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Abstract

Bioorthogonal chemistry is a burgeoning area of study that has innumerable
applications. This dissertation describes applications of bioorthogonal chemistry to solve
problems in the fields of imaging and metal uncaging. We first consider hyperpolarized
magnetic resonance, a powerful tool in clinical and biochemical imaging that suffers
from short signal lifetimes, which are typically less than a minute for many common
molecular probes. Bioorthogonal handles such as azides and tetrazines are shown to be a
viable, highly generalized approach to overcome these lifetime limitations in a variety of
molecular probes. Additionally, in the field of inorganic chemistry, we hypothesize the
potential use of bioorthogonal “click” reaction toward the development of a novel metal
uncaging strategy. These innovative demonstrations of bioorthogonal chemistry

highlight their potential in diverse areas of study.
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1. Introduction

In this chapter, I explain and justify our interest in developing hyperpolarized
molecular tags. After overviewing relevant background information, I examine the logic
behind their concept and design, while demonstrating their potential value to clinical
imaging and research. This chapter serves as a preface for Chapters 2 and 3, in which I

discuss the work we have completed on this subject.

1.1 Clinical Hyperpolarized Magnetic Resonance: Background,
Rationale, and Limitation

1.1.1 Magnetic Resonance Spectroscopy/Imaging Concepts

Magnetic resonance (MR) is the basis for extremely powerful, non-invasive
techniques such as nuclear MR (NMR) spectroscopy and MR imaging (MRI) that are
used to visualize the chemical environment of various nuclei with extraordinarily high
resolution and contrast. Unlike other common clinical molecular imaging methods such
as computed tomography (CT) or positron emission tomography (PET), MR has many
different detection and acquisition parameters that allow highly customized imaging
and spectroscopy, while not requiring the use of harmful ionizing radiation.!-?

Most direct applications of MR can be classified into four general categories,
namely: NMR, MR, in vivo magnetic resonance spectroscopy (MRS), and magnetic
resonance spectroscopic imaging (MRSI).>* These terms are used interchangeably in

many publications, and some consider MRS or MRSI to be subsets of NMR or MRI.



However, there are several subtle differences, which I will now explain while briefly
skimming the physical concepts of MR. For the purpose of this document:

1. NMR experiments are in vitro applications of MR in which a molecule’s nuclear
spins are first aligned/anti-aligned with an external magnetic field, and then the
resulting polarization is interrogated using pulse(s) of specific radio frequencies
(RF). The local chemical environment of the nuclei causes minute variations in

resonance frequency, which are expressed in the form of chemical shifts. These

chemical shifts are typically what is analyzed to determine molecular structure
or chemical environment of the nuclei.

2. MRI experiments are in vivo applications of MR in which, just like NMR, a
specimen is placed in an external magnetic field, and polarized nuclei of interest
are pulsed with RF radiation and detected. Additionally, the physical 3-
dimensional location of MR signal is determined by subtle variations of the
magnetic field using a gradient system. Images are generated based on relaxation
mechanisms of the magnetized nuclei, and typically, macroscopic spatial
information of different tissues and organs are obtained.

3. MRS experiments are in vivo applications of MR in which a small, confined area
(i.e., a voxel) is analyzed with MR to obtain biochemical spectroscopic

information in the form of chemical shifts of the nuclei of interest (Figure 1). This




small-scale technique can be used to determine concentrations of various
metabolites or detect biomarkers of disease.
4. MRSI experiments simply combine the large-scale spatial images of MRI with

small-scale spectroscopic information of MRS to generate highly detailed,

quantified images (Figure 1).

ALANINE

Intensity

Figure 1: Example of MRSI analysis. A voxel (red box overlaid on MRI scan,
left) is analyzed spectroscopically and the MRS spectra (right) is obtained. The
metabolite alanine is observed based on 'H chemical shifts. Image credit: David J.
Manton, Ph.D., University of Hull.

1.1.2 Clinical Applications of MR are mostly limited to 'H detection

For MR-active nuclei of interest (i.e., one with nuclear spin # 0), the magnitude of
its MR signal is directly proportional to the number of the nuclei that are present in the
sample. Typically, for clinical applications of MRI, 'H nuclei are used for detection
because the human body is made up of mostly hydrogen from water molecules (Figure
2) and the 'H isotope of hydrogen has extremely high natural abundance (Figure 3).

