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ABSTRACT OF DISSERTATION
Streptavidin as a Host for Copper(ll) Complexes
By
Jonathan D. Paretsky
Doctor of Philosophy in Chemistry
University of California, Irvine, 2015

Professor Andrew S. Borovik, Chair

In nature, metal ions are utilized in many proteins and enzymes in order to
perform a variety of chemical transformations that are essential to maintaining human
life. The range of selectivity and functionality can be attributed to the unique
environment surrounding each active site, which allow for control over not only the
primary coordination sphere —containing atoms covalently bound to the metal ion, but
also the secondary coordination sphere (microenvironment)—made up of non-covalent
interactions such as hydrogen bonds (H-bonds). Although nature is very efficient at
these chemical processes, achieving the same level of selectivity is difficult in synthetic
systems. In order to reproduce the functions found in metalloproteins it is necessary to
maintain control over both the primary and secondary coordination spheres of
synthetic systems as seen within active sites. To accomplish this, typically a rigid
organic framework is constructed that will coordinate to a metal ion and additionally

provide a supporting network of non-covalent interactions: intramolecular H-bonds.

The Borovik group has performed extensive research the area of secondary
coordination sphere effects around transition metal complexes and has developed a

multitude of ligand frameworks that bind metal ions and incorporate intramolecular H-

XVi



bond donors or acceptors that can stabilize exogenous ligands bound to the transition
metal (TM) complexes. While these systems have been extremely effective and have
been used to prepare unique high-valent metal-oxo/hydroxo species, they fall short in
being able to provide extensive networks of H-bonds and long-range interactions
found in microenvironments of metalloproteins. To address these challenges and gain
further control over the secondary coordination sphere, this dissertation presents the
development of new research program within the Borovik group in collaboration with
the Ward lab: the development of artificial metalloproteins using biotin-Streptavidin
(Sav) technology. Although Sav does not naturally contain metal ions, TM complexes
of interest can be attached to biotin and inserted into the protein. This is an attractive
feature, because of Sav’s exceptionally high affinity for biotin , which can be exploited
for the use of installing biotinylated metal complexes. Furthermore, the selective
binding of biotin provides a reproducible anchor for TM complexes within the active
site of protein. In addition to being able to chemically modify a ligand, the protein is
amenable to site directed mutagenesis, which allows for alterations of the
microenvironment around the TM complexes. This combined chemogenetic approach
allows for enhanced control over primary and secondary coordination spheres of TM

complexes.

The first portion of this document describes the study of biotinylated copper(ll)
complexes with varied linker lengths between the Cu(ll) complex and biotin. Utilizing
different linker lengths was proposed to allow for: 1) to design discrete monomeric

species confined within separate subunits or 2) to create a bimetallic systems at the
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dimer interface. Additionally, different mutants of Sav varying the amino acid residue
at a site proximal to the Cu(ll) complex were investigated to observe the protein effects
on the secondary coordination sphere of the TM complex. Changing the serine at
the112 position to either lysine, aspartate, or cysteine had drastic effects on the
microenvironment of the Cu(ll) complex. This was studied through Uv-Vis and
electronic paramagnetic resonance (EPR) spectroscopies, and X-ray diffraction studies
(XRD). XRD studies explicitly showed the molecular structures of the Cu(ll) complexes
bound within Sav and the effects of linker length changes and site directed
mutagenesis. This research has shown proof of concept that Cu(ll) complexes can be
prepared within Sav and different microenvironments can be reproducibly attained with
different linker lengths and protein mutants, and my work has established this

methodology as a promising new research program within the group.

Another way of harnessing the dimer-of-dimers nature of Sav would be to
prepare a TM complex linked to two biotin molecules to potentially bridge across two
subunits of the protein. As reproducibility and rigidity of a binding environment is
essential to selectivity in chemical transformations, this was envisioned as a method of
firmly anchoring a TM complex within the protein to be studied further. To probe this
hypothesis a bis-biotinylated Schiff-base was prepared and its binding to Sav studied
using HABA titrations and gel electrophoresis. It was shown that instead of bridging
two subunits in a homotetramer, the ligand and its complexes bridged separate Sav

molecules to form oligomers of proteins.
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Prior to developing the biotin-Sav program, | investigated the use of well-
established tripodal, tetradentate ligands within the Borovik lab. Previous research
within the lab had shown that the Fe(ll) complexes of these ligands were capable of
activating aryl azides to form Fe(lll)-amido compounds via a putative Fe(IV)-imido
intermediates. It was proposed that this would be amenable to a catalytic system
wherein a C-H bond within an aryl azide substrate could be activated by an Fe(IV)-
imido and | anticipated subsequent radical rebound would form a new C-N bond.

However, the system did not demonstrate the ability to perform C-H amination.
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CHAPTER 1

Introduction
Purpose of Dissertation Research

Nature performs chemical reactions with the help of a variety of proteins and

enzymes, many of which contain metal cofactors in their active sites that are crucial to
function." These metalloproteins and metalloenzymes are responsible for innumerable
processes and transformations that are essential to life as we know it. Examples
include the metalloproteins that are essential for aerobic respiration: these include
myoglobin (Mb) and hemoglobin (Hb) (Figure 1-1a), which are two iron-containing,
heme proteins that are responsible for the storage and transport of O, in mammals.
Also included is the dicopper protein hemocyanin, which transports O, for some
crustaceans and arthropods (Figure 1-1b).?® The photosynthesis of plants relies on
the oxygen-evolving complex (OEC) in Photosystem Il, which consists of a Mn,CaO,
cluster that performs one of the most life-essential reactions of all: the conversion of
water to O, (Figure 1-1¢).* Nitrogenase, which contains a cluster of Fe and Mo ions
bridged by sulfides, is a metalloenzyme that is critical to nitrogen fixation.>”
Manganese superoxide dismutase serves the role of protector of cells by catalyzing the
disproportionation of the radical superoxide (O,™) into H,0,and O, (Figure 1-1d).2?
These are just a few examples of among thousands of life-essential metal-containing

biomolecules.
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Figure 1-1 Examples of the active sites of some metalloproteins and metalloenzymes. Orange = Fe; teal
= Cu, violet = Mn; aquamarine = Ca. Hydrogen-bonding networks are indicated by dashed lines, and
participating amino acid residues are highlighted in blue. Portions of protein have been omitted for clarity.

Close examination of the active sites of metalloproteins reveals two main
coordination spheres that govern reactivity and selectivity at the metal center.’®"" The
primary coordination sphere includes those ligands that are covalently bonded to the
metal ion, such as amino acid residues with donor atoms, water molecules, and other
substrates. The primary sphere governs the coordination geometry and electronic
properties of the complex. In contrast, the secondary coordination sphere consists of
the myriad of noncovalent interactions that surround the metal cofactor, providing
steric interactions, hydrophilic and hydrophobic effects, and hydrogen bonds (H-
bonding). These interactions are individually much weaker than the primary sphere
effects, but nonetheless are vital for orienting substrates in active sites, shuttling
protons and electrons, and stabilizing reactive species.

The interplay between the two coordination sphere is illustrated by SyrB2, which
is a non-heme iron metalloenzyme that catalyzes the chlorination of threonine, an
important transformation in the biosynthesis of the antifungal peptide syringomycin

E."*'® The active site of SyrB2 consists of a ferric center bound by two histidine



residues, a-ketoglutarate (aKG), a chloride ion, and a water molecule, all of which
define the primary sphere and establish a six-coordinate metal center (Figure 1-2). The
orientation of the aKG is structured by an H-bonding network with arginine (Arg248),
threonine (Thr113), and tryptophan (Trp145) residues. A network of intramolecular H-
bonds also exists between the chloride ion and neighboring amino acid residues
(Asn123, Thr143, Arg 254) and water molecules. The secondary sphere built by amino
acid residues allows for appropriate orientation of the substrate, threonine, as it
approaches the active site. With the introduction of threonine to the active site, it is
proposed that the water molecule is displaced, generating a five-coordinate Fe'" center.
Dioxygen then attacks the Fe'" center, and subsequent decarboxylation of akKG to
succinate effects oxidation to an Fe"=0 species. Hydrogen atom abstraction from the
gamma position of the threonine by the iron-oxo results in an Fe(lll)-OH species that H-
bonds to the threonine hydroxyl group, orienting the substrate such that the methyl
radical rebounds with the chloride ion rather than the hydroxide ligand, which is the
common mechanism observed in other non-heme iron metalloproteins. After the
selective chlorination of the substrate and its displacement by water, the

metalloprotein returns to its Fe' resting state.



Figure 1-2 The active site of SyrB2 (PDB: 2FCT) depicting the binding environment of the non-heme
Fe(ll) cofactor. The aKG is shown coordinated to the Fe center. Fe = orange, chlorine = green,
oxygen = red, nitrogen = blue. H-bonds depicted as dashed black lines. Obscuring sidechains
omitted for clarity.

The importance of the finely tuned H-bonding networks of metalloproteins is
revealed upon mutation of residues within the active sites that are involved in H-
bonding interactions, which often results in a dramatic reduction of activity or in some
cases, a complete loss of function. For example, in the previously mentioned protein
hemoglobin, substitution of the distal histidine (Figure 1-1a) for a different residue
drastically decreases the ability of the protein to transport O,."? Similarly, substituting
the H-bond donating glutamine for an H-bond accepting glutamate in the active site of
MnSOD (Figure 1-1d) inhibits the function of the enzyme.®

The ability of metalloproteins and enzymes to perform chemical transformations

under ambient conditions with high selectivity and rapid reaction rates has been the



envy of synthetic chemists. Many attempts have been made to develop systems that
are capable of including secondary sphere interactions, especially H-bonds, in order to
mimic Nature’s success. However, the inherently low strength of H-bonds (1-10

kcal/mol)?-26

makes it difficult to prepare synthetic complexes that can reproducibly
position intramolecular H-bonding donors or acceptors around the metal ion. An early
example of such a system that incorporated such secondary sphere interactions is the
“picket fence porphyrin”, originally prepared by Collman (Figure 1-3a). 2% Metal
porphyrins units are frequently found in metalloproteins including Mb and Hb, which
contain isolated Fe'"-porphyrin cofactors that reversibly bind O,. In the absence of the
protein scaffold, treatment of a heme with O, results in the irreversible formation of
dimeric structures with bridging oxo units.®' Collman’s system prevents this
dimerization by including bulky pivalamido groups at the meso positions of the
porphyrin, which effectively blocks approach of another porphyrin unit. Furthermore,
Reed demonstrated that substitution of a pivalamide group for a urea-modified arm

permits for intramolecular H-bonding between the urea N-H and an O, ligand (Figure 1-

3b).%?



Figure 1-3 (a) Diagram of Collman's "picket fence porphyrin" depicting an Fe-O, adduct. (b) Reed’s
modified picket fence porphyrin incorporates a urea in place of pivalamide, allowing for formation of an
intramolecular H-bond to the O, ligand1.

The Borovik lab has endeavored to incorporate the concepts of metal ion isolation
and intramolecular H-bonding to design bio-inspired metal complexes. This is
accomplished by utilizing a rigid organic framework that can chelate a transition metal
ion and also simultaneously poise H-bond donor or acceptor groups around a vacant
coordination site.*® One such example is the urea-based ligand [H;buea]® and its
corresponding complexes [M-H;buea] (Figure 1-4), which have been utilized to
synthesize and characterize high valent transition metal species such as Mn'=0* and
FeV=0% complexes. These systems are analogous to proposed biologically relevant
intermediates in the OEC and in SyrB2, respectively, among other metalloenzymes.
Figure 1-4 provides several other examples of metal complexes with H-bond donors or
acceptors that have been developed in the Borovik lab to study the effects of H-

bonding networks.%*%



N\ 0 0.9 N\ Ozg-Mes
/'\r—N MeS’SNN/T—N
\/N \VN \/
[M-H3buea] [M-Hybupa] [M-TAO] [M-MST]

Figure 1-4 Some of the transition metal complexes of ligands bearing intramolecular H-bond donors or
acceptors in the secondary sphere developed by the Borovik group.

The difficulty of precisely positioning functional groups to govern secondary
sphere interactions makes preparing larger (e.g. higher molecular weight) and more
complex systems a significant challenge. One method the Borovik lab has investigated
previously to address this area is the use of methods to prepare molecularly imprinted
polymers as scaffolds for metal complexes.***? Using this methodology, a metal
complex bearing polymerizable groups was incorporated into a porous polymer matrix.
A removable “blocking group” is included as a ligand to ensure a binding pocket will be
formed within the polymer. Removal of the initial metal ion eliminates the blocking
group and generates a void space; subsequently incorporation of a different metal ion
produced a new immobilized metal complex with enough space to bind external
ligands (e.g, substrates). Moreover, the local environment around the metal complex
can be tuned by using different linkers, ligands, and solvents. One such system
features a salen imprinted polymer bearing cobalt ions that are capable of reversibly
binding O, (Scheme 1-1). Because the Co(salen) complexes are immobilized and
isolated within the polymer matrix, undesirable dimerization or formation of oxygen

bridged species—which often hinders reversible O, binding in molecular systems—is



avoided.

Scheme 1-1 Representation of the formation of imprinted polymers. The squiggly lines denote the
polymer matrix.
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Recently, the Borovik lab has focused efforts toward a new direction of controlling
secondary sphere interactions: artificial metalloproteins (AMPs). We view the protein
scaffold as an alternative form of a molecular ligand or polymeric organic framework
that can support transition metal ions. Embedding a non-native metal ion into a protein
matrix can produce a complex possessing new reactivity that is tuned by the local
environment provided by the protein. The work of other research groups has paved
our entry into this field, as there are many different methods for preparing AMPs.****
Relevant examples include de novo design, rational design of scaffold proteins, and

non-covalent anchoring.

The first, de novo design, is a method that allows for the generation of a new



polypeptide not found in Nature. Computational modeling allows for the prediction of
a peptide sequence that will form a given folded structure, which can then be
synthesized using a variety of techniques. Structural cues are drawn from known
metalloproteins, such as a-helix bundles bearing histidine triads, that are capable of
binding ions. Among those who employ this method are the groups of Degrado®*™®
and Pecoraro.”*® Pecoraro has shown that a de novo designed a-helix bundle
containing a His,Cu site can reduce NO, to NO in the presence of a sacrificial
reductant.®® This model system serves as a mimic to nitric oxide reductase,
highlighting the strides that synthetic chemists have made in developing functional
enzymes from scratch (Figure 1-5a).

Although de novo design is a powerful tool for creating new AMPs, the method is
currently limited in the number of accessible protein folding styles. Most de novo
constructed systems employ bundles of a-helices, whereas natural metalloproteins
utilize a-helices, B sheets and barrels, or various combinations of these and other
folding patterns. To capitalize on the surfeit of naturally available protein matrices,
existing metalloproteins can be modified through rational design of active sites, once
again with the aid of computer modeling. An elegant example comes from the work of
Lu and coworkers.®*®® Their study utilizes the metalloenzyme nitric oxide reductase
(NOR), a diiron protein containing one heme site and one non-heme site in close
proximity. In an effort to study the structure and properties of the metalloenzyme,
which is difficult to obtain in large quantities, crystallize, or alter through mutagenesis,
Lu and coworkers reconstructed the active site using myoglobin (Mb) as a scaffold

protein (Figure 15b). Lu identified amino acid residues in proximity to the heme that



were then altered through site-directed mutagenesis to introduce an artificial non-heme
iron site. By selectively tuning the metal environment, they were able to construct a
structural and functional mimic of NOR and demonstrate the importance of certain
amino acid residues in the active site.

The third method involves anchoring an artificial metal cofactor into a host protein
through non-covalent interactions. A prime example of this methodology is the use of
biotin and the protein streptavidin. Biotin is a naturally occurring molecule that is
bound with unusually high affinity (K, = ~10' M™") by the homotetrameric protein
streptavidin (Sav). The pioneering work of Wilson and Whitesides® demonstrated that
covalently attaching biotin to a metal complex would allow for the incorporation of a
catalyst into the protein host. The inherently chiral environment provided by the
protein structure surrounding the biotin-binding pocket, referred to as the vestibule,
was shown to transfer chiral information in asymmetric hydrogenation reactions, albeit
at modest enantiomeric excess. The Ward lab has since modified this methodology to
generate a variety of homogenous catalysts based on the biotin-Sav interaction, this
time using a chemogenetic approach. The ligand and linker used to bind a metal ion
can be modified through standard chemical syntheses to modulate the primary
coordination sphere of a given complex, whereas the binding vestibule can be
modified via site-directed mutagenesis to provide a library of mutants of Sav for tuning
of secondary sphere interactions of the AMPs (Figure 1-5¢). The Ward lab has
successfully demonstrated the use of Sav systems to catalyze asymmetric transfer

67-72

hydrogenations of cyclic imines® "2, allylic alkylations’, and dihydroxylations™, among

other transformations. ">®

10



Figure 1-5 Examples of Artificial metalloproteins. (a) A de novo designed three-helix bundle (PDB: 3PBJ).
(b) Myoglobin with an additional metal-binding site engineered via rational design (PDB: 2C9V). (c) A
transfer hydrgogenation catalyst anchored in a protein using biotin-streptavidin technology (PDB: 3PK2).

