determined by integration.
The triazole isomers were formed in approximately a 3:1 ratio. The second-order rate
constant was determined by plotting 1/[9.32] versus time. The plot was fit to a linear
regression and the slope corresponds to the second-order rate constant. Shown are data
from three replicate experiments (Figure 9.6). The three lines had an average slope of
0.015 = 0.001 M's™.

Western Blot Analysis of 3-Cyclodextrin-DIFBO Treated Lysates

Jurkat cells were grown in media supplemented with or without 25 uM
AcsManNAz (+Az or —Az respectively) for 3 d. The cells were concentrated (500 x g, 3
min) and washed three times by sequential resuspension with 10 mL chilled PBS and
concentration. The cell pellet was resuspended in lysis buffer (150 mM NaCl, 20 mM
Tris, 1% NP-40 substitute (Sigma-Aldrich), pH 7.4; 500 uL buffer per 2.8 x 10 cells)
containing protease inhibitors (Roche) and disrupted by sonication with one 30 s 6 W
pulse. Following sonication, insoluble debris were removed by centrifugation (20000 x g,
10 min) and the supernatant was kept. The protein concentration of each lysate was
determined using the Bio-RAD® D, protein assay.

Twenty-five micrograms of total protein from each lysate was reacted with 150 uM
B-cyclodextrin-DIFBO complex (8.13), B-cyclodextrin alone, or no reagent for 4 h at rt.
Phos-FLAG (250 uM) was added to each of the samples and they were incubated
overnight at rt. The following morning, SDS-PAGE loading buffer (4X, BioRAD) was
added to each sample and the proteins were separated via electrophoresis and transferred to
a nitrocellulose membrane. Equal protein loading and successful transfer were confirmed
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by visualizing the proteins with Ponceau S. The membrane was blocked with 5-10% BSA
in PBST (PBS pH 7.4 containing 0.1% Tween 20) for 2 h at rt. The membrane was
incubated with horseradish peroxidase-conjugated a-FLAG (1:5,000 dilution, Sigma) in
PBST for 1 h. The membrane was washed with PBST (3 x 15 min). Detection was
performed by chemiluminescence using Pierce SuperSignal West Pico Chemiluminescent
Substrate.
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Chapter 10

The Road to a New Bioorthogonal Reaction

A Guide to Bioorthogonal Reaction Development

The process of bioorthogonal reaction development and optimization is a journey
that requires a critical understanding of mechanistic chemistry, biochemistry, and for in
vivo applications, pharmacology and metabolism. The effort begins with an analysis of
those functionalities and reaction types that are not represented among nature’s repertoire.
From this abiotic chemical space, a prototype reaction among functional groups with
inherent stability toward biological moieties — nucleophiles, reductants, and of course,
water — is identified (Figure 10.1, step 1). Bioorthogonal reactions for the azide have
demonstrated that the chemical literature from the early to mid 20" century is fertile
ground for unearthing prototype reactions. During this period, physical organic chemists
were intrigued by the properties of exotic structures outside the mainstream of organic
synthesis, and the practical utility of some of these mechanistic oddities was generally not
of primary importance. Understanding the fundamental behaviors of organic molecules —
how structure relates to reactivity — was sufficient justification for such mechanistic
explorations, a testament to a time when society was more forgiving of curiosity-driven
science.

1) Reaction prototype 7) Evaluation in blologlcal environments

A+ B—C
2) Mechanistic analysis

A+ ROH ‘_I+BT>C

ROH e||
3) Mechanistic modifications
X+H,0O = 1| + YTX-Y

H,O 8) Can be incorporated into
living systems

Figure 10.1. A step-by-step guide to bioorthogonal reaction development.

Once a prototype reaction is selected, an in-depth mechanistic analysis is essential
to guide the requisite adaptations for use in biological systems and to anticipate potential
pitfalls (Figure 10.1, step 2). Each elementary step of the reaction must be compatible
with water and the large excess of nucleophilic functionalities found in nature (e.g. amines,
thiols, hydroxy groups). These elementary steps must proceed at reasonable rates under
physiological conditions. In practice, reactions with a second-order rate constant smaller
than 10™* M™'s™ will be too slow for practical use when reagents are held at the low
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concentrations necessary to label biomolecules with minimal background. For this reason,
rate enhancement is a common initial goal (step 3) in transforming a prototype reaction
into a bona fide bioorthogonal transformation.