Thus, images generated by most MRI operations are essentially spatial images that



depict variations in water density, which can allow users to distinguish between types of

tissue such as bone, muscle, or adipose.>

Other
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Figure 2: Atomic composition (atomic percent) of human body.¢
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Figure 3: Isotopic abundance and respective nuclear spin of the four most
common elements found in the human body.

For similar reasons, most clinical applications of MRS are also 'H analyses. There
have been niche applications using *'P to study phosphorylation”® or 2Na to investigate

changes in sodium levels due to neurodegenerative diseases,*'° but purely as a research

interest.



1.1.3 Potential Clinical Applications of *C/**N MR

Another potential avenue for clinical MR application is the detection of other
biologically prominent elements, such as carbon or nitrogen (Figure 2). The most
common isotopes of carbon and nitrogen are overwhelmingly 2C and “N, respectively
(Figure 3). However, 2C has a nuclear spin of 0 and thus is MR-inactive, while N has a
nuclear spin of 1, which, in most cases, limits its resolution of detection. This is due to
large quadrupolar coupling, which causes rapid relaxation of N nuclei and broadens its
MR signal. Therefore, MR detection of carbon or nitrogen in native organic molecules is
extremely difficult and unfeasible."

On the other hand, the impracticality of detecting naturally occurring carbon and
nitrogen is advantageous for applications that involve tracking externally introduced
molecular tracers. Rare isotopes of carbon and nitrogen that are spin % (namely, *C and
5N, respectively) are especially favorable for MR detection. Because of the scarcity of
these isotopes in normal biological systems, there is less background signal in such
spectra. These heteronuclei have two additional benefits over 'H MR:

1. 'H MR has a relatively small window of chemical shifts, which can complicate 'H

MRS analysis.'? Many metabolites (e.g., sugars, amino acids, and other small

molecules) have similar chemical shifts, and their intensities are relatively low

due to the large water and lipid peaks, which requires special suppression



techniques.’>!* On the other hand, **C and N have a very large range of
chemical shifts, and most metabolites have very distinct spectral profiles.
2. BCand N nuclei possess longer spin-lattice relaxation times (T1) compared to
'H, allowing for analysis over longer periods of time, which is important for
studies involving molecular metabolism or other time-dependent processes.
Therefore, the following MRSI concept is highly desirable: after administration of
a 13C- or *N-isotopically labeled molecular tracer, the respective 1*C- or ’N-MR detection is
used to track the nuclei as they interact with the biological system of interest. Not only
can the nuclei of the isotopic tracer be tracked spatially with high resolution, but their
structural information can also be captured macroscopically, which is extremely
valuable from a biochemical perspective. For example, this strategy has lead to insights
in cellular redox mechanisms'® or detection of pH.'*" Unfortunately, as discussed in the
following section, MR detection of *C or N nuclei has major sensitivity problems,

which severely limits the practicality of this concept without special techniques.

1.1.4. Hyperpolarization Technigues can Overcome MR Sensitivity
Issues

Despite wide use of 1*C- or "’N-NMR, clinical translation has been challenging,
mainly due to the inherent low sensitivity of *C- and ®’N-MR.>* MR signal is directly
proportional to the population difference between Zeeman spin states, which is
governed by temperature (T), strength of the external magnetic field (B), and

gyromagnetic ratio of the nuclei (y) in study by the Boltzmann distribution:

6
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where o and 3 correspond to the two spin states (since both *C and >N are spin %2
nuclei). Therefore, in theory, higher magnetic field and gyromagnetic ratio or lower
temperature would yield greater signal. Unfortunately, interesting heteronuclei such as
13C or N have relatively low gyromagnetic ratio (Table 1), which significantly lowers
their MR sensitivity and renders their detection at biologically relevant concentrations
(i.e., utM-mM range) nearly impossible at room temperature without an extended
number of scans, even at very high fields. Acquiring large numbers of scans in clinical
contexts is unfeasible, especially due to the relatively long relaxation of these nuclei
(compared to 'H)."

Table 1: Gyromagnetic ratios of common naturally occurring isotopes.