We have selected the biotin-streptavidin system as the scaffold to generate AMPs
and study secondary sphere effects on transition metal complexes. The chemical
versatility of attaching biotin to different ligand frameworks (biotinylation) combined
with the ability to probe a library of protein mutants in collaboration with the Ward lab
were two of the main advantages of this approach. Additionally, streptavidin is
remarkably robust for a protein and is compatible with a wide range of temperatures,
pH’s, and organic solvents. The remaining chapters of this dissertation will describe
my efforts towards the use of biotin-Sav as a scaffold for metal complexes, utilizing the
protein matrix as an organic framework to supply hydrogen bonds and other

noncovalent interactions to the immobilized complex. The final chapter entails work |

11



initially performed on investigating the use of traditional Borovik ligands to mediate

intramolecular C—H bond amination reactions.

Description of Chapter 2 The use of biotin-Streptavidin technology as a framework
with which to prepare TM complexes represents a new direction of research within the
Borovik lab. This chapter describes a chemogenetic approach to preparing Cu(ll)
complexes confined within Sav. Biotinylated ligands with linkers of ethyl, propyl, or
butyl chains between biotin and the metal-binding moiety were synthesized, and their
binding to Sav was studied with optical and EPR spectroscopy. Additionally, X-ray
diffraction studies were performed on the artificial metalloproteins to attain molecular
structures. Mutants of Sav prepared by my collaborators via site-directed mutagenesis
were used to further investigate the role of the surrounding amino acids in controlling
the microenvironments around the protein-confined Cu(ll) complexes. It was also
observed that by replacing a neighboring serine with an aspartate, a second point of
anchoring to the Cu(ll) center could be observed by coordination of the carboxylate to
the Cu(ll) center. Spectroscopic evidence was also observed for thiolate coordination
to the Cu(ll) center when the same serine was replaced with a cysteine residue. The
research in this chapter established biot-Sav technology as method within the Borovik
lab for preparing artificial metalloproteins to study secondary coordination spheres and

reactivity of TM complexes.

Description of Chapter 3 The alignment of two biotin-binding sites of two Sav

subunits across the dimer interface appears ideal for positioning a TM complex with

12



multiple points of anchoring within Sav. | proposed a bis-biotinylated salen framework
that could potentially bridge across two biotin-binding sites and anchor a TM complex
firmly within the Sav active site. Such rigid placement of a TM complex would allow for
greater selectivity in organic transformations. The bis-biotinylated Schiff base was
prepared along with its Cu(ll) complexes, and their binding to Sav was studied with
HABA titrations and gel electrophoresis. Through this investigation, | determined that
the bis-biotinylated species did not link two subunits in a single Sav molecule, but

rather cross-linked protein molecules to make dimers and other oligomers.

Description of Chapter 4 Previous research within the Borovik lab established the
tripodal, tetradentate urea- and amidate hybrid-based ligands as capable of forming
Fe(ll) complexes that react with p-tolyl azide to form an Fe(lll)-amido via a putative
Fe(IV)-imido intermediate. As this is a species that is proposed to exist along the
pathway of forming C-N bonds through C-H bond amination, | proposed using these
Fe(ll) complexes to investigate a C—H amination reaction. | used an aryl azide
substrate that included C—H bond that would react to via intramolecular C-H bond
activation to form indole or indoline products. My investigation into this area showed
these Fe(ll) complexes to not be effective in mediating this transformation, likely due to

steric encumbrance.
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CHAPTER 2

Streptavidin as a Host for Copper Complexes

l. Introduction

Reproducible control over noncovalent interactions surrounding transition metal
(TM) ions and the study of these secondary sphere effects has been of ongoing interest
to the Borovik lab."? The interest in these phenomena stems from the structure and
function of natural metalloproteins which feature numerous noncovalent interactions,
especially hydrogen bonds (H-bonds), through amino acid residues and structural
water molecules surrounding TM ions in the active site.* The Borovik research
program has incorporated these types of interactions in synthetic systems using
porous polymer hosts*® and rigid organic ligand scaffolds’"" that support TM ions (see
Chapter 1 for greater detail). Both of these systems position intramolecular H-bond
donors or acceptors such that they can interact with exogenous ligands bound to the
metal center. Although these methodologies have yielded success in areas such as
stabilization of biologically relevant high-valent Fe- and Mn-O(H) compounds and

heterobimetallic systems,”'#'* there are certain limitations to the synthetic frameworks:

* The organic ligand frameworks are unable to reliably reproduce extended
networks of H-bonding interactions (e.g. structural water molecules)

» Scaffolds capable of supporting bimetallic species are difficult to prepare'® and
often require bridging moieties not generally observed in natural systems.

* The ligand systems are sensitive to water.
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This chapter presents a new research program in the Borovik lab, which uses
artificial metalloproteins (AMPs) to address the limitations of synthetic systems
discussed above. AMPs allow for further control over structure and function of TM
complexes utilizing extended networks of H-bonds and allowing access to aqueous
media. AMPs have been generated previously by other groups through such methods

as adding metallo-porphyrins and related compounds to apo-myoglobin®'®

or adding
Fe complexes to NikA'™. Although these methods are effective, they are limited to
either certain types of TM complexes or have difficulty reproducibly binding TM ions in

a site-specific fashion.

Figure 2-1 Two examples of artificial metalloproteins. (A) A myoglobin-based artificial nitric oxide
reductase designed by the Lu group using in silico methodologies to predict amino acid mutations
necessary to generate a secondary metal binding site within proximity to a heme. (PDB 3K9Z).2° (B) The
molecular structure of an intermediate along the intamolecular arene oxidation pathway of a prosthetic
iron complex anchored in NikA. Ménage and coworkers were able to crystallographically characterize
four of the intermediates of the catalytic cycle along with the final product, which implicated the role of
Fe"-OOH intermediate, pictured above (PDB 3MVZ)."

Another method is the exploitation of the biotin-streptavidin (Sav) interaction.
Streptavidin is a homotetrameric (four identical subunits) protein that is isolated from
Streptomyces avidinii and it binds biotin with extraordinarily high affinity, K, ~ 10"

M™.2" By synthetically affixing biotin to a metal complex, AMPs can be prepared by
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treating Sav with the biotinylated complexes (Figure 2-2). This method has been most
notably explored by the Ward group which has used this approach to prepare a
number of artificial metalloenzymes capable of performing catalytic transformations,
such as asymmetric transfer hydrogenations??* and olefin metatheses® which derive

stereochemical information from the chiral protein active site.

0 0
NHH
HN -"‘\/\)LOH
H \-s
Sav Tetramer Biotin

Figure 2-2 The four p-barrels of a Sav tetramer, depicted in different colors to highlight the individual
subunits. Each subunit binds one biotin molecule.

For my research, the biotin-Sav interaction was utilized for the following reasons:

» Affixing biotin to an organic ligand allows for reproducible and site-specific

placement of TM ions

20



* The molecular biology of Sav is well understood, allowing for the preparation
of protein mutants through site-directed mutagenesis

* Sauv is tolerant to a wide range of pHs and relatively high concentrations of
nonaqueous solvents (Sav remains soluble and binds biotin in 50%
ethanol).?®

* Native (or apo) Sav crystallizes well, which allows for determination of

molecular structure through X-ray diffraction methods.

Properties of Sav. The homotetrameric structure of Sav assembles into a “dimer of
dimers” configuration, which brings two biotin-binding sites into alignment across from
each other at one dimer interface (Figure 2-3). Once Sav binds biotin, the tethered TM
complex sits within the vestibule (the bowl-like cavity formed by two subunits of the
dimer), and the environment of the TM complex is controlled by protein effects within
this area. By using biotinylated TM complexes with variable linker lengths, it is
proposed that the M+++M distance can be tuned to provide for either discrete,
monomeric metal complexes where each metal complex is isolated within a subunit, or
bimetallic systems in which the metal complexes confined within the dimer are capable

of either directly interacting with each other or can cooperatively perform chemistry

(Figure 2-4).
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A B
Sav Subunit Vestibule Biotin Sav Subunit Vestibule Sav’ Subunit

Biotin Dimer Interface Biotin-binding Site

Dimer Interface Sav’ Subunit

Figure 2-3 (A) A Pymol representation of a Sav dimer. One subunit is depicted in grey and the other in
light blue for contrast. One biotin binding pocket has had obscuring amino acid residues removed to
reveal the biotin within. The vestibule is the bowl-like area between the opposing biotin binding sites of
the dimer. The amino acids at the 112 and 121 positions are exposed. (B) A schematic representation
of the Sav dimer, again indicating the location of the vestibule between the biotin binding sites.

Figure 2-4 Depiction of how varying the linker length between the metal binding moiety and biotin will
increase or decrease the inter-metal ion distance.

The initial focus of the study was to prepare AMPs using biotin-Sav technology
to reproducibly position TM ions with controlled M+++M distances and to study their
structure both spectroscopically and crystallographically. To this end a series of
biotinylated tri-dentate ligands with varying linker lengths have been prepared (Figure
2-5). Dipicolylamine (dpa) was chosen as its coordination chemistry has been well
established, and will also produce complexes with an open coordination site allowing
for the binding of additional ligands.?”*® Cu(ll) was selected for initial studies because of

its stability in aqueous media, optical spectroscopic features, and a spin state of
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S = %2, which allows it to be probed by electron paramagnetic resonance (EPR)
spectroscopy. Our collaborators in the Ward lab provided Sav mutants, as well as

performed the X-ray diffraction studies on some of the AMPs we provided them.

Biotin Linker [Cu(dpa)]?*

Figure 2-5 Figure depicting the proposed ligand design concept. A modular linker between biotin and
the metal-binding moiety will be modified to adjust the location of the Cu(ll) complexes within the
vestibule. Ethyl (shown here), propyl, and butyl linkers have all been prepared.

Il. Results and Discussion

Ligand Synthesis

The ligands were prepared based on the premise that a modular spacer is required
between the metal-binding moiety and biotin to control the position of the TM ion
within Sav. Simple alkyl chains were used as a starting point, as the synthesis would
be straightforward. Starting with dipicolylamine (DPA) prepared according to literature
procedure,? reaction with bromo-alkyl phthalimides with varying alkyl chain lengths in
the presence of potassium carbonate and potassium iodide in acetonitrile (MeCN)*
generated the corresponding N-phthalimide protected dpa derivatives in yields ranging

69—80% (Scheme 2-1). The phthalimides were then deprotected with an excess of
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hydrazine monohydrate to unveil the primary amines in high yields. Finally, the primary
amines were allowed to react with biotin pentafluorophenol ester (biotin-PFP) to give
the biotinylated ligands Biotin-n-dpa (n = 2 (ethyl, et), 3 (propyl, pr), 4 (butyl, bu)) as tan

solids (Scheme 2-1).

Scheme 2-1 Synthesis of biotinylated ligands.

K2C03
@ 18 h M N

= N2H4 20
3 Egr) EtOH, 80 °C, 3 h
u
) = 2 (69%)
o 3 (79%)
A 4 (80%)
HN- 7\
H H = Biotin-PFP
s No oNo N7\ < SEh
/\/\n, \Mn \__@ DMF, 25 °C ZNM
o 12 h

n = 2 Biot-et-dpa (99%) =2(
3 Biot-pr-dpa (69%) 3 (90%)
4 Biot-bu-dpa (61%) 4

Synthesis of Cu" Complexes

[Cu(Biot-ethyl-dpa)(NO3)](NO3), [Cu(Biot-propyl-dpa)(NOs)](NOs), [Cu(Biot-
butyl-dpa)(NO3)](NOs) and analogous CIO,” complexes were prepared by treating a
solution of Biot-n-dpa in ethanol with Cu(NQO,),*3H,0 or Cu(CIO,),*6H,0. The
complexes were precipitated from the reaction mixture with diethylether and isolated
as putative [Cu(Biotin-n-dpa)(NO,)(EtOH)](NO,) salts, according to previously reported
procedures to prepare copper dpa complexes.?” The electronic absorption spectra of

these Cu" complexes display weak d-d bands at A, = 654 nm (¢ ~ 100 M"'cm™), which
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is consistent with Cu(DPA)?** complexes. Mass spectrometry of the complexes gives
molecular ion peaks corresponding to [Cu(Biot-n-dpa)-H]*, [Cu(Biot-n-dpa)]**, and
[Cu(biot-n-dpa)(NO,)]*, which suggests that at least one nitrate binds to the Cu(ll)

center. Perpendicular mode EPR spectroscopy features a signal at g, = 2.04, which is

consistent with the expected mononuclear Cu(ll) center with an S = %2 spin ground
state (Figure 2-6). All attempts of obtaining X-ray quality crystals of the biotinylated
copper complexes from either DMF/diethylether vapor diffusion or layering techniques
were unsuccessful, likely due to the flexible nature of both the alkyl spacer and long

alkyl chain off biotin.
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| | |
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Figure 2-6 Perpendicular mode EPR spectra of (l) [Cu(Biot-bu-dpa)(NO,)]1(NO,), (Il) [Cu(Biot-pr-
dpa)(NO;)](NO;) and (lll) [Cu(Biot-et-dpa)(NO,)](NO;) in DMF/THF at 77 K.
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HABA Titrations

Having prepared biotinylated metal complexes, the next step was to determine
how many equivalents of metal complex were necessary to saturate the biotin binding
sites of the Sav tetramer. It is known that unsubstituted biotin occupies the binding
sites of tetrameric Sav in a four to one manner; that is, there is one biotin per biotin-
binding site within a subunit. After substituting biotin with additional moieties it must
be determined if the biotinylated complexes will still be bound by the Sav host protein
in a similar fashion. This was determined using the 2-(4’-hydroxyazobenzene)benzoic
acid (HABA) titration method. Using this technique, a solution of Sav is saturated by
HABA, which has a binding affinity for Sav of K, ~ 10*° M™", and therefore requires a

large excess of HABA to fully saturate the binding sites of Sav. The HABACSav

interaction generates a diagnostic absorption in the visible spectrum at A, ., = 506 nm.
Adding equivalents of a solution of the biotinylated complex displaces HABA from the
biotin binding sites, causing a decrease in the absorption at 506 nm. Once no further
change in absorbance is observed, it is assumed that the number of equivalents of
complex added corresponds to the amount required to fully occupy the binding sites of
the Sav tetramer. For this project, it has been shown [Cu(Biot-et-DPA)]*, [Cu(Biot-
pr-DPA)]*, and [Cu(Biot-bu-DPA)J* all require approximately 3.5 equivalents to

saturate a Sav tetramer, binding in the predicted fashion (Figure 2-7).
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Figure 2-7 A) A schematic description of the HABA titration methodology. Apo-streptavidin is loaded
with an excess of HABA to ensure occupation of all four biotin binding sites. Biotinylated species
displace HABA from the binding site due to the large affinity of Sav for biotin. B) The titration is

complete when the absorption at 506 nm corresponding to the HABACSav complex stops decreasing.

C) A plot of the absorption of the HABACSav complex versus equivalents of [Cu(Biot-n-DPAJ** added.

This data indicates that it requires approximately 3.5 equivalents of complex to occupy all Sav binding
sites and is consistent between all three linker lengths.

Preparation of Artificial Metalloproteins

After confirming with HABA titrations that the biotinylated Cu?** complexes
occupy the biotin binding sights of Sav, artificial metalloproteins were prepared by
treating solutions of Sav in either buffer or water with a solution of [Cu(Biot-n-DPA)]J**.
The electronic absorption spectra display a shift to higher energy, from A, = 654 nm
for the free complexes to A, = 630 nm in the AMPs (Figure 2-8). Perpendicular mode
EPR spectroscopy of frozen solutions of the artificial metalloproteins feature a axial

spectrum centered around g = 2.04 with four-line hyperfine splitting that is indicative of
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an S = % %Cu?* ion. Slight variations in the EPR spectra for the different linker lengths

could suggest the proximity of two paramagnetic species in solution.

200 [Cu(Biot-ethyl-dpa)]?* 200 [Cu(Biot-propyl-dpa)?* 200 — [Cu(Biot-butyl-dpa))**

C WT Sav

C WT Sav

C WT Sav
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Figure 2-8 A) Optical spectra of [Cu(Biot-n-DPA)]** as free complexes overlayed with the
corresponding [Cu(Biot-n-dpa)]*CWT Sav . B) Perpendicular mode EPR Spectra in 200 mM

phosphate buffer at 77 K of (I) [Cu(Biot-butyl-dpa)]>*Cc WT Sav, (lI) [Cu(Biot-propyI-dpa)]2+C WT Sav,
(1 [Cu(Biot-ethyI-dpa)]z"C WT Sav.

Preparation of Protein Crystals

With copper complexes in hand, X-ray diffraction studies of the AMPs were

undertaken. X-ray quality single crystals of Sav and its mutants were obtained through
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hanging drop vapor diffusion using a droplet of protein in water and precipitation buffer
(2.6 M (NH,),SO, and 0.1 M NaOAc at pH 4.0) allowed to equilibrate against a solution
of the precipitation buffer in a reservoir at room temperature. Slow diffusion of water
out of the droplet allows the protein to slowly crystallize. Artificial metalloproteins
were prepared in crystallo by incubating apo-Sav crystals in 10 mM solutions of
[Cu(Biot-n-DPA)]?* for approximately one hour. Molecular structures of the artificial

metalloproteins were obtained through X-ray diffraction of the incubated crystals.
Analysis of Molecular Structure of WT Sav

The goal of X-ray diffraction studies of the biotinylated copper complexes was
to determine the effect of increased linker length on the positioning of Cu" complexes
within the binding vestibule of the Sav dimer. The hypothesis was that a short linker
length would lead to copper complexes positioned further away from each other, and
that increasing the linker length would decrease the Cu+++Cu distance, thereby allowing
for control over discrete monomeric copper complexes or potentially the cooperative

chemistry of dinuclear copper species.