The next step (Figure 10.1, step 3) is to modify the reagents, and in some cases the
overall mechanism, to solve whatever problems are revealed in step 2. Adjustments might
include the addition of steric bulk for protection from biological nucleophiles, exchange of
heteroatoms to promote optimal orbital interactions, or activation of the reagents by strain
enhancement or electronic perturbation. The mechanistic modifications are the most
difficult part of the reaction development process, and chemists often find themselves
pursuing numerous iterations of a reaction along the way.

Once the optimized candidate reaction proceeds efficiently in a flask (i.e. an
effective chemical reaction from a synthetic chemist’s perspective), it must be tested
against the standards of bioorthogonality in environments of increasing complexity (Figure
10.1, steps 4-7). The first test is whether the reaction proceeds reliably in aqueous media
alongside biological metabolites such as amino acids and sugars (step 4). Next, the
reaction must be evaluated on biomolecules (step 5), in live cells (step 6), and ultimately in
model organisms such as zebrafish or mice (step 7). Not all bioorthogonal reactions
developed to date have succeeded in live animals, or even in live cells, but these decisive
measures of bioorthogonality should always be considered a central goal.

The final criterion of a superior bioorthogonal reaction is that at least one of its
participating functional groups can be incorporated into biomolecules in living systems
(Figure 10.1, step 8). In reality, step 8 is often pursued in parallel to steps 6 and 7.
Numerous methods for installing unnatural functional groups within proteins, glycans,
lipids, nucleic acids and other metabolites have been developed. The functional groups
with access to the most extensive array of biomolecules — typically the smallest functional
groups — are those whose bioorthogonal reactions will ultimately be the most useful.

The success of the azide as a chemical reporter group for biomolecules makes the
development of a new bioorthogonal reaction a daunting task. The azide is only three
atoms and not present in living systems, yet it is stable to biological milieu and undergoes
selective reaction with phosphines, cyclooctynes, and copper-(or ruthenium)-acetylides.
However, a major goal in our laboratory is to study the dynamic interactions of several
types of biomolecules simultaneously, which will require parallel use of a collection of
bioorthogonal reactions (Figure 10.2) that are mutually orthogonal to each other. While
this is a common experimental platform using antibodies, to achieve this goal using
covalent chemistries the development of both a new, efficient, chemical reporter group and
a secondary reagent which undergoes selective reactivity with only the chemical reporter
group of interest is necessary.
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Figure 10.2. Schematic for a double labeling experiment with mutually orthogonal
bioorthogonal chemistries. Chemical reporter group A selectively reacts with secondary
reagent B while chemical reporter group X selectively reacts with secondary reagent Y.

A New Chemical Reporter Group

In an effort to develop new bioorthogonal reactions that are themselves orthogonal
to the current cohort, we sought to explore unrepresented reactivity space. The
bioorthogonal transformations discussed thus far can fall into three categories: 1,3-dipolar
cycloadditions (Cu-free click chemistry),’ metal-catalyzed couplings (Cu or Ru catalyzed
azide-alkyne cycloaddition; cross-coupling with aryl halides),**”* and nucleophilic
additions (Staudinger ligation and oxime or hydrazone formation).”' Outside of this
space lies the [2+2+2] cycloaddition reaction, a popular choice for the rapid assembly of
functionalized ring systems.'""'* In practice, such reactions are typically metal catalyzed as
a means to overcome an otherwise significant entropic barrier. However, the highly
strained hydrocarbon quadricyclane (10.1) directly undergoes [2+2+2] cycloaddition with
specific types of m systems (Scheme 10.1)."

Scheme 10.1. A generic [2,+2,+2,] reaction between quadricyclane and m-electrophiles
to yield a norbornene cycloaddition product.