Naturally Occurring | Absolute Value of Gyromagnetic Typical Ti range (s) at
Isotopes Ratio, |yl (10°rad s T ) (magnetic field)
H 267.51 3.7 (4.7T)m
13C 67.26 13 (11.7 T)>-84 (3 T)*
4N 19.33
5N 27.12 189-390 (7 T)*
70 36.26

To overcome this challenge, hyperpolarization techniques have been developed
to increase the spin state population difference beyond that at thermal equilibrium

polarization, which is extremely small (e.g., at 1 T and 300 K, the difference is only 4.4
7



molecules per million according to the Boltzmann Distribution). Through various

physical phenomena, the MR signal of the hyperpolarized target can be raised by

multiple orders of magnitude (Figure 4). I will now briefly overview the three most

common methods of hyperpolarizing '*C- and *N-labeled agents.

Energy

Antiparallel to S & 4
external field
Parallel to : . L :
external field

N —

Normal conditions Hyperpolarized conditions

Energy

Figure 4: Hyperpolarization methods can dramatically increase the difference
in spin populations. At room temperature under normal conditions, this difference is
typically on the order of parts per million (left), but methods have been developed to
increase the difference to the order of parts per hundred (right). Image adapted from

literature source.

1.1.4.1 Dissolution Dynamic Nuclear Polarization (d-DNP)

The most commonly used hyperpolarization method in the clinical realm, d-DNP
is based on recent advancements in dynamic nuclear polarization (DNP) by Ardenkjeer-
Larsen and coworkers.? In essence, DNP is a technique in which spin polarization of
free electrons are transferred to nuclei via microwave radiation. Electron spins have high
gyromagnetic ratios (> 2000 times larger than that of *C); thus, at low temperatures,

significant polarization can be achieved (up to 92% at 1.4 K and 3 T). The polarization

8



transfer occurs in the solid state in a neat format or frozen aqueous matrix. For d-DNP,
an additional step follows this step: rapid dissolution of this frozen pellet using hot
water will produce a solution of the hyperpolarized molecule that can be directly
administered or analyzed. The discovery of d-DNP has led to an explosion of
advancements and examples of hyperpolarized probes.?> The major limitation of d-DNP
is its market price, as polarizers can be prohibitively expensive, as well as the long
polarization times (typically on the order of hours).? Therefore, much research has been

conducted on alternative methods of hyperpolarization, as discussed below.

1.1.4.2 Parahydrogen Induced Polarization (PHIP)

There are two spin isomers of molecular hydrogen (Hz): orthohydrogen (ortho-
H>) is the triplet spin isomer (the two protons’ spins are aligned in parallel) and
parahydrogen (para-H) is the singlet spin isomer (the two protons’ spins are aligned in
antiparallel). At room temperature, hydrogen gas at thermal equilibrium is
approximately 75% ortho-H: and 25% para-Hz. Conversion to para-H: can be achieved by
simply cooling the gas to low temperatures.?”

In PHIP, para-H: is catalytically added across an unsaturated bond (e.g., alkene)
at a certain magnetic field, breaking the magnetic symmetry of the para-Hz protons and
effectively hyperpolarizing them.?? The polarization can be transferred to nearby
coupling C or N nuclei (Figure 5). PHIP has been proven to be an effective method

that can be used to hyperpolarize certain molecules in solution phase with great



efficiency (up to 10% polarization). Many examples, including [1-*C]-pyruvate® and [1-

3C]-phospholactate,® have been shown.

— 13
CR
13 74 % 3 13 R3
CR; —°~ "~
— para-H, polarlzat|on

addition transfer

Figure 5: Schematic of parahydrogen induced polarization (PHIP).

Additionally, due to the high symmetry of H», para-H- in the neat, gaseous form
is very stable and takes weeks to relax to the ortho-H: spin isomer (e.g., 100% para-Ha
drops to just 85% after 30 weeks).?2 Therefore, despite its structural constraints (i.e.,
requirement of unsaturated bond adjacent to nuclei of interest), PHIP is still a practical

hyperpolarization technique that is comparably more cost-effective and faster than d-

DNP.