The initial structural refinements of [Cu(Biot-et-DPA)]*C WT Sav show a

Cu-++Cu distance of ~12 A (Figure 2-99 A). This is in agreement with the hypothesis
that the shortest linker length would provide for monomeric Cu species. This early
result also highlights the effectiveness of the AMP system in providing for long-range
H-bonding interactions, as a channel of hydrogen bound water molecules is observed

passing through the center of the vestibule between the two copper complexes.
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In the case of [Cu(Biot-propyl-DPA)]>**C WT Sav structures, the complex is

capable of adopting two conformations rotated approximately 90° apart, with a Cus++Cu
distance of ~7 A (Figure 2-9 B). This suggests that the slightly longer linker positions
the Cu complexes in an open pocket where there is greater flexibility to adopt different
conformations. Unlike the structure of the ethyl linker, no water molecules are

observed in the molecular structure of [Cu(Biot-propyl-DPA)]**C WT Sav between the

complexes, which indicates that the freedom of rotation of the complexes prevents a

well-defined secondary sphere around the metal centers.

[Cu(Biot-Bu-DPA)J**c WT Sav has a Cu-++Cu distance of 6.7 A (Figure 2-99 C).

This complex has the longest spacer length, however Cu+++Cu distance decreases only
minimally compare to the AMP with the propyl spacer. Similar to the propyl complex, a
H-bonding network can be observed around and between the complexes, however in
this case there is a sulfate ion from the buffer that is coordinated to the Cu center in a
monodentate fashion. This sulfate is also hydrogen-bound to the lysine at the 121
position. The combination of this H-bond interaction and the coulombic repulsion of
the two dicationic metal centers could prevent the metal complexes from getting closer
and thus suggest that an aliphatic linker may be too flexible to further decrease the

Cue+++Cu distance as planned.
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Figure 2-9 Molecular structures displaying the binding interfaces of (A) [Cu(Biot-ethyl-dpa)]** CWT Sav,
(B) [Cu(Biot-propyl-dpa)]>** CWT Sav, (C) [Cu(Biot-butyl-dpa)]** CWT Sav. Dashed lines represent H-

bonds, and red spheres are water molecules. Cu* is shown in cyan, and sulfur is yellow. Only two
subunits are shown, one in dark grey and the other in light grey.

Effects of Site Directed Mutagenesis

Mutants of Sav prepared by the Ward lab were also used to obtain molecular
structures of complexes with L124V, L121R, L121M, S112V, S112M, S112D, and
S112K. They found that most of the molecular structures featured only minor changes
in conformation, Cu-++Cu distance, or H-bond networks. However, [Cu(Biot-propyl-
DPA)J* with S112D and S112K mutants provided significant changes from the WT

structure.
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In the [Cu(Biot-Pr-DPA)]*C WT Sav structure, the complex was capable of

adopting two conformations rotated approximately 90° apart, with a Cu+++Cu distance
of ~7 A. By replacing the serine residue at 112 position with the larger amino residue,
either aspartate or lysine, a single conformation was enforced. In the case of [Cu(Biot-

Pr-DPA)]**c Sav S112D the Cu-++Cu distance decreases to 6.2 A, the shortest

observed in this study. This appears to prevent structural water molecules from

situating between the copper centers, although an H-bonding network remains in place

around the Cu(ll) complexes (Figure 2-10 A). For [Cu(Biot-Pr-DPA)]**C S112K Sav,

the inter-copper distance is similar to that of the wild-type at 7.0 A, however, an H-
bonding network between water molecules and sulfate ions from the buffer can be

observed between the complexes (Figure 2-10 B).

Interestingly, the [Cu(Biot-Bu-DPA)]**C Sav S112D structure shows a complex

which adopts two conformations (Figure 2-10 C). One conformation is similar to the
wild-type structure with a Cu+++Cu distance of 6.9 A (not shown), but the second is
rotated ~180° and allows the 112D aspartate to coordinate directly to the copper
center. This is a significant achievement as it shows that the complexes can be bound
to Sav both through the supermolecular Sav-biotin interaction but also a direct bond to
an amino acid residue on the protein surface. Such dual anchoring methods have

been shown in the case of Sav®' and other proteins'® to firmly anchor complexes in

place. Similarly to the case of the [Cu(Biot-Pr-DPA)]**C Sav WT where multiple
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conformations are possible, no structural water molecules are observed around the

Cu(ll) complexes.

Figure 2-10 Molecular structures displaying the binding interfaces of (A) [Cu(Biot-propyl-dpa)]**c S112D

Sav, (B) [Cu(Biot-propyl-dpa)]?**C S112K Sav, (C) [Cu(Biot-butyl-dpa)]**C S112D Sav. Dashed lines

represent H-bonds, and red spheres are water molecules. Cu?*is shown in cyan, and sulfur is yellow.
Only two subunits are shown.

Cysteine Interaction

Structural information of the Cu®* AMPs was most readily obtained from the
crystallographic studies, however some interesting mutants of Sav eluded
crystallization attempts, including the S112C variation. It was predicted that the thiol
of cysteine would be capable of interacting with the Cu(ll) centers. By adding solutions
of [Cu(Biot-n-DPA)]** to S112C Sav, strong new absorptions were observed in the

visible spectra of [Cu(Biot-et-dpa)]**C S112C Sav, [Cu(Biot-pr-dpa)]* c S112C Sav,
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[Cu(Biot-bu-dpa)]**c S112C Sav ), = 402 nm (¢ = 3400 M'cm™), 389 nm (¢ = 3200

M”cm™), 384 nm (e = 4100 M'cm™), indicative of the thiolate to Cu" charge transfer
(Figure 2-11).*2  Additionally, the perpendicular EPR spectrum taken at 77 K shows a

compression of the hyperfine coupling constant, A, versus WT Sav (A = 553 MHz in WT

Sav compared to 383 MHz in [Cu(Biot-et-dpa)]**C S112C Sav) which provides further

evidence for a cysteine-coordinated copper center (Figure 2-12).
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Figure 2-11 Optical spectra of [Cu(Biot-n-DPA)]** as free complexes overlayed with the
corresponding [Cu(Biot-n-dpa)]**c S112C Sav AMPs .
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Figure 2-12 Perpendicular mode EPR Spectra in 200 mM phosphate buffer at 77 K of (I)
[Cu(Biot-et-dpa)]**c S112C Sav, (Il) [Cu(Biot-et-dpa)]**c WT Sav
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Conclusion

The studies of AMPs described here solidify the utility of biotin-Sav technology
as a viable means for generation of discrete metal complexes with a vast array of
secondary interactions provided by the protein host. From the initial X-ray structural
studies, it was shown that by controlled ligand modification, the distance of the metal
ions can be modulated within the vestibule of the Sav dimer interface. In the future,
incorporation of more rigid ligand linkers should be used to place the metal ions even

closer together to produce cooperative chemistry across the dimer interface.

In addition, the modification of the protein through site-directed mutagenesis
demonstrated a secondary source of influencing the metal complexes. First, by
incorporating an aspartate within close proximity to the metal ion, the complex can be
anchored in a specific position within the binding pocket. And second, the mutation of
Sav to include a cysteine amino acid within the vestibule provided spectroscopic
evidence of a Cu—S bond evidenced by intense charge-transfer transitions in the
optical spectrum. These types of amino acid interactions with metal ions provide a
route to the production of hybrid complexes that incorporate not only the biotinylated
ligand but also direct contact with the protein host and paves the way for new and

exciting artificial metalloproteins.
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IV. Experimental

General Experimental Details. All commercially available reagents were used as
received except the following: dimethylsulfoxide, N,N-dimethylformamide, toluene, and
ether were degassed with argon and dried by vacuum filtration through activated
alumina according to the procedure by Grubbs.** Triethylamine was distilled over
potassium hydroxide. Thin-layer chromatography (TLC) was performed on Whatman
250 pm layer 6 A glass-backed silica gel plates. Eluted plates were visualized using
either UV light, |,, potassium permanganate, or DACA stains. Silica gel chromatography
was performed with the indicated solvent system using Fisher reagent silica gel 60

(230-400 mesh).

Instrumentation: Fourier Transform infrared spectra were collected on a Varian 800
Scimitar Series FTIR spectrometer. 'H and '*C NMR spectra were recorded at 500/600
and 125 MHz, respectively. 'H NMR spectra were reported in ppm on the 6 scale and
referenced to tetramethylsilane. The data are presented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, b = broad,
app = apparent), coupling constant(s) in Hertz (Hz), and integration. *C NMR spectra
were reported in ppm relative to CDCl, (77.23 ppm) or DMSO-d; (39.52 ppm). Mass
spectra were measured on a MicroMass AutoSpec E, a MicroMass Analytical 7070E,
or a MicroMass LCT Electrospray instrument. Electronic absorbance spectra were
recorded with a Cary 50 spectrophotometer. X-band EPR spectra were collected

using a Bruker EMX spectrometer equipped with an ER041XG microwave bridge.
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Preparation of Compounds

=z

Di-(2-picolyl)amine (DPA).?® To a solution of 2-picolylamine (9.617 g, 88.93 mol) in
100 mL EtOH was added a solution of pyridine carboxyaldehyde (9.519 g, 88.87 mmol)
in 70 mL EtOH dropwise with stirring. After 15 min, NaBH, (8.443 g, 223.2 mmol) was
added in small portions and the reaction was heated to reflux for 1 h. The mixture was
cooled in an ice bath for 30 min, and a solution of concentrated HCI (15 mL) in EtOH
(10 mL) was added via addition funnel over ca 15 min. The reaction mixture was then
cooled in a refrigerator at 4 °C overnight. The resulting white precipitate was removed
via filtration, and the filtrate was evaporated to dryness under reduced pressure. Next
the crude residue was dissolved in a solution of 75 mL diethyl ether and 120 ml EtOH.
To this was added 30 mL concentrated HCI, which precipitated the DPA+3HCI salt from
the solution. The white crystals were collected via vacuum filtration. The free base
was obtained by dissolving the salt in 100 mL water, transferring it to a separatory
funnel, and adding a solution of sodium hydroxide (24 g, 0.60 mol) in 60 mL water,
resulting in a two-phase system. The product was extracted with DCM (3 x 50 mL),
washed with 50 mL water, 50 mL brine, dried over MgSQO,, and concentrated under
reduced pressure to give a pale yellow oil (16.05 g, 91%). 'H NMR (CDCl,, 500 MHz) §
8.56 (d, 2H, J = 4.8), 7.64 (dt, 2H, J = 7.2, 1.2 Hz), 7.36 (d, 2H, J = 7.8 Hz), 7.16 (dd,

2H, J = 4.8, 2.4 Hz), 3.99 (s, 4H), 2.44 (bs, 2H). "*C NMR (CDCl,, 126 MHz) d[ppm]:
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159.9, 148.5, 136.7, 122.5, 122.1, 55.0. HRMS calcd for [M+Na]* 222.1007, found

222.0999.

ON—NH 0"
H s F
Biotin-pentafluorophenol ester (Biotin-PFP).** Biotin (3.034 g, 12.42 mmol) and 60
mL DMF were combined in a round bottom flask and heated at 70 °C until the biotin
dissolved. The solution was cooled to room temperature in a water bath. Et;N (3.6 g,
5.0 mL, 36 mmol) was added followed by pentafluorophenyltrifluoroacetate (4.842 g,
17.29 mmol), which caused the reaction mixture to turn pink. The reaction was
allowed to stir under nitrogen at room temperature for 30 min. The solvent was
removed in vacuo, and the crude residue was transferred to a frit and washed with
diethyl ether. After drying under reduced pressure, the product was obtained as a
white powder (4.790 g, 93%). '"H NMR (DMSO-d,, 500 MHz) 8[ppm]: 6.44 (s, 1H), 6.36
(s, 1H), 4.32-4.30 (m, 1H), 4.16-4.14 (m, 1H), 2.84 (dd, 1H, J = 12, 4.9 Hz), 2.79 (t, 2H,
J=74),259(d, 1H, J =12 Hz), 1.70-1.63 (m, 3H), 1.54-1.41 (m, 3H). MS calcd for

[M+Na]* 433.06, found 433.05.
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Synthesis of phthalimide-protected alkyl dipicolyl amines (Phth-n-DPA).*°
o | N
NN A
o

Phth-et-DPA. This compound was prepared using a modified literature procedure.
Anhydrous potassium carbonate (3.050 g, 22.06 mmol) and potassium iodide

(0.1876 g, 1.130 mmol) were suspended in dry acetonitrile (350 mL). DPA (1.103 g,
5.554 mmol) was added to this suspension, followed by 2-bromoethylphthalimide
(1.482 g, 5.832 mmol). The mixture was refluxed for 24 h, filtered, and concentrated
under vacuum to yield a red oil that was dissolved in DCM (200 mL) and was washed
with saturated NaHCO; solution (3 x 200 mL) and with water (2 x 200 mL). Then the
solvent was evaporated in vacuo, and to the resulting dark oil was added 1 M HCI (140
mL). The aqueous solution was washed with DCM (5 x 50 mL), and then it was
carefully basified with solid sodium bicarbonate. An orange solid precipitated. It was
extracted into DCM (3 x 50 mL), and concentrated under vacuum to yield a dark brown
solid. The crude product was purified via flash chromatography (10% methanol in DCM
as eluent). The product was obtained as a tan solid (1.431 g, 69%). '"H NMR (CDCl,,
600 MHz) d[ppm]: 8.44 (bd, 2H, J = 4.8 Hz), 7.82 (dd, 2H, J = 5.4, 3.0 Hz), 7.73 (dd,
2H,J= 5.4,3.0Hz), 7.41 (td, 2H, J = 7.8, J =1.8 Hz), 7.34 (d, 2H, J = 8.4 Hz), 7.06 (dt,
2H, J = 6.0, 2.4 Hz), 3.86 (s, 4H), 3.84 (t, 2H, J = 6.0 Hz), 2.86 (t, 2H, 6.0 Hz). *C NMR
(CDCl,, 126 MHz) 8[ppm]: 168.3, 159.5, 149.1, 136.4, 134.0, 132.5, 123.3, 123.2, 122.1,

60.5, 51.9, 36.3. HRMS calcd for [M+Na]* 395.1484, found 395.14883.
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o)

Aot

o N2

Phth-pr-DPA. This was compound was prepared using the above conditions with
sodium carbonate (4.456 g, 41.85 mmol), potassium iodide (0.3644 g, 21.95 mmol),
DPA (2.085 g, 1.046 mmol), and 3-bromopropylphthalimide (2.947 g, 10.99 mmol). The
product was obtained as a red brown solid (3.185 g, 79%) and was used without
further purification. '"H NMR (CDCl,, 600 MHz) 8[ppm]: 8.48 (d, 2H, J = 3.6 Hz), 7.82
(dd, 2H, J = 5.4, 3.0 Hz), 7.71 (dd, 2H, J = 5.4, 3.0 Hz), 7.63 (dt, 2H, J = 7.8, 1.8 Hz),
7.54 (d,2H,J=7.8 Hz), 7.11 (dd, 2H, J = 7.2, 1.2 Hz), 3.82 (s, 4H), 3.70 (t, 2H, J = 7.2
Hz), 2.64 (t, 2H, J = 7.2 Hz), 1.93 (g, 2H, J = 7.2 Hz). 13C NMR? HRMS calcd for

[M+H]* 387.1821 found 387.1812.
o | N
N/\/\/N N/ 2
(o)

Phth-bu-DPA. This compound was prepared using the above conditions with sodium
carbonate (4.456 g, 41.85 mmol), potassium iodide (1.113 g, 6.703 mmol), DPA (6.6173
g, 33.20 mmol), and 4-bromobutylphthalimide (10.30 g, 36.50 mmol). The product was
obtained as a red brown solid (10.58 g, 80%) and was used without further
purification."H NMR (CDCl,, 600 MHz) 8[ppm]: 8.50 (d, 2H, J = 4.8 Hz), 7.66 (t, 2H, J =

7.68), 7.52 (d, 2H, J = 7.8 Hz), 7.15 (, 2H, J = 5.6), 3.81 (s, 4H), 2.66 (t, 2H, J = 6.9 Hz)
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2.55 (t, 2H, J = 7.1 Hz), 1.86 (bs, 2H), 1.58 (g, 2H, J = 7.0 Hz), 1.44 (q, 2H, J = 7.1 H2).

MS calcd for [M+Na]* 123.18 found 423.25.