& X [2,+2,42,] @: X
+ —_— *

Il
Y
Quadricyclane m—electrophile Cycloaddition product
10.1

Quadricyclane possesses many qualities that render it a promising chemical
reporter group. First, it is abiotic, and we envisioned that quadricyclane’s all sp’-
hybridized carbon system would provide little functionality capable of reacting with native
biomolecules. Second, although quadricyclane contains seven non-hydrogen atoms rather
than the three of the azide, the molecule is relatively compact.'*" In fact, all the C-C bond
lengths are shorter than the canonical C(sp”)-C(sp”) bond length of 1.54 A except for the
two bonds which connect the cyclopropyl rings (Figure 10.3). A molecule of this size
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should be amenable to metabolic incorporation into biomolecules, most likely through the
sialic acid salvage pathway'® or through unnatural amino acid incorporation.' '®

Figure 10.3. Crystal structure of 3-(p-cyanophenoxy) quadricyclane reported by Watson
and Tavanaiepour. Figure modified from Acta Crysallogrt. 1987, C43, 1356."

Third, quadricyclane is highly strained (80 kcal/mol)'® and displays intriguing
reactivity with a variety of electrophilic reagents including diazodicarboxylates™ and other
electron-deficient 7 systems (Figure 10.4).>'***’ By contrast, quadricyclane is highly
stable to nucleophiles under physiological conditions, and additionally, does not react
readily with simple alkenes, alkynes or even cyclooctynes employed for other
bioorthogonal chemistries. > Lastly, [2+2+2] cycloadditions with quadricyclane have
been used to study the “on water” effect both through empirical and theoretical work.****2
These studies have reported a dramatic rate increase in water and stabilization of the
transition state by 7 kcal/mol. *’

\-COOMe ﬁ FC F
Illl 101 F4C B CF.CF.
MiV \ 3
NG
o)
)=c=0
tBu

CF3
N/COOMG |:30Jj\c|:3 CF
/! Z N, // Z Z 3
“COOMe

F" "CF,CFs

48 h, rt, PhMe 12 h, 90 °C, PhMe

CN
or CF3 Y tBu
10 min, rt, H,O CFs
z o} 4 o}

1-2 h, rt, Et,0 2 min, 19 °C, PhH

Figure 10.4. Selected [2+2+2] cycloaddition reactions with quadricyclane.
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Before embarking on the quest for a reaction partner for quadricyclane, we wanted
to ensure that quadricyclane was indeed stable enough for use as a chemical reporter group
in living systems. A substituted quadricyclane, 7-acetoxy quadricyclane (10.4, Scheme
10.2), was prepared from 7-tert-butyl [2,5]norbornadiene (10.2).**° Acid cleavage of the
tert-butyl ether in the presence of acetic anhydride gave 7-acetoxy [2,5]norbornadiene
(10.3), which was converted to quadricyclane 10.4 in a photoinitiated intramolecular [2+2]
cycloaddition. Acetone was employed as a triplet sensitizer for this transformation. It
should be noted that while norbornadiene is considerably less strained than quadricyclane,
the isomerization of quadricyclane to norbornadiene is a Woodward-Hoffman forbidden
process and consequently has a large half-life (t;, = 14 h at 140 °C).”

Scheme 10.2. Synthesis of 7-acetoxy quadricyclane.

tBuO AcO AcO
ACzo hv
/ HCIO,4, AcOH / acetone
10.2 10.3, 58% 10.4, 95%

Compound 10.4 was found to be stable to phosphate buffered saline (PBS, pH 7.4)
with no degradation at room temperature after more than 2 months (Figure 10.5A). We
also found 10.4 to be unreactive with sugars, a variety of oxidants, and free amino acids,
most notably cysteine (Figure 10.5B). Furthermore, quadricyclane was stable in the
presence of bovine serum albumin (BSA) and cell culture media under conditions
emulating those necessary for metabolic labeling experiments. Our findings are consistent
with most published reports regarding the stability of quadricyclane in aqueous
solutions.*'?*??
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Figure 10.5. Quadricyclane is stable to phosphate buffered saline (PBS, pH 7.4) and
cysteine. A. 7-acetoxy quadricyclane (10.4) was dissolved in a mixture of deuterated PBS
and CD;CN (1:1 ratio). The NMR spe