1.1.4.3 Signal Amplification by Reversible Exchange (SABRE)

A variation of PHIP, SABRE uses para-H: as its source of polarization but does so
in a reversible manner that does not involve the breaking/formation of covalent chemical
bonds. SABRE is a reversible, transient process that uses a transition metal catalyst
(typically iridium) in solution phase.?® Hydride coordination to the metal center,
combined with coordination of the substrate, breaks the magnetic symmetry of para-Hz
and allows the transfer of polarization from para-Ha to the substrate of interest (Figure
6). Typically, SABRE has been used to polarize protons or carbons adjacent to the

substrate-metal coordination site. One prominent derivative of this concept is SABRE in

10



SHield Enables Alignment Transfer to Heteronuclei (SABRE-SHEATH), which applies
the SABRE process at extremely low fields to polarize the nucleus directly bound to the
metal catalyst (typically N nuclei).* This method has been used to achieve polarization
levels of up to 20%, and is applicable to many different substrates.®>3 Like PHIP, SABRE
is a relatively cost-effective and rapid hyperpolarization approach, but has the

additional advantage of maintaining the structure of the substrate.

Me /= Me
Q/NVN\Q\
Me Me Me Me
15 15
_l'Ll 1 N=N
reversible para-H, H/,,,,' ‘\\\‘L X
para-hydrogen H/Ir\wNEN R1 Rz reversible
exchange 41 41 — 54 substrate
- R7 "R, 15115 exchange
ortho-H, L =N
hyperpolarization transfer X
Ri Rp

Figure 6: Schematic of Signal Amplification by Reversible Exchange in SHield
Enables Alignment Transfer to Heteronuclei (SABRE-SHEATH) technique, with >N:-
diazirines as the hyperpolarized substrate.

1.1.5 Short Relaxation Time Constrains Applicability

Despite advances in hyperpolarization technology, the concept in practice has a
fundamental drawback. The amplified signal decays according to the T of the nucleus,
which, for most *C and N nuclej, is still relatively short, especially under physiological
conditions.® For example, the T: of *C nuclei in many organic compounds is on the
order of just tens of seconds (Table 2). The relaxation time of [1-*C]pyruvate, one of the

most widely used hyperpolarized contrast agents, is longer but is still in the range of 40—

11



60 seconds, depending on the experimental conditions.“*#2 Therefore, investigations
using these sensors are limited to detection within 1-5 minutes after administration (a
common rule of thumb is 5 times the T1), which severely restricts the practicality and
applicability of hyperpolarized contrast agents.

Table 2: Examples of T: relaxation times of several *C-enriched compounds at
9.4 T® using d-DNP

13C-Enriched Compound BC T (s)
[1-BC]pyruvate® 42
[2-13C]dihydroxyacetone 32
[U-13C, U-H]glucose* 10
[1,4-13Co]fumarate* 24
[1-13C]ascorbic acid¥’ 16
[1-3C]glutamine 25
[1-13C]alanine* 29

1.2 Current Developments of Extending Hyperpolarized Signal

T:1 is dependent on many factors, from those intrinsic to the molecular structure
of the target to those affected by experimental conditions. Different types of relaxation
pathways are taken into account when considering T1, including dipolar relaxation,
chemical shift anisotropy (CSA) relaxation, scalar coupling relaxation, and spin rotation
relaxation.® For this scope of this document, I will not discuss the specifics of each type
of spin relaxation and instead will narrow our focus to two principal mechanisms of

relaxation. Since most hyperpolarized contrast agents are '*C- or "N-labeled small
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organic molecules, the predominant relaxation pathway is dipolar relaxation caused by
dipole-dipole coupling interactions with adjacent 'H atoms. Additionally, at high
magnetic fields, CSA relaxation rate is strongly affected, as T1 contribution from CSA is
inversely proportional to the square of the magnetic field strength. Recent developments
addressing these relaxation pathways have made efforts to increase T: and achieve

longer hyperpolarized states.