Preparation of aminoalkyl! dipicolyl amines (NH,-n-DPA).

| A
HZN/\/N N7 2

NH,-et-DPA. To a round bottom flask charged with DPA-et-Phth (1.43 g. 3.84 mmol)
and 100 mL ethanol was added five equivalents of N,H,*H,O (0.9 mL, 0.02 mol). The
reaction mixture was brought to reflux with vigorous stirring. The phthalhydrazide
byproduct forms as voluminous white precipitate over time. After three hours, the
reaction mixture was cooled to room temperature and filtered through a frit. The filtrate
was concentrated under reduced pressure to give a white residue, which was washed
over a pad of Celite on a frit with DCM (3 x 50 mL) to separate the desired amine from
the insoluble phthalhydrazide. The combined DCM washes were concentrated in
vacuo to give the product as a pale yellow oil, which was used without further
purification (0.93g, 99%). 'H NMR (CDCl,, 500 MHz) §[ppm]: 8.54 (d, 2H, J = 4.0 Hz),
(dt,2H,J =7.7,1.6 Hz), 7.49 (d, 2H, 7.7 Hz), 7.16 (t, 2H, J = 5.3 Hz), 3.85 (s, 4H), 2.80
(t, 2H, J = 6.0 Hz), 2.67 (t, 2H, J = 6.1 Hz), 1.72 (bs, 2H). *C NMR (CDCl,, 126 MHz)
O[ppm]: 159.8, 149.3, 136.6, 123.2, 60.9, 57.6, 39.8. HRMS calcd for [M+H]" 243.16,

found 243.08.
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HZN/\/\N N | >
NS 2

NH,-pr-DPA. Was prepared using the above conditions with DPA-pr-Phth (5.693 g.
17.73 mmol), 125 mL ethanol, and N,H,*H,O (3.736 g, 74.63 mmol) to afford the
desired product (1.60 g, 93%). '"H NMR (CDCI,, 600 MHz) 8[ppm]: 8.57 (d, 2H, J = 5.6
Hz), 7.65 (t, 2H J = 7.2 Hz), 7.45 (d, 2H, J = 7.8 Hz), 7.16 (t, 2H, J = 6.0 Hz), 3.82 (s,

4H), 2.83 (t, 2H, J = 6.6 Hz), 2.63 (t, 2H, J = 6.6 Hz), 1.75 (p, 2H, J = 6.6 H2).
| X
HgN/\/\/N N/ o

NH,-bu-DPA. Was prepared using the above conditions with DPA-bu-Phth (2.548 g.
6.362 mmol), 60 mL ethanol, and N,H,*H,O (1.697 g, 33.90 mmol) to afford the desired
product (1.60 g, 93%). 'H NMR (CDCl,, 500 MHz) d[ppm]: 8.54 (d, 2H, J = 4.5 Hz), 7.66
(t,2H,J =7.7 Hz), 7.52 (d, 2H, J = 7.8 Hz), 7.15 (t, 2H, J = 5.6 Hz), 3.81 (s, 4H), 2.66 (t,
2H,J=6.9),2.55 (t, 2H, J = 7.1 Hz), 1.58 (p, 2H, J = 7.0), 1.44 (p, 2H, J = 7.1). HRMS

m/z calcd for [M+H]* 271.1923, found 271.1924.

Synthesis of biotinylated ligands (Biot-n-DPA)

LA D),

Biotin-et-DPA. In round bottom flask, NH,-et-DPA (0.810 g, 3.34 mmol) was dissolved

in 15 mL DMF. To this was added 1.5 equiv Et;N (1.9 g, 1.4 mL, 2.6 mmol) and biotin-

42



PFP (1.371, 3.341 mmol). The reaction mixture was allowed to stir at room
temperature for 18 h. The mixture was then concentrated under reduced pressure,
and the crude mixture was lixiviated with diethylether to give the product as a brown,
hygroscopic powder (1.596 g, 99%). 'H NMR (CDCI,, 500 MHz) 8[ppm]: 8.56 (d, 2H, J
= 4.4 Hz), 7.68 (bs, 1H), 7.64 (t, 2H, J=7.7 Hz), 7.33 (d, 2H, J = 7.8 Hz), 7.18 (t, 2H, J =
6.3 Hz), 5.83 (bs, 1H), 5.14 (bs, 1H), 4.49 (m, 1H), 4.32 (m, 1H), 3.89 (s, 4H), 3.33 (m
2H), 3.16 (g, 1H, J = 4.6 Hz), 2.91 (dd, 1H, J =12.8, 5.0 Hz), 2.74 (m, 3H), 2.26 (t, 2H ,
J =7.4 Hz), 1.70 (om, 4H), 1.48 (m, 2H). "*C NMR (CDCl,, 126 MHz) 8[ppm]: 173.1,
163.5, 159.3, 149.3, 149.3, 136.8, 123.6, 122.5, 61.9, 60.3, 60.1, 55.6, 52.7, 40.8, 37.7,

36.2, 28.4, 28.3, 25.9. HRMS m/z calcd for [M+Na]* 491.2205, found 491.2206.

Rt

Biot-pr-DPA. Was prepared using the same conditions above with NH,-pr-DPA (1.160
g, 4.524 mmol), biotin-PFP (1.757 g, 4.281 mmol), triethyl amine (0.90 mL, 6.4 mmol)
69%. 'H NMR (CDCl,, 600 MHz) 8[ppm]: 8.54 (d, 2H, J = 4.2 Hz), 7.70 (bt, 1H), 7.65 (t,
2H,J=6.6 Hz), 7.18 (t, 2H, J = 5.4 Hz), 6.00 (s, 1H), 5.34 (s, 1H), 4.50 (t, 1H, J = 6.6
Hz), 4.31 (t, 1H, J = 4.8), 3.28 (q, 2H, J = 6.0 Hz), 3.15 (9, 1H, J = 4.8 Hz), 2.90 (dd, 1H,
J=13,4.8Hz),2.73 (d, 1H, J =13 Hz), 2.64 (t, 2H, J = 6.0 Hz), 2.25 (t, 2H, J = 7.2 H2),
1.78-1.62 (m, 7H), 1.46-1.43 (m, 3H). *C NMR (DMSO, 126 MHz) §[ppm]: 171.8, 162.7,
159.4, 149.7, 136.5, 122.6, 122.1, 61.0, 59.6, 59.2, 55.4, 51.5, 36.7, 35.3, 28.2, 28.0,

26.7, 25.3. HRMS m/z calcd for [M+Na]* 505.2362, found 505.2360.
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OYNH ! 0 | A
HN%»‘\/\)’\,«\/\/‘( N >2
H s
Biot-bu-DPA Was prepared using the same conditions above with NH,-bur-DPA
(0.700 g, 2.59 mmol), biotin-PFP (1.040 g, 2.53 mmol), triethyl amine (0.44 mL, 3.2
mmol) 74% 'H NMR (CDCl,, 600 MHz)) 8[ppm]: 8.52 (d, 2H, J = 4.2 Hz), 7.66 (dt, 2H, J
=7.8,1.8Hz), 7.47 (d, 2H, J = 7.8 Hz), 7.17 (bdt, 2H, J = 5.4, 1.8 Hz), 6.62 (bs, 1H),
6.18 (s, 1H), 5.40 (s, 1H), 4.50-4.48 (m, 1H), 4.31-4.29 (m, 1H), 3.83 (s, 4H), 3.20-3.17
(m, 2H), 3.16-3.12 (m, 2H), 2.89 (dd, 1H, J = 13, 4.8 Hz), 2.72 (d, 1H, J = 13 Hz), 2.59 (t,
2H,J=6.6 Hz),2.20 (t, 2H, J = 7.2 Hz), 1.77-1.572 (m, 6H), 1.49 (q, 2H, J = 6.6 Hz),
1.43 (g, 2H, J = 7.2 Hz) "®C NMR (CDCl,, 126 MHz) 8[ppm]:193.4, 173.4, 163.6, 149.2,
136.8, 123.6, 122.42, 62.0, 60.3, 55.6, 53.9, 40.8, 39.1, 36.1, 28.3, 28.2, 27.3, 25.9,

23.8. HRMS m/z calcd for [M+H]* 497.2699, found 497.2689.
Synthesis of Cu" Complexes

[Cu(Biot-et-dpa)(ClO,)](CIO,) To a solution of Cu(CIO,),* 6H,0 (0.0620 g, 0.236 mmol)
in EtOH (5 mL) was added Biot-et-dpa (0.0997 g, 0.213 mmol) in EtOH. Upon mixing a
blue precipitate formed. After 30 min the reaction mixture was concentrated, and the
remaining complex was precipitated with diethyl ether. The product was recovered on
a glass frit and washed with diethyl ether to recover a blue, hygroscopic solid (0.1251,
75%). FTIR (Nujol mull, cm™, selected bands): 3353, 1658, 1611, 1270, 1095, 768, 722.

HRMS m / z calcd for [M-H]* 530.1525, found 530.1527.
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[Cu(Biot-pr-dpa)(ClO,)]1(ClO,) Prepared analogously to the above procedure (84%).
FTIR (Nujol mull, cm™, selected bands): 3373, 1612, 1269, 1099. HRMS m / z calcd for

[M-H]* 544.1682, found 544.1668.

[Cu(Biot-bu-dpa)(ClO,)](CIO,) Prepared analogously to the above procedure (79%).
FTIR (Nujol mull, cm™, selected bands): 3376, 1665, 1613, 1269, 1097 MS m / z calcd

for [M+CIO,]* 658.14, found 658.11.

[Cu(Biot-et-dpa)(NO,)](NO,) Prepared according to the above procedure substituting
Cu(NO,)+*3H,0 for Cu(ClO,),*3H,0 (32%) FTIR (KBr pellet, cm™, selected bands): 3380,
3080, 2934, 2862, 1659, 1612, 1482, 1384, 1290, 1157, 1116, 1033, 769. MSm /z

calcd for [M+NQO,]* 593.15, found 593.14.

[Cu(Biot-pr-dpa)(NO,)](NO,) Prepared according to the above procedure substituting
Cu(NO,),*3H,0 for Cu(CIO,),. (40%) FTIR (KBr pellet, cm™, selected bands): 3301,
3074, 2930, 2871, 1659, 1610, 1384, 1288, 1156, 1115, 1010, 320, 766. MSm /z

calcd for [M+NQO,]* 607.16, found 607.13.

[Cu(Biot-bu-dpa)(NO,)](NO,) Prepared according to the above procedure substituting

Cu(NO,),*3H,0 for Cu(CIO,). (87%) MS m / z calcd for [M+NQO,]* 621.18, found 621.31.

HABA Titrations. A solution of protein (1 mg/mL) was prepared in 200 mM phosphate
buffer at pH 7 and transferred to a 1 cm cuvette. 150 equivalents of a 25 mM solution
of HABA in phosphate buffer were added. A solution of ligand or metal complex in
DMF was added in 4 pL portions until at least 5 equivalents had been added. The

titration was monitored by UV-Visible spectroscopy at A, = 506 nm.
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Crystallographic Studies of Biot-n-DPAC Sav. Sav protein was crystallized by

hanging drop vapor diffusion method. Diffraction quality crystals were grown at room
temperature by mixing 2 pL of 356 uM protein (ca 20 mg/mL) and 2 pL of reservoir
solution containing 2.6 M (NH,),SO, and 0.1 M NaOAc at pH 4 (precipitation buffer).
Crystals were soaked in solubilized [Cu(Biot-n-dpa)]** in DMF:precipitation buffer for
one hour before being transferred to cryo-protectant (30% glycerol in precipitation
buffer) and a set of data collected at 100 K from single crystals using a RIGAKU 007HF
X-ray source equipped with a Saturn 344+ CCD detector. The diffraction images were

indexed, integrated, and scaled by using MOSFLM.*

PDB 2QCB?*® was used as a search model to solve the structure by molecular
replacement calculations using the program Phaser®® implemented in CCP4 package.
The transformed model was subjected to refinement using Phenix*’. The phases were
improved and extended to 2.5 A incrementally. The 2F, — F, and F_ — F_ electron
density maps were visualized using the program COOT?®, which was used for model
building. The crystallographic R-factor and R-free were monitored at each stage to
avoid any bias. Water molecules were added by the automatic water-picking algorithm
of COOT and inspected manually. Uv-vis Experiments A solution of protein (ca 10
mg/mL) was prepared in either water or 200 mM phosphate buffer at pH 7 and
transferred to 1 cm cuvette. To this was added 3.5 equiv of the appropriate Cu"

complex from a 30 mM stock solution in DMF.

EPR Experiments. A solution of protein (ca 1 mg/mL) was prepared in either water or

200 mM phosphate buffer at pH 7 and transferred to an EPR tube. Four equivalents of
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metal complex were added from a 30 mM solution in DMF. The samples were then

frozen at 77 K in liquid nitrogen and used for data collection.

Table 2-1 Metric parameters for crystallographic data.

Sav Mutant

Unit cell dimensions

Space group

Resolution limits (A)

Highest resolution shell

A)
Rimerge (%)

No unique reflections
Multiplicity
I/sig(l)
Completeness (%)

CC(1/2)

Resolution limit (A)

RworK/Rfree (CVO)

R.m.s deviation
- Bond length (A)
- Bond angles (°)
# ligand molecules
- Cu-cofactor
- water

- sulfate

[Cu(Biot-bu-
dpa)]*
CWT Sav

57.3 A, 57.3 A,

174.8 A,
q=[3=Y=90°

14,22

36.77 -1.70
1.79-1.70

9.2 (106.8)
16566 (2342)
10.5 (6.9)
13.9 (1.6)
99.9 (99.3)

99.8 (54.1)

36.77 -1.70

0.21/0.23

0.007

1.07

37

[Cu(Biot-bu-
dpa)]**

CcS112D Sav

[Cu(Biot-pr-dpa)**

CS112K Sav

Data processing statistics

12534 (1720)
11.0 (11.3)
13.1 (2.4)
8.2 (95.5)

n.d.

57.4 A, 57.4 A, 57.3A,57.3A,
174.6 A, 175.5 A,
a=3=y=90° a:ﬁ:y=90°
14,22 14,22
36.78 - 1.86 29.93-1.66
1.96 — 1.86 1.75-1.66
13.1 (130.0) 10.1 (78.0)

17774 (2543)
11.1 (10.9)
14.5 (3.1)

100.0 (100.0)

n.d.

Data refinement statistics

12.00-1.90

0.20/0.23

0.005

1.00

19

29.93 - 1.66

0.17/0.21

0.012

1.24

97

47

[Cu(Biot-pr-dpa)**

CcS112D Sav

57.4A,57.4 A,
175.1 A,
a:ﬁ:y=90°
14,22

36.84 - 1.86
1.96 - 1.86

25.9 (277.3)
12761 (1773)
9.7 (10.2)
6.0 (0.8)
99.7 (98.3)

n.d.

36.84 - 1.86

0.23/0.27

0.007

1.22

65

[Cu(Biot-pr-
dpa)**
CWT Sav

57.2A,57.2 A,
175.2 A,
a=p=y=90°
14,22

36.70 - 1.86
1.96 - 1.86

13.9 (136.1)
12709 (1823)
10.6 (10.8)
11.0 (1.8)
100.0 (100.0)

99.8 (52.7)

36.70 - 1.86

0.21/0.24

0.007

1.29
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CHAPTER 3

Investigation of Bis-Biotinylated Salen Compounds

Introduction

Precise control of the secondary coordination sphere surrounding a transition
metal ion is an ongoing challenge faced by synthetic chemists." Metalloproteins, which
bear metal ions in their active sites, offer unparalleled control of reactivity, in part,
through the structure of the protein itself. The metal ion is usually sequestered within
the interior of the protein, which isolates it from other metal centers, limits substrate
access, and prevents unwanted reactions with the protein. Amino acid residues within
the active site surrounding the metal active site provide a number of non-covalent,
secondary coordination sphere, interactions which further tune the reactivity and
selectivity of the complex.*

One method of controlling the secondary coordination sphere is to introduce non-
native metal ions or prosthetic groups into proteins, thereby engineering artificial
metalloproteins for use as biocatalysts. While there are a number of approaches to
engineering artificial metalloproteins, the work of Lu and Ward exemplify two different
and important design approaches. Lu has demonstrated a number of examples of de
novo construction of an artificial protein or the creation of a new site within a protein,
which can bind a transition metal ion or host a synthetic metal complex. One example
is the modification of myoglobin (Mb) to bear the Mn N,N'-
bis(salicylidene)ethylenediamine (Mn"salen) complex, 1, which is used for the

sulfoxidation of thioanisole (Figure 3-1). When 1 is non-covalently docked in apo-Mb,
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no enantioselectivity is observed for the reaction, however, when one covalent tether is
introduced, enantiomeric excess (ee) increases to 12%, and two covalent linkages
boosts the ee to 51%. Rotational motions are limited by anchoring the metal complex
to the protein, which leads to greater control over orientation and placement of the
complex, thereby helping to maintain a specific chiral environment around the metal
center.>®* However, while this method creates a customized site that houses a metal
complex, it is exceedingly difficult and time consuming to precisely predict the

placement of a metal ion within the protein matrix and subsequently construct such a

protein.
A B
( ‘,/W 03C D)
g ™ —N N=
X N /
\ /W / /Mn\
[ o l ()
A A » Br
fo) (o]
MeOZS—S—/_ ! _\—S—SOZMe
Hgs/‘r:) Mn-+1-apo-Mb (L72C/Y103C) % _OH
el ©_S\ H,0,, NH,OAc Buffer > Q_S\/
b N\ CHy # 0 min, 4°C CHa

51% ee (S)

Figure 3-1 (A) Computer model of Mb with covalently attached Mn(salen) complex overlayed with heme.
(B) The dually-anchored Schiff base is capable of asymmetric sulfoxidation reactions with moderate ee.®

A second method to harness the reactivity of synthetic metal complexes within
proteins is the exploitation of the biotin-(strept)avidin interaction. Biotin is a naturally
occurring B vitamin which is sequestered by the tetrameric proteins avidin and
streptavidin (Sav) in a nearly irreversible process (K, = ~ 10" M™).” If biotin is
conjugated to another compound, such as a metal complex, that moiety would be

taken up into the biotin binding site within Sav. In 1977, Whitesides pioneered the use
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of this technology as a means of engineering artificial metalloproteins.? In the past
decade, the Ward lab has explored the use of the inherently chiral microenvironment of
the Sav binding site to enact enantioselective transformations for such as asymmetric
allyl alkylations,® olefin metathesis,® and asymmetric transfer hydrogenations (ATH)."'"'®
For example, an Ir(lll) complex bearing biotinylated aminosulfonamide ligand

([Cp*Ir(Biot-p-L)CI]) combined with wild type (WT) Sav is capable of producing

salsolidine quantitatively with 57% ee (Figure 3-2).

1 mol % [Cp*Ir(Biot-p -L)CI]

ﬁf %)L —@—soz |

N.,wlr\

A 0
WTSav - D:)
” N
\O - \H

MOPS buffer, HCO Na
15 h, 55°C

Quant.
57% ee (R)

Figure 3-2 (A) X-ray crystal structure (PDB: 3PK2) of complex [Cp*Ir(Biot-p-L)CI] in the biotin binding
pocket of Sav. The other two subunits have been omitted for clarity. (B) Protein-bound [Cp*Ir(Biot-p-
L)CI] serves as a catalyst in asymmetric transfer hydrogenations. *"'%'°

To date, engineered metalloproteins using biotin-Sav technology feature metal
complexes with a single biotin tether. Since Sav forms a functional dimer of dimers
with four biotin-binding sites, maximum occupancy is four metal complexes per protein
tetramer (Figure 3-3a). Inspired by Lu’s example of a dually-anchored Schiff base
complex and in collaboration with the Ward lab at the University of Basel, we have
prepared bis-biotinylated Schiff base ligands to probe the effects of bridging two
adjacent biotin-binding sites in the Sav tetramer (Figure 3-3b). We predict that limiting
the freedom of the bound complex will enhance the enantioselectivity of organic

transformations. The microenvironment of the metal complex can be further tuned by
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site-directed mutagenesis to create new active sites with synthetic metal
complexes.?*?!

This chapter describes the synthesis of a bis-biotinylated ligand, H,Sal-2, and an
earlier preparative route for H,Sal-1, which proved to be unsuccessful (Figure 3-3).
[Salen]* was chosen as the base ligand scaffold because of its broad applicability for
catalysis and coordination chemistry.?*?* The key step of the synthetic pathway is the
use of Cu-catalyzed alkyne azide cyclization (CUAAC) to form triazoles which will serve
as spacers to ensure the positioning of the metal complex between the biotin-binding

sites. Additionally, a Cu(ll) complex has been prepared with H,Sal-2, which will serve

as a probe for studying how Sav binds the bis-biotinylated ligand system.

Complex Spacer —
Biotin | =M=
- — OO
==h o= | |
Sav subunit Efdon Hoj@_&N
Blm N\/\/ \/\/N Biot

1st Generation, H,Sal-1

@ ;’—Q |c>—v\m//v—c>l )LNAL Ld %34 rH

2nd Generation, H,Sal-2

Figure 3 Diagram (a) Depicts Sav as a dimer of dimers with two opposing biotin binding sites per side of
the protein. Each binding site is occupied by a biotin bond to one metal complex (b) The proposed dual-
anchored system and H,Sal-1 and H,Sal-2.

Results and Discussion
First Generation Synthesis

| envisioned the formation of the bis-biotinylated H,Sal-1 using the CUAAC
between an alkyne substituted salen and an azide tethered to biotin. Bis-alkynyl salen

25

4 was prepared by modifying a known route.” 4-Bromosalicylaldehyde was reacted
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with ethynyltrimethylsilane under Sonogoshira conditionsto give the TMS-protected
alkyne in 62% yield. Deprotection with potassium carbonate yielded alkyne 3 (45%),
which was reacted with ethylene diamine to give salen 4 (61%). The activated
succinimide ester 5 was prepared from biotin and N-hydroxysuccinimide with DCC
(99%), which was reacted azido propyl amine 6 to give yield azido biotin 7 (Scheme 3-
1).2

Scheme 3-1 Preparation of precursor salen 4 and biotin alkyne 7.

™S

PdCI (PPH 3 5mol % 05 equiv N N
2 mo HN 0.5 = =
Br o Cul 1 mol% 2C03 ZN"NH,
= OH HO =
OH EtsN, 80 °C OH MeOH 25°C EtOH, 40 °C

4h, 62% 12 h, 45% 3 05h, 61% 4

o]

>“NH H "\/\/" o}-

o NH NH
H o, oH .,“)JL AN
5(4 Towrec ( Sue EtNDMFZSC HOLS O N Na

%
Biotin 12h, 99 18 h, 34% 7

With bis-alkynyl salen 4 and biotin 7 in hand, a standard set of CUAAC conditions
in various solvents was examined to effect the desired triazole formation.?” None of the
attempted conditions produced any evidence of triazole formation. Schiff bases are

28,29

excellent ligands for Cu(ll), “*“which is the CUAAC precatalyst, therefore it is possible
that the Cu(ll) ions were being bound by the excess of Schiff base in solution,
rendering the Cu(ll) ions unreactive to reduction by sodium ascorbate to generate the
active Cu(l) catalyst. ESI-MS provided evidence for a [Cu(Salen 4)+H]" species with a
strong ion peak with a mass-to-charge ratio of 378.06. Even with an excess of CuSO,
and reductant, no triazole product was observed (Table 3-1).

Since Cu(salen) species were observed by mass spectrometry, we thought that it

could be possible to perform the triazole formation with the aldehyde 3, which would

not be as good of a ligand for Cu(ll). By '"H NMR spectroscopy, one set of conditions
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did show evidence of product formation, albeit in low yield (Table 3-2). This reaction
proved to be difficult to reproduce, and the triazole product 8 was never isolated in

sufficient quantity to be a viable building block for the desired ligand.

Table 3-1 CuAAC conditions probed for the formation of H,Sal-1

=N N=
S S _
=N N=
4

?\‘uiQ, :(210 m?lc%) N,’N N:N
P — @.?Céﬁl.QE':.O__/z)...> " A OH HO Q1 H
}_NH e Biotin\‘(N\/\/ \/\/N\”/Biotin
2.2 equiv HN H i o sta|-1 (o]
Hﬁ.,(,%u/\/\’h
7
Entry Solvent Conversion?
1 1:1 H,O/'BuOH not observed
2 1:1 H,O/THF not observed
3 1:1 H,O/EtOH not observed
4 1:1 H,O/DMF not observed
5° 1:1 H,O0/MeOH not observed
2Determined by 'H NMR spectroscopy. ° 110 mol %
CuS0O,, 120 mol % Sodium ascorbate
Table 3-2 CuAAC conditions explored for biotinylated-Salicaldehyde
=0
= OH
(ID\IuSAO4 (218) mcil ;/o) N=N =0
aASC mol % -
0 s s é[v'e'é{'") > Biotin N~ N oH
>‘~NH 25°C, 24 h \ﬂ/
HN H O 0 8
H%"(' N/\/\N3
s 4 H
7
Entry Cu Source Additive Solvent Conversion?
1 CuSO, - MeOH 31%
110% CuSO,, ) )
2 CuSO, 120% NaAsc 1:1 H,O/MeOH <5%
500% CuSO,,
3 CuSO, 1000% equiv 1:1 H,O/MeOH <5%
NaAsc
4 Cu(OAc) 1 equiv DIPEA MeOH <5%
5 Cul 1 equiv DIPEA MeOH <5%

2Conversion determined by 'H NMR spectroscopy
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Second Generation Synthesis

The second preparative route was designed to provide an improved electronic
match between azide and alkyne. | envisioned H,Sal-2, in which aliphatic alkynes and
azides would be used, whereas the previous system featured an aryl alkyne. Other
benefits include obviating potentially hazardous, low molecular weight alkyl azides, the
cross-coupling reaction involving an expensive palladium catalyst, brominated starting
compound, and a deprotection step.*

Starting from inexpensive salicaldehyde, treatment with formaldehyde in
concentrated HCI yielded the 4-chloromethylsalicaldehyde 9 in 25% crystalline yield.
In the following step, nucleophilic attack of sodium azide provided the corresponding

4-azidomethylsalicaldehyde 10 in 77% yield (Scheme 3-2).

Scheme 3-2 Synthesis of 4-azidomethylsalicaldehyde 10.

@o H,C(O) cl /\@E§o NaN; (2 equiv) Ns/@o
OH Tg IH,2§5;/CO OH D:')’V': ?go;oc OH
9 10
A model system was developed to mimic the electronic properties of the

proposed alkynyl biotin in order to conserve difficult to obtain compounds. Benzoyl
chloride was treated with propargyl amine according to a known procedure to give the
alkyne 11 in good yield.®' Azide 10 and alkyne 11 were treated with CuSO,, NaAsc,
and TBTA to effect the triazole formation in moderate yield. When Schiff-base 16 was
treated with alkyne 11 under the same reaction conditions, no triazole formation was

observed, suggesting again that the salen is too strong of ligand to allow for CUAAC to

function as a catalyst (Scheme 3-3).
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The success of the CUAAC model system prompted the synthesis of alkynyl
biotin. The pentafluorophenol (PFP) ester of biotin was chosen as synthon due to its

greater activity in comparison to the succinimide ester.
Scheme 3-3 CuAAC conditions used for triazole formation between alkyne 11 and salen 10.
CuS0O4 5 mol%
o NaAsc 10 mol%
N o TBTA 10 mol% A
3/\@\ ) N/\\\ /\[
OH H 4:1 DMSOH,0
2h,25°C, 51%
10 11 12

(o]
1 CuSO,45 mol%
NaAsc 10 mol%
+ TBTA 10 mol% N
/—\ Biotin H
—N N=—
4:1 DMSO/HZO OH HO _
2h,25°C
OH HO H,Sal2
N N3

Biot-PFP 13 was prepared from biotin and PFP in the presence of DCC in DMF.
The crystalline product was treated with propargyl amine to give biotin 14 in low
isolable yield. With the successful preparation of azide 10 and biotin 14, the CUAAC
conditions from the model system were applied to give the desired aldehyde 15. The
aldehyde was carried on with no further purification in the condensation reaction with

ethylenediamine to form the bis-biotinylated H,Sal-2 in moderate yield (Scheme 3-4).
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Scheme 3-4 Synthesis of H,Sal-2 from salen 10 and Biotin-Alkyne 14.
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In collaboration with the Ward lab, the interaction of H,Sal-2 with Sav was
modeled with VMD software, and the result suggested an excellent fit into the cavity.
Additionally, the lysine 121 residues of two protein subunits are poised in fashion that
could provide for primary or secondary coordination sphere interactions to a metal
center (Figure 3-4). The computer model suggested that the developed system could
potentially bind in the proposed fashion, so the next step was to prepare a starting
metal complex for trials with Sav. Cu(ll) was chosen because of its spectroscopic
handles; Cu-Schiff base complexes feature distinct electronic characteristics that are
evident by UV-vis spectroscopy, and EPR spectroscopy can be used because Cu(ll)
complexes are paramagnetic. To prepare the complex, H,Sal-2 was suspended in
DMF and treated with an equivalent of Cu(OAc), to generate the corresponding
complex Cu(Sal-2) in quantitative yield. The electronic absorbance spectrum displayed

a LCMT band at A,,,= 364 nm (¢ = 3100 M'em™), and a Cu(ll) d-d band at A,,= 585
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nm (e = 110 M'cm™). EPR spectroscopy gave a signal centered around g, = 2.06 G

with four-line hyperfine. Both Uv-vis and EPR spectroscopy of the complex are

28,29

consistent with known Cu(salen) species.

Figure 3-4 Qualitative computer model of H,Sal-2 bound to Sav. Two lysines are positioned in fashion
to potentially interact with a metal complex. Green sphere represents approximate placing of a metal
ion.

HABA Titrations

As previously described in Chapter 2 of this document, HABA titrations are the
standard method for determining the binding ratios of biotinylated species to the biotin
binding sites of streptavidin. Since our bis-biotinylated species contains two biotin
moieties and Sav features four biotin binding sites, the working hypothesis is that
Cu(Sal-2) should have a binding ratio of 2:1 complex to protein. HABA titrations were
performed using solutions of Cu(Sal-2) in DMF and WT Sav in phosphate buffer. The
binding ratio found required three equivalents of complex to occupy the four binding
sites of one Sav tetramer (Figure 3-5). The data suggests that the binding mode is

something other than what was predicted, with possible explanations being that
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perhaps the bis-biotinylated species are crosslinking multiple Sav tetramers or they are

too bulky to fully occupy one Sav tetramer.

1.6 —
®

14 - o

1.2 |-

Absorbance Units (AU)
[ ]

0.8 |- ......

ool v by be v bonalvaaliaald
0 0.5 1 1.5 2 25 3 3.5

[Cu(Sal-2)/[WT Sav]

Figure 3-5 Haba titration of Cu(Sal-2) with WT Sav. Absorbance measured at 506 nm.

Protein Crystallography

We next sought to perform X-ray crystallographic studies in an attempt to gain
further insight into the mode of binding of Cu(Sal-2) in Sav. Our collaborators in the
Ward lab attempted protein crystallography with our compounds, H,Sal-2 and the
corresponding Cu(ll) complex. However, none of the conditions they explored for co-
crystallization of the compound with Sav or soaking of the pre-formed Sav crystals
with compound generated crystals that were of X-ray quality. While this evidence does
not preclude the ability of the compounds to bridge Sav dimers as expected, it is
consistent with multiple binding modes being present that could prevent a regular and

ordered crystal lattice from forming.
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SDS-Page

HABA titrations failed to reveal a clear correlation between the binding of the bis-
biotinylated Salen species and streptavidin. One possible binding mode was for the
two biotins from one complex to cross-link separate Sav tetramers. SDS-PAGE was
performed using Cu(Sal-2) in solution with WT Sav.* The result of this experiment
showed that even at low ratios of complex to protein, dimers and higher oligomers of
streptavidin are observed (Figure 3-6). The experiment was performed with varying
concentrations of Sav to determine if there is a concentration dependence of the
oligomerization, however significant cross-linking is observed at both concentrations of
Sav across all ratios of complex to Sav. It was proposed that two equivalents of ligand
would saturate the binding sites of a Sav tetramer, it is evident that significant cross-
linking is occurring. These data highlight the limitations of HABA titrations to give
conclusive binding ratios, as numerous permutations of complex binding to Sav are

possible.

a) Cu(Ssal-2)
Equiv 025050 1 3 5 10 0 025050 1 3 5 10

kDa

7 ug WT Sav 14 yg WT Sav

Figure 3-6 Image of SDS-Page of Cu(Sal-2) with WT Sav. Two different concentrations of Sav were
used, and for each concentration the ratio of ligand to Sav was varied from 0.25:1 to 10:1. At lower
ligand to Sav ratios, mostly monomeric Sav is observed at ~55 Kda. However, even some higher
oligomers are observed at ~120 kDa and ~180 kDa. At higher ratios of ligand to Sav, significantly more
of the cross-linked Sa is observed.
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Conclusions

This investigation has developed a synthesis for the bis-biotinylated Schiff base,
H,Sal-2. A Cu(ll) complex has been prepared and characterized, and the binding of
the complexes to Sav has been studied by means of HABA titrations and gel
electrophoresis. The ligand system was designed to bridge two binding sites of a Sav
dimer, which would give a complex to Sav ratio of 2:1; two bis-biotinylated complexes
to four binding sites. The data from the HABA titrations revealed higher binding ratios
(ca 3:1), which suggested that the complexes could cross-link Sav tetramers to form
dimers and other oligomers. This premise was supported by SDS-PAGE that revealed
that even at low ratios of complex to Sav, various higher molecular mass species were
present, which suggested that cross-linked species were present. The soaking
method of protein crystallization failed to give crystals suitable for X-ray diffraction, and
all attempts at co-crystallization with Sav and biotinylated compound yielded no
crystals. Due to the failure of this ligand system to provide well-defined artificial
metalloproteins, reactivity studies with organic substrates were not pursued.

A bis-biotinylated species that could link adjacent binding sites in a Sav dimer
remains a tantalizing proposition, and a number modifications could be made on this
system to make progress toward that goal. The triazole linker formed through CUAAC
had been designed as a modular unit, but the size and rigidity of the triazole limits the
modularity of the linker. The lack of flexibility of the triazole could contribute to the
inability of H,Sal-2 and its complexes to bind to Sav as expected. Different alkyl linkers
connected through amides or esters (see Chapter 2) could be probed to tune linker

length. Additionally, formation of the Schiff-base after binding of a mono-biotinylated
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salicylaldehyde could be investigated. This method may avoid cross-linked species, as
the formation of the bis-biotinylated Salen species would occur after the binding of the
mono-biotinylated species to Sav. Condensation using a linker, such as ethylene
diamine, would more likely occur between two salicylaldehydes in a Sav dimer than

between two Sav tetramers (Figure 3-5).