1.2.1 Elongation of T1 by Modifying Hyperpolarization/Detection
Conditions

There have been various methods that modify the environment of the
hyperpolarized molecule (without modifying the structure of the molecule itself) to
lengthen its signal lifetime. For example, the Keshari group found that transfer and
detection of the sample to lower magnetic fields (i.e., 1 T) to decrease CSA relaxation
was an effective method to increase 71 while maintaining high signal-to-noise ratios
(SNR).>® Additionally, removing impurities that may cause relaxation has shown modest
increases in T1: for example, degassing the sample to remove paramagnetic elemental
oxygen or extracting the free radical used for d-DNP after polarization.>' Deuterated
solvents can also have a beneficial effect when hyperpolarizing nuclei with exchangeable
protons, although this is clearly not applicable in clinical contexts.? Moreover, the Hilty
group has developed novel hardware that rapidly transfers polarized samples to the

magnet for detection to maintain as much signal as possible.>
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However, even with these new developments, none of these methods themselves
are enough to significantly increase relaxation times (i.e., > 1.5 times the original T1), and
direct structural modification of the molecular probe is still the most commonly used

approach for extending signal lifetime.

1.2.2 Elongation of Ty via Deuterium Substitution

Techniques to reduce dipolar relaxation almost exclusively revolve around direct
structural modification of the target, usually by replacing or removing neighboring
protons from the nucleus to be hyperpolarized. The most common strategy is to
preserve the molecular structure of the substrate by simply substituting non-
exchangeable protons of the molecule with deuterium, a quadrupolar nucleus that does
not contribute to dipolar relaxation. Therefore, substitutions of protons that couple very
strongly with the target nuclei theoretically have more substantial effect on the lifetime.

This has been shown to be effective for many molecules: for example, [5-
13C]glutamine was shown to have relaxation time of 16 seconds at 9.4 T,% > whereas
deuterated isotopologue [5-1°C, 4,4-?H:]glutamine had relaxation times of up to 33
seconds at the same magnetic field.% Similar effects were observed with deuteration of
glucose, % fructose,' and choline.?> 3% Nuclei with directly adjacent exchangeable
protons, such as 'Nz-urea, were also found to have longer relaxation when deuterated

before (and during) polarization.>
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However, deuterium substitution has some negative side effects. First, deuterium
splitting can cause broadening of signal and thus lower SNR, which is especially
prevalent at lower fields. Second, adding deuterium to any analyte, especially adjacent
to its active pharmacophore or site of future chemical modification, can cause slower
reaction kinetics due to the kinetic isotope effect.®* This is typically undesirable,
particularly because of the small window of detection for hyperpolarized agents. For
example, this phenomenon has been observed with metabolism of hyperpolarized [U-
BBC, U-2H]glucose in yeast.” Dihydroxyacetone phosphate (DHAP), a downstream
metabolite of glycolysis, is converted to glyceraldehyde 3-phosphate by the enzyme
triosephosphate isomerase. The ke for this enzyme was found to be almost 3 times
smaller for deuterated [1(R)-2H]DHAP than for the naturally abundant isotopologue,®!

which limits glycolysis analysis using hyperpolarized glucose.

1.2.3 Exploiting Moieties with Especially Long T:

One underexplored strategy is to use special functional groups that have been
established to have long relaxation times. A prime example of this approach is using
nuclei that are quaternary *C/**N centers, which have no adjacent protons and therefore
have greatly diminished dipolar relaxation mechanisms. Moreover, quaternary *C/*N
centers flanked by three identical substituents have the added advantage of having low
CSA relaxation due to the highly symmetrical environment of the *C/'*N nuclei. These

moieties have been found to have extraordinarily long T1, especially when deuterated
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(Figure 7).22% One immediate application of this is ®N-choline, which coincidentally
contains this type of quaternary nitrogen and has one of the longest lifetimes recorded
for an endogenous molecule (Figure 7, 24 and 4 from left).®2 Unfortunately, clinical use
of hyperpolarized '"N-choline is hampered by its toxicity in high doses, as well as the

small difference in chemical shift between *N-choline and its metabolites (see §1.3.1).11 %
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Figure 7: Comparison of T1 between various quaternary ’N-amines and
pyruvate at 14.1 T. Image derived from literature source.®

Quaternary *C/®®N centers have also been the focal point of several exogenous
molecular probe designs. The Sando group has explored using quaternary *C/N
centers toward the development of various environmental sensors.**% They found fully
deuterated [°N, 2Hu]trimethylphenylammonium (TMPA) salts can have very long
relaxation times (over 13 minutes at 14.1 T; Figure 7, far right) and showed several

applications of TMPA salts as potential sensors for calcium ions, reactive oxygen species
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(ROS), or esterase enzyme activity. This type of design was also explored using PHIP to
transfer polarization from para-H: to a quaternary ®N center for generating different
choline derivatives.3 ¢/