Figure 3-5 Proposed method of in situ formation of Cu(salen) complexes within the Sav dimer. A) Sav
would be loaded with biotinylated salicylaldehyde. Treatment with ethylene diamine (a) could form the
salen in Sav, and subsequent treatment with a Cu?* source (b) would form the TM complex in solution.

Experimental Conditions.

General Experimental Details. All commercially available reagents were used as
received except the following: dimethylsulfoxide, N,N-dimethylformamide, toluene, and
ether were degassed with argon and dried by vacuum filtration through activated
alumina according to the procedure by Grubbs.®*® Triethylamine, N,N-
diisopropylethylamine, and ethylenediamine were distilled from CaH,. Thin-layer
chromatography (TLC) was performed on Whatman 250 pm layer 6 A glass-backed

silica gel plates. Eluted plates were visualized using either UV light, |,, or potassium
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permanganate stains. Silica gel chromatography was performed with the indicated

solvent system using Fisher reagent silica gel 60 (230-400 mesh).

Instrumentation: Fourier Transform infrared spectra were collected on a Varian 800
Scimitar Series FTIR spectrometer. 'H and *C,NMR spectra were recorded at 500/600
and 125 MHz, respectively. 'H NMR spectra were reported in ppm on the & scale and
referenced to tetramethylsilane. The data are presented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad,
app = apparent), coupling constant(s) in Hertz (Hz), and integration. *C NMR spectra
were reported in ppm relative to CDCI; (77.23 ppm) or DMSO (39.52 ppm). Mass
spectra were measured on a MicroMass AutoSpec E, a MicroMass Analytical 7070E,
or a MicroMass LCT Electrospray instrument. Electronic absorbance spectra were
recorded with a Cary 50 spectrophotometer. X-band EPR spectra were collected

using a Bruker EMX spectrometer equipped with an ER041XG microwave bridge.

Preparative Methods

General CUAAC Conditions

CuAAC Reactions with CuSO,

Stock solutions of CuSO, were prepared fresh with deionized water. Sodium ascorbate
was added as a solid. All reactions took place in in dry, screw-cap vials without the
exclusion of air unless stated otherwise noted. See synthesis of triazole 12 for

example conditions (vida infra).
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CuAAC Reactions with Cu(l) Precursors

Cu(l) salts were stored in a drybox under an argon atmosphere. All reactions were

conducted in oven-dried glassware under an N, atmosphere with rigorous exclusion of

=0
TMS%C§:OH

5-Trimethylsilyethynylsalicaldehyde (2).* To a mixture of 5-bromosalicylaldehyde

air.

(5.00 g, 24.9 mmol), PdCI,(PPH,), (0.515 g, 0.734 mmol), and copper(l) iodide (0.153 g,
0.803 mmol) in 80 mL Et;N, trimethylsilylacetylene (5.50 mL, 38.7 mmol) was added
drop-wise via syringe pump over the course of 1 h. The mixture was heated to 80 °C
and stirred for 3 h. After cooling, the mixture was filtered through a pad of Celite to
remove the ammonium salts, and the crude residue was purified via column
chromatography on silica gel with THF/hexanes (1:2) as eluent. Solvent was removed
under reduced pressure and aldehyde 2 was afforded as a yellow solid (3.398 g, 62%
yield). 'H NMR (500 Mhz, CDCl,) &: 11.15 (s, 1H), 9.90 (s, 1H), 7.75 (d, 1H, J = 1.8 Hz),

7.65 (dd, 1H, J = 8.4, 1.8 Hz), 6.99 (d, 1H, J = 8.4 Hz), 0.29 (s, 9H).

5-Ethynylsalicylaldehyde (3).> A methanol solution (50 mL) of aldehyde 2 (2.293 g,
10.50 mmol) and K,CO, (1.454, 10.52 mmol) was stirred for 12 h at 25 °C. The resulting

precipitate was filtered, and the solvent was removed under vacuum. To the residue
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was added water and DCM (50 mL each). The resulting biphasic mixture was
neutralized by addition of 10% ag NH,Cl and 10% aq HCI. The aqueous layer was
extracted twice more with 50 mL DCM, and the combined organic layers were washed
with H,O and brine, dried over MgSO4, and the solvent was removed in vacuo. The
crude solid was purified via column chromatography with DCM/hexanes (1:2) as the
eluent (r.f. = 0.24). Aldehyde 3 was afforded as an ivory solid (0.690 g, 45% yield). 'H
NMR (500 Mhz, CDCl,) 6 11.13 (s, 1H), 9.87 (s, 1H), 7.72 (s, 1H), 7.63 (dd, 1H, J = 9.7,

1.1 Hz), 6.96 (d, 1H, J = 8.6 Hz), 3.04 (s, 1H).

H,(5-Ethynylsalen) (4): To a solution of 5-ethynylsalicylaldehyde (0.279 g, 1.91 mmol)
in 5 mL EtOH was added ethylenediamine (59 pL, 0.87 mmol) with stirring. The
reaction mixture was heated to 50 °C for ca 30 min, at which point a yellow precipitate
formed. The precipitate was isolated via filtration, washed with ice cold ethanol and

dried in vacuo to give salen 4 as a bright yellow solid (0.167 g, 61%).

'H NMR (500 MHz, CDCl,) 6 13.44 (s, 2H), 8.32 (s, 2H), 7.42 (app. dd, J = 8.6 Hz, 2H),
7.40 (app. d, 2H), 6.90 (d, J = 8.5 Hz, 2H), 3.96 (s, 4H), 2.98 (s, 2H); *C NMR (125
MHz, CDCl,) & 165.9, 161.7, 136.2, 135.5, 118.4, 117.6, 112.4, 75.8, 59.6; IR (KBr)
3295, 2963, 1638, 1484, 1384 cm™'; HRMS (ES, MeOH) m / z calcd for CyoH,O,N, [M +

Na]*339.1110, found 339.1108.
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Biotin-succinimide ester (5) Biotin (2.6571 g, 10.876 mmol) and N-
hydroxysuccinimide (1.2549g, 10.904 mol) were dissolved in hot DMF (75 mL) in a 500-
mL round-bottom flask with stirring. N,N‘-Dicyclohexylcarbodiimide (DCC) (2.91 g, 14.1
mmol) was added, and the solution was stirred overnight at room temperature, during
which time a white precipitate was formed. The reaction mixture was filtered, and the
filtrate was evaporated and triturated with ether. The white precipitate was filtered and
washed with ether to give 5 a white powder (3.694 g, 99%). '"H NMR (500 MHz, DMSO-
de)DCI): 6 5.23 (s, 1H), 4.96 (s, 1H), 4.52 (m, 1H), 4.33 (m, 1H), 3.16 (m, 1H), 2.87-2.97
(m, 1H), 2.86 (s, 4H), 2.75 (d, 1H) 12.8 Hz), 2.58-2.70 (m, 2H), 1.6-1.9 (m, 4H), 1.5-1.6

(m, 2H).

HZN\/\/N3

3-Azidopropyl-1-amine (6) was prepared according to the method of Sasake.** Note:
Low-molecular weight azides are extremely dangerous and provide significant risk of
explosion. Although no complications arose in this study, such compounds should
always be handled with great care. A solution of 3-chloropropyl-1-amine (5.213 g,
40.09 mmol) and NaN, (7.843 g, 12.96 mmol), in water 40 mL, was heated at 80 °C for
15 h. Half of the water was removed under vacuum. The resulting solution was cooled

in an ice bath and diethyl ether (50 mL) and KOH (2 g) were added, keeping the
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temperature under 10 °C. After separation, the aqueous phase was extracted with
diethyl ether (2 x 50 mL) The combined organic layers were dried with Na,SO, and
concentrated to give azide 6 in 41% vyield (1.643 g). IR (thin film, cm™): 3368, 2941,
2872, 2518, 2098. 'H NMR (500 MHz, CDCl,) 6 3.38 (t, 2H, J = 6.7 Hz), 2.81 (t, 2H, J =

6.8 Hz), (p, 2H, J = 6.8 Hz), 1.32 (bs, 2H). "*C (126 MHz, CDCl.) § 49.4, 39.5, 32.7.

ONNH 0
rﬁ;&"“\/\)\(\/\ns
H s
Biotin azide (7).*° Succinimide 5 (1.071 g, 3.137mmol), azide 6 (0.433 g, 4.33 mmol),
and triethylamine (0.78 mL) were suspended in 50 mL DMF and the reaction mixture
was allowed to stir at 25 °C, under nitrogen, overnight. The reaction was filtered, and
the filtrate concentrated to dryness. The residue was purified using flash
chromatography eluting 10% MeOH/DCM to afford 7 (0.640 g, 63%) as waxy solid.
R.f.: 0.50. '"H NMR (500 Mhz, CDCl,) & 1.28 (q, 2H, J = 7.5 Hz), 1.50 (m, 4H), 1.62 (m,
2H, J = 6.9 Hz), 2.04 (t, 2H, J = 6.6 Hz), 2.57 (d, 1H, J = 12.9 Hz), 2.76 (dd, 1H, J =
13.2 Hz, 5.1 Hz), 3.01 (m, 1H), 3.11 (q, 2H, J = 6.0 Hz), 3.19 (t, 2H, J = 6.9 Hz), 4.15 (dd,

1H, J = 7.8 Hz, 4.5 Hz), 4.35 (dd, 1H, J = 7.8 Hz, 4.2 Hz), 7.21 (br, 1H).

=0
Cl

5-Chloromethyl-2-hydroxybenzaldehyde (9). To a stirred mixture of concentrated
HCI (150 mL) and formaldehyde 37 wt% in H,O (11 mL), salicaldehyde (15 mL, 141.49

mmol) was added drop-wise over approximately ten minutes. The solution
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immediately turned bright yellow, and a fine precipitate gradually formed. The solid
was filtered and dissolved in diethyl ether and concentrated. The crude material was
recrystallized from hexanes to afford the product aldehyde 9 as white crystals (6.120 g,
25%). 'H (500 MHz, CDCl,) 6: 11.06 (s, 1H), 9.90 (s, 1H), 7.59 (d, 1H, J = 2.0), 7.50
(dd, 1H, J = 9.5 Hz, 2.0 Hz), 7.00 (d, 1H, 9.5 Hz) 4.59 (s, 2H).
=0

e

N3
5-Azidomethyl-2-hydroxybenzaldehyde (10). Aldehyde 9 (2.840 g, 16.65 mmol) was
dissolved in 5 ml dimethylformamide at room temperature. Then, sodium azide (2.175
g, 33.46 mmol) was slowly added while stirring. The reaction was monitored with TLC,
and upon completion (ca 3 h), the mixture was diluted with 15 ml of water and
extracted with ethyl acetate (3 x 10 ml). The combined organic extracts were washed
successively with water (10 ml) and brine (10 ml). The organic layer was dried over
anhydrous magnesium sulfate and the solvent evaporated under reduced pressure.
The crude product was purified by column chromatography with ethyl acetate/hexanes
(1:4) as eluent (rf = 0.39) to afford the product 10 as a pale orange oil in (2.262 g, 77%).

'H and "®C NMR spectra matched those previously reported for this compound.

SAR

N-Prop-2-ynylbenzamide (11) was prepared according to the method of Wipf.*' To a

solution of 0.192 g (3.49 mmol) of propargyl amine in 8 mL DCM was added 0.5 g (4
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mmol) of benzoyl chloride and 0.56 mL of triethyl amine at 0 °C. The reaction mixture
was stirred at room temperature for 1 h, poured into 1.0 M HCI (50 mL), and extracted
with DCM. The combined organic layers were washed with brine (100 mL), dried over
magnesium sulfate, and concentrated under reduced pressure, and purifed via column
chromatography (20% EtOAc in hexanes) to give the product in 70% yield (0.566 g). 'H
NMR (500, CDCl;) 6 7.79 (d, 2 H, J = 7.3 Hz), 7.56-7.40 (m, 3 H), 6.35 (br, 1 H), 4.26

(dd,2H,J=5.1,25Hz),2.29 (t, 1 H, J = 2.4 Hz).
o)
N N\
H/\E\/N =0
N
\—< >/:OH
N-((1-(3-Formyl-4-hydroxybenzyl)-1H-1,2,3-triazol-4-yl)methyl)benzamide (12) In a
screw cap vial, Alkyne 11 (0.1157 g, 0.7269 mmol) and azide 10 (0.1295 g, 0.7310
mmol) were dissolved in 1 mL DMSO/H,O (4:1). To this was added TBTA (0.173 mM
in DMSO, 211 pL, 0.0365 mmol), sodium ascorbate (0.0191 g, 0.0964 g), and
CuSO,(aq) (0.108 mM, 337 pyL, 0.0364 mmol). The vial was sealed, and the reaction
was allowed to stir at room temperature for two hours while monitoring by TLC. The
reaction mixture was added to H,O (5 mL), and the resulting precipitate was collected
on a frit, washed three times with diethyl ether, and dried under reduced pressure.
Triazole 12 was collected as a yellow-green powder (0.124 g, 51%). MP 166-169 °C;
'H (600 MHz, DMSO-d,) 6 10.82 (bs, 1H), 10.25 (s, 1H), 9.00 (t, J = 5.4 Hz, 1H), 8.00 (s,

1H), 7.86 (d, J = 7.8, 2H), 7.66 (s, 1H), 7.53-7.50 (m, 2H), 7.45 (t, J = 9.6 Hz, 2H), 6.99,

(d, J = 8.4 Hz, 1H), 5.75 (s, 1H), 5.50 (s, 2H), 4.49 (d, J = 6.0 Hz, 2H); *C NMR (125
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MHz, DMSO-d,) 6 190.6, 166.1, 160.6, 145.4, 136.3, 134.1, 131.3, 128.4, 128.3, 127.3,
127.2,122.9, 122.2, 117.8, 51.8, 35.9; IR (KBr): v 3425, 3295, 3138, 3070, 2955, 2864,
1654, 1546, 1488, 1425, 1384, 1309, 1281, 1235, 1209, 1152, 787, 394 cm™; HMRS

(ES, MeOH) m / z calcd for C,gH,sN,O; [M + Na]* 359.1120, found 359.1120.

\\r;g \/\)‘\K?E

Biotin—-PFP ester (13). Biotin-PFP ester was prepared as described in Chapter 2.

by O N
K
Biotin alkyne (14). Biotin Alkyne 14 was synthesized following the method of Hest.*
To a solution of biotin-PFP (0.200 g, 0.487 mmol) and 66 uL propargyl amine (0.056 g,
1.0 mmol) in DMF was added 180 uL of triethyl amine (1.3 mmol) After being stirred for
24 h at room temperature, the reaction mixture was concentrated in vacuum and the
resulting residue was diluted with DCM. The organic layer was washed with water,
dried over sodium sulfate, and purified with column chromatography
(CHCI,/MeOH/H,0 65:25:4) to give the product in 66% vyield (0.0909). p.12185: Biotin
53 (40 mg, 0.16 mmol), propargylamine 41 (15 pL, 0.21 mmol), HATU (68 mg, 0.18
mmol), and HOBt monohydrate (27 mg, 0.18 mmol) were combined and dissolved in

dry DMF (3 mL). DIPEA (85 pL, 0.50 mmol) was added, and the reaction was allowed to

stir for 4 hours. The solvent was removed under reduced pressure to yield a crude oil
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which and purified by column chromatography (CH2CI2 to 12.5% MeOH/CH2CI2) to
yield 10 (34 mg, 74%), a white precipitate with limited organic solubility. '"H NMR (500
MHz, DMSO-d¢) 6 8.21 (bs, 1H), 6.42 (s, 1H), 6.35 (s, 1H), 4.28 (t, J = 6.4 Hz, 1H), 4.10
(, J= 3.2 Hz, 1H) 3.81 (d, J = 2.4 Hz, 2H), 3.06 (m, 1H), 2.80 (dd, J= 4.8, 12.4 Hz, 1H),

2.55(d, J = 12.4 Hz, 1H), 2.06 (t, J = 7.2 Hz, 2H), 1.59-1.24 (m, 6H).

0
YNH H 0
HN -‘“\/\)J\N N\\
H | N =0
N
OH

N-((1-(3-Formyl-4-hydroxybenzyl)-1H-1,2,3-triazol-4-yl)methyl)-5-((3aS,4S,6aR)-2-

H S

oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (15). Aldehyde 15 was
synthesized following the same procedure as triazole 12 (vida supra) and isolated as a
light green-tinged powder, 61%. '"H NMR (500 MHz, DMSO-d,) & 10.85 (bs, 1H), 10.26
(s, 1H), 8.26 (t, J = 5.3 Hz, 1H), 7.92 (s, 1H), 7.65 (d, J = 1.9 Hz, 1H), 7.49 (dd, J = 8.5,
1.9 Hz, 1H), 6.99 (d, J = 8.5 Hz, 1H), 6.42 (s, 1H), 6.37 (s, 1H), 5.49 (s, 2H), 4.30 (t, J =
7.1 Hz, 1H), 4.25 (d, J = 5.5 Hz, 2H), 4.11 (app. t, 1H), 3.08 (m, 1H), 2.81 (dd, J = 12.4,
5.02 Hz, 1H), 2.57 (d, J = 12.4, 1H), 2.54 (s, 1H), 2.07 (t, J = 7.4, 2H), 1.60-1.27 (m, 6H);
*C NMR (125 MHz, DMSO-d,) 6 190.6, 172.0, 162.7, 160.6, 145.4, 136.3, 128.3, 127.1,
122.6, 122.2, 117.8, 61.0, 59.2, 55.4, 51.8, 40.4, 35.0, 34.1, 28.2, 28.0, 25.2; IR (KBr
pellet) 3358, 3307, 3070, 2940, 2836, 1701, 1682, 1653, 1644, 1617, 1546, 1449, 1253,
779 cm™. HRMS (ES, MeOH) m / z caled for C,H,;N;O,S [M+Na]* 481.1634, found

481.1648.
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A Iy a
7@ H/\ﬁ N =N N= N J/\”
HN N N

H,Sal-2. Aldehyde 15 (0.0541 g, 0.118 mmol) was suspended in 1 mL DMF. To this
was added ethylene diamine, (4.0 pL, 0.060 mmol) and the mixture was allowed to sir
for two hours. The residue was collected on a fine frit, washed three times with diethyl
ether, and allowed to dry under vacuum overnight. H,Sal-2 was collected as a light
green powder (0.035 g, 66%). '"H NMR (500 MHz, DMSO-d,) & 13.48 (bs, 2H), 8.57 (s,
2H), 8.25 (app. t, 2H), 7.89 (s, 2H), 7.44, (s, 2H), 7.31 (d, J = 7.9 Hz, 2H), 6.86 (d, J =
8.45, 2H), 6.42 (s, 2H), 6.37 (s, 2H), 5.47 (s, 4H), 4.29 (app. t, 2H), 4.25 (d, J = 5.0 Hz,
4H), 4.11 (app. t, 2H), 3.91 (s, 4H), 3.07 (m, 2H), 2.81 (dd, J = 12.6, 4.81 Hz, 2H), (d, J
=12.6 Hz, 2H), 2.01 (t, J = 7.3 Hz, 4H), 1.58-1.28 (m, 12H); NMR (125 MHz, DMSO-d;)
6 172.5,167.0, 163.2, 161.2, 145.8, 133.1, 132.0, 123.0, 118.8, 117.5, 61.5, 59.7, 59.0,
55.9, 52.6, 35.4, 34.6, 28.7, 28.5, 25.7; IR (KBr) 3422, 3286, 3080, 2926, 2858, 2392,
1696, 1638, 1497, 1384 cm™; HRMS (ES, MeOH) m / z calcd for C,,HssN,,O:S, [M +

Na]® 963.3846, found 963.3853.

3

H,(5-azidomethylsalen) (16). To a solution of azide 15 (0.102 g, 0.575 mmol) in 2.5
mL EtOH was added ethylenediamine (18 pL, 0.27 mmol). The reaction mixture was
heated to 50 °C with stirring for 30 min. The resulting precipitate was isolated via

vacuum filtration and washed with ice cold ethanol. Upon drying, 16 was afforded as a
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bright yellow powder (0.071 g, 68%). '"H NMR (600 MHz, CDCl,) 6 13.26 (s, 2H), 8.37
(s,2H), 7.25 (d, J =1.8 Hz, 2H), 7.19 (d, J = 1.8, 2H), 6.96 (d, J = 8.4 Hz), 4.26 (s, 4H),
3.97 (s, 4H); "®*C (125 MHz, CDCl,) & 176.7, 166.4, 161.3, 132.8, 131.6, 125.8, 118.7,
117.8, 59.9, 54.4); IR (KBr) 3442, 3007, 2917, 2868, 2122, 1638, 1587, 1493 cm™;

HRMS (m/z) calcd for C,H,sN;O, [M + H]* 379.1631, found 379.1630

Cu(Sal-2). H,Sal-2 (0.0098 g, 10 pmol) was dissolved in 300 pyL H,O/DMSO (1:1). To
this was added Cu(OAc), (0.0026 g, 13 pmol). The reaction mixture was heated to 65
°C and stirred for 2 h. The resulting precipitate was collected on a fine frit and washed
successively with ice cold H,O and diethyl ether (3x), and dried over night under
reduced pressure. Cu(Sal-2) was afforded as a purple solid (0.010 g, 98%). IR (KBr)
3422, 3303, 2926, 2856, 1700, 1632, 1467, 1384, 1117, 1051; HRMS (m/z) calcd for
C,HsN,,0.S,Cu [M + Na]* 1024.2986, found 1024.2976; UV-vis A, (DMSO, nm (g,

M-'cm™): 364 (3100), 585 (110). EPR: (DMSO, 77 K), g, = 2.06 G, g,= 2.21 G, A =

618 MHz (Figure 3-6).

2.21(61

L 1 1 _1 1 1 1 1 1 1
2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
B/G

Figure 3-6 Perpendicular-mode X-band EPR spetrum of Cu(Sal-2) in DMSO at 77 K.
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HABA Titrations. A solution of protein (1 mg/mL) was prepared in 200 mM phosphate
buffer at pH 7 and transferred to a 1 cm cuvette. 150 equivalents of a 20 mM solution
of HABA in phosphate buffer were added. A solution of metal complex in DMF was
added in 4 pL portions until 5 equivalents had been added. The titration was monitored

by UV-visible spectroscopy at A, = 506 nm.
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CHAPTER 4

Investigation of a Transition Medal-Mediated C-H Bond Amination Reaction

l. Introduction

The ubiquity of C—H bonds in organic compounds leads them to be attractive
targets for chemical transformations. However, the selective functionalization of
unactivated C-H bonds remains a challenge for the modern synthetic chemist.® In
recent years, great effort and significant progress have been made towards activating
C-H bonds, especially in the field of metal-mediated functionalization. An important
transformation that falls under this umbrella is the direct formation of C-N bond from
C-H bonds, or C-H bond amination.* This family of transformations represents a
valuable set of techniques that can be applied to the synthesis of natural products and

biologically active compounds, many of which are nitrogen-containing species.’

Numerous methods have been developed to perform C-H bond aminations on
unactivated substrates using transition metal catalysts. Several of the key contributors
in this area include Du Bois (Rh)*®, White (Fe,’® Pd'"""®), Blakey (Ru'*®), Driver (Ir,'"” Rh'®
29 Yu (Pd,?* Cu %%, Warren (Cu®), Cundari (Cu®), and Betley (Fe*"*°). The substrate
of these reactions usually contains an organic azide or sulfamate, which generates a
metallonitrene when treated with a transition metal complex. These species are highly

reactive and can insert into C-H bonds to form new C-N bonds. The transition metal
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ion and the ligand framework around it are essential for tuning the reactivity, selectivity,

and stereochemistry of the transformation.

One example is a system developed by the Blakey group that utilizes a chiral
ruthenium(ll) pybox (pybox = pyridine bisoxazoline) complex that can catalyze
asymmetric intramolecular amination of benzylic and allylic C—H bonds using sulfamate
ester substrates (Figure 4-1).'*'® Blakey chose the pybox ligand framework for its
modularity, which allows for rapid development of numerous ligand substitutions to
optimize the reaction conditions as well as chiral options to investigate enantioselective
transformations. Additionally, the neutral nature of pybox allows for cationic metal
complexes, which would favor electrophilic metallonitrenes, which have been

suggested to be the active oxidant in C-H amination reactions.’

Blakey proposes that a bis-ruthenium(VI) metallonitrene is the active species in
the reaction, which is consistent with known ruthenium porphyrin chemistry.®' Under
Blakey’s conditions, the sulfamate ester is oxidized to a nitrene by Phl(O,CtBu),.
Abstraction of a bromide by the addition of silver triflate (triflate =
trifluoromethanesulfonate) from [RuBr,(C,H,)pybox] opens a coordination site cis to the
pyridine of the pybox ligand and allows for the formation of the first metallonitrene.
Dissociation of the ethylene ligand followed by isomerization of the remaining bromide
opens a vacant site for the formation of the second metallonitrene. The bulky ligand
enforces a specific orientation of the sulfamate ligand, causing the aromatic group of
the substrate to orient away from the complex and positioning one of the two

enantiotopic H-atoms in close proximity to the reactive metallonitrene (Figure 4-2).
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H-atom abstraction followed by recombination of the new carbon-based with an
electron from the metallonetrene (radical rebound) forms the new C-N bond. Under
these conditions, benzylic and allylic C-H bonds were aminated with yields ranging
from 42-71% and ee up to 92%. Both electron-donating and —withdrawing

substituents off the aromatic ring were tolerated.

0\\3,,0 catalyst (4 mol%), AgOTf (5 mol%) o, .0
H,N” J Phl(O,CBuU), (1.1 equiv) HD
>
RN MgO (2.3 equiv) R
CgHg, 22°C, 24 h
\‘ ’/ o\‘ ’/o \‘ ’/ ‘\ /’
68% 71% 60% 56%
90% ee 88% ee 88% ee 80% ee
/ \
58% 60% 42% 14%
92% ee 89% ee 75% ee een.d.
catalyst = \

FUEY

Figure 4-1. Blakey and co-works have demonstrated intramolecular C-H bond
amination using a Ru-pybox catalyst with sulfonamide substrates.
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Figure 4-2. Stereochemical model for Blakey’s Ru(pybox) catalyzed C—H bond
amination reaction. The bulky R group off the pybox ligand causes the aromatic
substituent of the substrate to orient away from the metal center and exposes one of
the enantiotopic H-atoms toward the metallonitrene.

Organic azides have also proven to be useful substrates in C-H bond
aminations and present several advantages over sulfamate esters. Sulfamate esters
require sacrificial oxidants to form the metallonitrene and further deprotection to reveal
the amine product, organic azides generate only N, as a byproduct and require no
further deprotection.®**® The work of Driver and coworkers has shown [(cod)Ir(OMe)],
as a competent catalyst for intramolecular C-H amination of ortho-homobenzyl-
substituted aryl azides (Figure 4-1). The reaction is sensitive to the electronic
properties of the aryl azide. Electron-donating groups cause no reaction (Table 4-1,
entry 1), whereas electron-withdrawing groups improve yield and selectivity (entries 3—-
7). The electronic properties of the homobenzylic aryl group did not greatly affect the
reaction outcome (entries 8-10), and the reaction will not proceed with aliphatic or

tertiary C-H (entries 11 and 12). Driver postulates the reaction proceeds through an Ir
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metallonitrene which can abstract an H-atom and then form a C-N bond through

radical rebound, or insert across the benzylic C-H bond in a concerted, two electron

process.

Table 4-1. Scope of Driver’s Ir-catalyzed indoline formation. Indole, the overoxidation
product, is also shown.

[(cod)Ir(OMe)], 2

2
R? R? (2 mol %) R R3 R AR3
R4 > R ¥ R4

R1 N3H CGH67 25 oC; R1 H R1 N

H
1 2 Indole
2 Indole 2 Indole
Entry 1 yield, yield, Entry 1 yield, yield,
% % % %

MeO Ph 7 Ph
1 mH no reaction mH 93 4
N3 F3C N3
Hmph

C6H4(4 OMe)
58 11 8 m 53 15
FLCO oh CGH (4-OMe)
3 WH 75 13 9 81 39
= H
N3
CgHy4(4-F)
72 21 10 m 85 8

4 I H
=8
FsC Ph
5 mH 91 2 11 (j\/\ﬁ no reaction
N3
Ph
6 mH 81 13 12 @(\ﬁ no reaction
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Both examples of C-H amination shown thus far are based off of precious metal
catalysts (e.g. ruthenium and iridium). Although these and many other precious metal
catalysts have rich chemistry and utility, they are limited by their cost and relatively low
natural abundance. First row transition metals (TM) provide an attractive alternative,
as they are far less expensive and earth-abundant. In contrast to second and third row
TM, the first row metals have a tendency to react via one-electron processes, and
while this is still is capable of promoting C-H amination pathways such as the step-
wise H-atom abstraction followed by radical rebound, great care must be taken to
avoid undesired functionalization of the ligand scaffold. For example, the Betley lab
has demonstrated that an Fe'(dipyrrinato) construct can activate organic azides and
catalyze intramolecular C-H amination to form pyrrolidine products in good yield
(Scheme 4-1).2* Treatment of the pyrrolidine-coordinated complex with Boc,O under
elevated temperatures liberates the Boc-protected amine and allows the Fe complex to
participate in successive catalytic cycles. This methodology can tolerate a variety of
substitutions along the aliphatic chain and can be extended to the formation of
piperidines and azetidines. The reaction is proposed to proceed through coordination
of the azide to the iron center followed by extrusion of N,. This intermediate forms a
high spin (S = 5/2) Fe(lll) center that antiferromagnetically couples to an imido radical (S
= 1/2) to give an overall S = 2 ground state. It is this imido-radical character along both
the m and o components of the Fe-N bond that is proposed to promote the H-atom

abstraction and subsequent radical recombination.

82



Scheme 4-1. Intramolecular C-H bond amination using an Fe(ll) complex as a
catalyst.

R> R,

Benzene, 23 °C
— N2

Ar = 2,6-C|2C5H3

Ry; R, R= Ph,H,H
C,H3 H, H
Me, Me, H
Et,H, H
H, H, Me

Previous Work Within this Group

The Borovik lab has not previously researched C-H amination reactions, however, prior
studies within the lab have revealed TM complexes that react with aryl azides and
generate C-H bond activation products. Previous group member Robie Lucas
prepared the ferrous complex of the diurea monoamide scaffold, [Fe'(H,dima)]” and
treated it with p-tolyl azide to generate a ferric amido complex whose molecular
structure was confirmed by X-ray diffraction methods.** It was proposed that that the
azide coordinated to the Fe(ll) complex followed by extrusion of N, to generate an
Fe(IV)-imido intermediate. This highly reactive species presumably abstracted an H-
atom from a solvent molecule or the ligand to generate the stable [Fe"(H,dima)NHTol]

amido species (Scheme 4-3).
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Scheme 4-2. Proposed mechanism for forming an Fe(lll)-amido species via an Fe(IV)-
imido intermediate.

1
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N¥ ' -N; N l
OJ\/N\/ 0)\/'\'\/ O)\/\’-N\/
[Fel(Hodima)] [Fe!V(H,dima)NTol] [Felll(Hdima)NHTol]

Lucas investigated the proposed mechanism of [Fel"(H,dima)(HNTol)]” formation
by treating the Fe(ll) starting compound with p-tolyl azide in the presence of external
H-atom sources. Addition of 0.5 equiv of 1,2-diphenylhydrazine to the reaction of
[Fe'(H,dima)]” with p-tolyl azide afforded the Fe(lll)-amido product as well as
azobenzene in 91% vyield. The analogous reaction with half an equivalent of 9,10-
dihydroanthrocene demonstrated intermolecular C-H bond activation to give small
amounts of anthracene and the coupled product 9,9’,10,10’-tetrahydro-9,9’-
bianthracene; however, 73% of unreacted DHA was recovered (Figure 4-3). The
results of Lucas’s mechanistic study highlighted the ability of [Fe"H,dima] to perform

C-H bond activation.

Bu, _l_ Bu, —l_
NH 1B NH 1
0‘\/ HN ‘ °< -HN/Bu
N p-tolyl azide HN----"
N o
2 ipr ( Fell—N
\N/ e

A A

2

Figure 4-3. Formation of the Fe(lll)-amido in the presence of an H-atom source
demonstrates C-H bond activation.
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This Study

This study focused on the application of Borovik group chemistry toward the
goal of developing a C-H amination catalyst. This approach focuses on the use of H-
bond donors or acceptors on a ligand, which can stabilize reactive intermediates,
enhance reactivity, or directs the position of substrates. The ortho-homobenzyl aryl
azide was selected as a substrate based on the success of the Driver group as well as

the established precedent of the reactivity of Lucas’s complexes with aryl azides.

In the initial phase of the research, the ligand NAO was prepared as an analog
to pybox ligands and was screened with TM salts for reactivity with the aryl azide
substrate. (Figure 4-4).** NAO was inspired by the ligand TAO, which had been
previously developed in the Borovik lab as a neutral ligand capable of enforcing local
three-fold symmetry around the metal ion and promoting intramolecular hydrogen
bonding. By synthesizing NAO as a hybrid with one fewer arm, a binding environment
similar to pybox-type ligands would be achieved. This was thought to be an
advantage over TAO as it would allow sufficient binding sites for bis-metallonitrene
species such as those proposed by Blakey. Although the NAO ligand as used lacks the
chirality of pybox, it contributes H-bond donor groups, which could be useful in

stabilizing reactive intermediates and studying reaction mechanisms.
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Figure 4-4. Comparison of the previously reported TAO, NAO (this work), and a
generic pybox ligand.

The second phase of this study employed two ligands from the Borovik
repertoire based on the platform used by Lucas. The first, H,buea, has been
previously shown to stabilize high-valent metal species, which would be useful in
studying potential reaction intermediates such as the proposed Fe(lV)-imido
species.**3® The second ligand precursor, H;0, lacks the H-bonding capabilities of
Hsbuea and features a potentially more accessible cavity that would allow access for
substrates (Figure 4-5).* The ortho-homobenzyl-subsituted aryl azide was selected
because if the azide were to coordinate and extrude N, to form an Fe(IV)
metallonitrene, a benzylic C-H bond would be poised for H-atom abstraction and

subsequent radical rebound (Figure 4-6).
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Figure 4-5. Generic TM complexes derived from Hsbuea and H,0.
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>
[Fe"] Fe'V] <[|:e|||] [Fe"]

Figure 4-6. Proposed C-H amination pathway involving an Fe(ll) catalyst.

Il. Results and Discussion

Preparation of NAO

Initial studies focused on the use of the ligand NAO to prepare transition metal
complexes capable of performing C-H bond amination reactions. NAO was readily
synthesized in 76% vyield over two steps (Scheme 4-3). N,N-
(diaminoethyl)methylamine was treated with 1-chloro-2-isocyanatoethane in diethyl
ether at 25 °C. A white powder precipitated immediately upon mixing, and 3 was
isolated via filtration in 98% vyield. Urea 3 was subsequently suspended in methanol
and treated with an excess of NaHCO, under reflux in methanol. After filtering through

a pad of Celite, the reaction mixture was concentrated in vacuo and heated to reflux in
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methylene chloride (DCM) so as to remove the remaining bicarbonate salts from

solution. NAO was collected as a pale yellow oil in yield of 89%.

Scheme 4-3. Preparation of NAO.

O\
Cs cl 0 N’>
M ’Né/\NH) —>N/\/ M /N</\NJ\N/\/CI> __NaHCO; Me’N</\N/“\0
e 2/2 Et,0,25°C,18h M€ H H 2 MeOH, 65°C, 18 h H 2

98% 89%
3 NAO

Substrate Synthesis

Azide 1 was prepared from a literature procedure in three steps from
commercially available materials (Scheme 4-6)." 2-Nitrobromobenzene was subjected
to Sonogoshira cross-coupling conditions with phenylacetylene, which afforded crude
4 as a deep, red-orange oil, which was purified by column chromatography in yields of
up to 94%. Alkyne 4 was then dissolved in THF and reduced with hydrogen gas in the
presence of catalytic amounts of Pd/C to furnish crude 5 in 90% vyield. Aniline 5 was
carried on without further purification in a diazotization-azidation sequence, affording
crude 1. Purification by column chromatography gave pure azide 1 as a yellow oil in

61% overall yield.

Scheme 4-4. Synthetic pathway for preparing azide 1.

=—Ph
% Ph

. PdCIéPIP:°§)35/ P H, ) NaNo, Ph

©: r ul 2% Pd/C (ﬁ\/yph ii) NaN
T ——— —_— — L 5
Ethanolamine o
THF, 25 °C AcOH, H,0 N
NO, THF reflux, 18 h NO, 3ah 7 NH, 0-25 °C, Z5h 3
94% 90% 61%
4 5 1
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Catalyst Screens

In order to probe the viability of NAO as a ligand capable of supporting
transition metal complexes in C-H amination reactions, catalyst screens were
performed on a series of metal salts employing conditions similar to those used by
Driver (Table 4-1). All reactions were prepared in a dry box under an argon atmosphere,
sealed and then removed to atmospheric conditions. The reaction mixtures were
heated to reflux for 18 h. Afterward the crude reaction mixture was filtered through a
pad of Celite, and the solvent was removed in vacuo. The resulting residue was
analyzed by 'H NMR spectroscopy. Product ratios were calculated based on the
comparison of the indoline 2 NH peak at ~4.9 ppm, the aniline 12 aliphatic CH, signal

at ~2.79 ppm, and the aliphatic CH, signal of azide 1 starting material at ~2.87 ppm.

Table 4-2 Catalyst screen results

NAO 9%
_Ph Metal Salt 9% Ph Ph
- > Ph
PhMe, 100 wt % 4 A mol sieves N * *
Na Reflux, 18 h NH, N,
1 2 5 1
. Product Ratio
Entry Metal Salt Ligand [%] (2:5:1)°
1 Co(OAc), NAO no reaction
2 Mn(OAc), NAO no reaction
3 MnCl, NAO no reaction
4 FeSO,*H,0 NAO no reaction
5 Cu(OAc), NAO no reaction
6 Ni(OAc),® NAO no reaction
7 NiBr, © NAO no reaction
8 RuCl;+3H,0 NAO 0:42:68
9 RuCl,(PPh,), NAO 71:18:12
10 RuCl,(PPh,), none 73:20:06

2 As determined by NMR Spectroscopy ° MeOH used as solvent
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Nine different metal salts were screened, of which only two ruthenium salts
displayed any reactivity under the test conditions (Table 4-2). RuCl,*3H,0 and
RuCl,(PPh,); gave partial conversion to aniline 5 (entries 8 and 9), and RuCl,(PPh,), also
produced target indoline 2 (entry 9). However, control reactions with RuCl,(PPh,),
alone under the same reaction conditions (Entry 10, Table 1) afforded the same
products as the previous ruthenium tests with slightly improved yield of indoline 2,
demonstrating that NAO does not significantly affect the reaction. This result is
supported by the work Jia which demonstrates ruthenium salts are capable of
performing similar reactions with o-aryl phenylazides to form carbazoles via a
ruthenium nitrenoid intermediate.”® When azide 1 was subjected to the test conditions
with NAO in absence of metal, no reaction was observed. Moreover, when azide 1
was heated to reflux in toluene in the absence of both NAO and any metal salt, only

starting material was recovered.

Investigation of urea and carboxamide based ligands

Based on the precedent within the Borovik group of tripodal Fe(ll) systems
capable of reacting with aryl azides, first row TM complexes of tripodal urea and
carboxamide based ligands were investigated as reagents for C-H amination. The pre-
ligand (H,buea or H,0) was deprotonated in the dry box with three equivalents of KH in
DMA and metallated with Fe'(OAc), or Mn"(OAc), (Scheme 4-7)). After filtration of two
equivalents of potassium acetate, the resulting pale yellow solution was treated with an
equivalent of the substrate in a DMA stock solution. In the case of systems using the

urea-based Hgibuea, the reaction mixture would immediately turn dark amber.
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However, when the analogous carboxamide H,0 system was treated with substrate, the
reaction mixture would quickly turn dark blue-green, and then over the span of five to
ten minutes would become the same dark amber, which is consistent with Lucas’s
observations in the formation of putative Fe(lV) imido species—the proposed reactive
intermediate along the C-H amination pathway.** The solvent was removed in vacuo
with the aid of diethyl ether as a coevaporator. The crude residue was taken up in
CDCI, and passed through a plug of Celite before being analyzed by 'H NMR
spectroscopy for organic products. In no case was there any evidence of formation of
indoline 2. The Fe(ll) systems gave partial conversion of the starting material to the
aniline 5 decomposition product. The corresponding Mn(ll) system bearing the
carboxamidate 0 gave a modest conversion to the aniline; however, the analogous

[Mn"(H,buea)]” complex was completely unreactive towards azide 1.

The urea-based ligand system is limited to DMA as a solvent because it
decomposes in other media, but the salt of [Fe"(0)]" can be isolated after metallation
and then be taken up in acetonitrilie (CH,CN), dichloromethane (DCM), or
dimethylformamide (DMF) for treatment with azide 1. The complex was only sparingly
soluble in DCM, and no transformation was observed. CH,CN and DMF provided for
slightly enhanced degradation of the starting azide into the corresponding aniline. The
observation of aniline is suggestive of the formation of a metallonitrene in situ. If
formation of an Fe(IV)-imido occurs followed by H-atom abstraction from the solvent or
intramolecularly from the substrate to form an Fe(lll)-amido, a second H-atom

abstraction event in situ or from the reaction work-up would form the aniline. This is
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suggestive that ligand environment around the metal center in both [Fe'(H,buea)]” and
[Fe'(0)] is too crowded to allow the approach of the benzylic C-H bond to the reactive
metallonitrene. Additionally, it could indicate that the reduction back to an Fe(ll) center
to facilitate the bond formation is two difficult; the ligands are designed to stabilize

high-valent metal centers.

Scheme 4-5. In situ formation of Mn and Fe complexes with Hsbuea or H,0 followed by
addition of azide 1 afforded aniline 5 in addition to starting material.

1 equiv | X Ph
azide 1 AN

3 equiv KH MI(OAc). MIH- AL 2 H
—_— 3 30
HnL DMA Hn-SL DMA [ ( n-3 )] Ph /Ph
-2KOAC ©\/\/ +
L= Hgbuea or H30 M = Fe, Mn z NH,
3
1 5

Table 4-3. Results of Fe(ll) and Mn(ll) chemistry.

Entry Metal Salt Ligand Solvent Ratli::)r,ot(;)u?: 5
1 Fe(OAc), H,0 DMA 48:52
2 Fe(OAc), H,0 DMF 66:34
3 Fe(OAc), Hcbuea DMA 55:45
4 Fe(OAc), H,0 CH,CN 38:62
5° Fe(OAc), H,0 DCM no reaction
6" Fe(OAc), H,0 DMF 47:53
7 Mn(OAc), H,0 DMA 42:68
8 Mn(OAc), Hebuea DMA no reaction

a As determined using 1H NMR spectroscopy. b Metal complex isolated from DMA and
redissolved in indicated solvent before treatment with substrate.
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Ill. Conclusions

The ligand NAO was combined with various transition metal salts in an effort to
generate conditions for C-H amination suitable for transforming ortho-homobenzyl aryl
azide 1 into indoline 2. Initial screens with first row transition metal salts provided none
of the desired reactivity. RuCl,;*3H,0 and RuCl,(PPh,), exhibited reactivity with azide 1
both in the presence and the absence of NAO, however this is a previously

demonstrated transformation.

The chemistry of Fe(ll) and Mn(ll) complexes bearing tripodal anionic ligands
was also explored. Although there is precedence of these Fe(ll) complexes performing
C-H activation, the experimental results suggest that this system is not amenable to
the intramolecular cyclization of phenthylazobenzene 1. Variation of solvent and use of

Mn(ll) in place of Fe(ll) demonstrated little to no improvement.

IV. Experimental
General Procedures

'H NMR and "*C NMR spectra were recorded at ambient temperature at 500
MHz and 125 MHz, respectively, on a Bruker DRX500 NMR instrument. 'H and "*C
NMR data are reported as follows: chemical shifts are reported in ppm on a 6 scale
and referenced to internal tetramethylsilane or residual solvent (TMS: 6 0.00; CHClI,: 6
7.27), multiplicity (s = singlet, bs = broad singlet) d = doublet, t = triplet, q = quartet),
coupling constants (Hz), and integration. Liquid chromatography was performed using

forced flow (flash chromatography) of the indicated solvent system on Sorbent
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Technologies silica gel (SiO,) 60 (230-400 mesh). High-resolution mass spectra
(HRMS) were recorded on a Waters LCT Premier quadrupole time-of-flight
spectrometer and were obtained by peak matching. Gas chromatography/mass
spectrometry (GC/MS) was performed with a Waters GCT Premier orthogonal
acceleration time-of-flight spectrometer using chemical ionization. Fourier transform
infrared spectra were collected on a Varian 800 Scimitar Series FTIR spectrometer.
Preparation of ligand was performed in oven-dried glassware under atmospheric
conditions. The synthesis of substrate and all intermediates was performed under an
atmosphere of nitrogen in glassware that had been oven-dried. The preparation of all
catalysis screening reactions was performed in a Vacuum Atmospheres, Co. dry box
under an argon atmosphere. All reagents were purchased from commercial sources
and used as received, unless otherwise noted. Solvents were sparged with argon and
dried over columns containing Q-5 and molecular sieves. Ligands Hsbuea and H,0

were obtained from Dr. David C. Lacy.

Ligand Synthesis

o)
Me’N'</\NJ\N/\/CI>2
H H

Ligand Precursor 12. To a 500 mL round-bottom flask containing N,N-
(diaminoethyl)methylamine (1.06 g, 9.01 mmol) in diethyl ether (100 mL) was added 2.2
equiv 1-chloro-2-isocyanatoethane (2.10 g, 19.9 mmol) dissolved in diethyl ether (100
mL) via dropwise addition. Upon mixing, a white solid precipitated. After allowing the

reaction mixture to stir overnight, the white solid was collected on a glass frit, washed

94



with diethyl ether (50 mL), and dried under reduced pressure to yield 12 (98%): mp 92—
95 °C. 'H NMR (500 MHz, CDCl,) 6 5.64 (t, J = 5.5, 2H), 5.55 (bs, 2H), 3.63 (t, J = 5.5,
4H), 3.56 (g, J = 5.4), 3.27 (g, J = 5.0, 4H), 2.52 (bt, J = 5.0, 4H), 2.29 (s, 3H); *C NMR
(500 MHz, CDCl,) 6 159.1, 57.6, 45.5, 42.9, 42.4, 38.3; FTIR (KBr pellet) 3333, 2959,
1703, 1623, 1575, 1568, 1481 cm™; HRMS (ESI) m / z calcd for C,;H,;O,N;Cl,H (M +

H)* 328.1307, found 328.1307.

Me’"(”ﬁi}L

Preparation of N-methyl(2-amino-oxazoline) (NAO) compound 13. Compound 12
(2.90 g, 8.83 mmol) and NaHCO; (3.01 g, 35.8 mmol) were suspended in MeOH (100
mL) and heated to 90 °C (silicon oil bath) overnight. The reaction mixture was initially
clear with some insoluble NaHCO,, but over 1-3 h additional salts precipitated. Upon
completion of reaction, the precipitate was removed via frit filtration, and the filtrate
was concentrated in vacuo to give a viscous white residue. This residue was dissolved
in CH,CI, (100 mL) and brought to reflux for ca 1 h to extract the product from the
residue. Upon cooling, the resulting solution was filtered through a pad of Celite. The
pale yellow filtrate was evaporated under reduced pressure to give 13 (NAO) as an
extremely viscous pale yellow oil (89%): '"H NMR (500 MHz, CDCl,) & 4.63 (bs, 2H), 4.26
(t, J = 8.5, 4H), 3.78 (t, J = 8.5, 4H), 3.28 (t, J = 5.5, 4H), 2.54 (t, J = 6.0), 2.23 (s, 3H);
*C NMR (500 MHz, CDCl,) 6 161.8, 77.4, 68.1, 56.7, 53.0, 41.9, 40.6; FTIR (thin film)
3436, 2972, 2881, 2807, 2208, 1668, 1517 cm™; HRMS (ESl) m / z calcd for

C,;H,O,N.H (M + H)* 256.1773, found 256.1769.
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17,40

Substrate Synthesis

=—Ph
0 Ph

. PdCIéPIP:°§)35/o P Hy ) NaNO, Ph

@: r ul 2% Pd/C (j\/yph ii) NaNy
— —_— — 3
Ethanolamine °
THF, 25 °C AcOH, H,0 N
NO, THF reflux, 18 h NO, 24 h Z > NH, 0-25°C, 25 h :
94% 90% 61%
4 5 1

Azide 1 and all intermediates were prepared according to literature procedures from
the Driver lab and Murata and coworkers.

Procedure for Catalysis Screens with NAO

In a 0.5 mL conical screw cap reaction vessel, metal salt (9 mol%), 4 A molecular
sieves (100 wt%), and toluene (0.24 mL) were weighed out in a dry box under an
atmosphere of argon. To this was added ligand NAO in toluene (9 mol%, 0.029 mM),
followed by 1 equiv of azide 1 via syringe. The vial was sealed and removed to
atmospheric conditions. The reaction vessel was heated to reflux in a sand bath. After
heating overnight, the reaction mixture was cooled to room temperature and solids
were removed via filtration through a pipette column of Celite. The resulting crude
solution was dried in vacuo. The residue was taken up in CDCI, and analyzed with 'H
NMR. The areas of the N-H signal in 2, the aliphatic C-H signal in 5, and the aliphatic

C-H signal in 1 were compared to determine the ratio of products.

General Procedure for M(ll) Chemistry
To a solution of Hsbuea (0.387 g, 0.0872 mmol) in DMA (5 mL) in a 20 mL scintillation

vial was added 3 equiv KH (0.102 g, 0.254 mmol) in a dry box under an atmosphere of
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argon. Vigorous bubbling ensued as H, gas evolved, causing the reaction mixture to
become opaque. Once the bubbling ceased (ca 1 h), Fe"(OAc),(0.015 g, 0.087 mmol)
was added to the reaction mixture, resulting in the precipitation of KOAc. The solid
was removed via filtration through a glass frit, and the resulting pale yellow filtrate was
collected in a second 20 mL scintillation vial. To this was added azide 1 in DMA (0.31
uL, 0.28 M). The reaction mixture immediately turned deep amber. After 1 h, the
reaction mixture was concentrated in vacuo, and the residue was washed portion-wise
with diethyl ether (3 x 2 mL) until all remaining DMA was removed and a red-brown
powder remained. The powder was suspended in diethyl ether (5 mL) and was filtered
through a glass frit to give a pale yellow filtrate. This solution was evaporated under
reduced pressure, and the residue was dissolved in CDCl, and analyzed by '"H NMR

spectroscopy for C-H amination reaction products.
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