Together through a collaboration with the Warren group, we have discovered a
new class of compounds, "Nz-diazirines, that also have extraordinary long lifetimes.2¢- 6
N2-Diazirine-tagged molecules were conveniently polarized using SABRE-SHEATH,
and were observed to have T1 values of up to 6 minutes (at 12 mT). One exciting aspect
of this approach is that for "N>-diazirines with magnetically inequivalent >N nuclei
(e.g., containing a chiral center), singlet order of the *N2-pair can be easily accessed and
detected, which can have singlet order relaxation time Ts of up to 23 minutes (at 0.3 mT).
Using singlet states for polarization preservation will be discussed in more detail in the

following section.

1.2.4 Conversion of Polarization to Singlet Order

Approaches that completely circumvent some of the spin relaxation pathways
have also been explored. Recent advancements have shown the feasibility of storing
polarization through a nuclear spin singlet state, which can be accessed by using special
pulse sequences,® physically changing the magnetic field of the sample (i.e., field
shuttling or cycling),”*”! or direct chemical structural modifications. Examples of these

structural modifications include designing molecules with directly adjacent,
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magnetically similar but inequivalent nuclei’>” or changing the surrounding chemical
environment to induce a structural modification of the hyperpolarized target.”

Singlet order is symmetric has thus no net angular momentum, protecting it
from many relaxation mechanisms. Therefore, it has found to have much longer
relaxation times than that of the triplet state. At present, singlet states can be achieved
with only a small class of molecules, namely those that contain two adjacent nuclei (**C
and/or ®N) that are either magnetically equivalent or have very specific J-coupling
parameters. Therefore, their use in endogenous molecules are somewhat limited from a
structural perspective.

However, exploiting singlet order has some potential in exogenous probes. As
mentioned in §1.2.3, *Nz-diazirines were found to have very long singlet relaxation (Ts =
23 + 3 min) that could allow detection for over an hour.?* Work is ongoing for the clinical

translation of these exciting findings.

1.3 Current Status of Hyperpolarized Probes in Development

All BC- or *N-labeled hyperpolarized agents that have been developed thus far
can be divided into two broad categories based on the purpose of their design: (1) those
intended for the study of basic principles of hyperpolarization and/or its optimization
and (2) those intended for direct biochemical or clinical purpose.

Molecular probes in the former category include [2,2-13C:]-diacetyl” or

cyclohexyl-isopropyl-1,2-1*Cz-oxalate-d1s” used to study singlet order or many of the
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substrates employed for testing and optimization of newer hyperpolarization methods
such as SABRE.?” Often, these molecules are not designed with direct clinical
applications in mind, so for future discussion in this section, I will focus on the latter

category of molecules.

1.3.1 Design Concerns for Clinical Use

For clinical applications, there are several additional constraints for molecular
probe design. All BC- and *N-hyperpolarized tracers that have been explored are
administered in vivo via bolus injection as a concentrated sample (in mM range). The
sample must have reasonably high concentration so that it can still be detected with
serviceable signal-to-noise after administration. Therefore, the first requirement is high
aqueous solubility, as the molecule must be dissolved in mostly water for direct
administration.”> Next, the molecule must be nontoxic at high doses. This limits many
exogenous molecules such as drugs or protein binders, as well as several endogenous
molecules such as choline, which is toxic at high doses.®® Other critical considerations
include:

1. Fast uptake into system of interest and rapid biochemical conversion: for
example, if the function of the molecular probe is to examine intracellular
metabolism, it must be able to enter the cell easily and metabolize quickly. This is

especially important because of the short window of detection.
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Vicinity of the hyperpolarized nucleus to site of biochemical conversion: in order
to use MRS to detect chemical changes to the molecular probe, the chemical shift
of the hyperpolarized nuclei must be observably different before and after the
modification. Therefore, many common probes are designed such that the
hyperpolarized nucleus is close to and/or a direct component of the site of
biochemical modification. For example, hyperpolarized >N-choline is difficult to
distinguish from its metabolized products because choline is typically
metabolized in vivo via modification of the alcohol moiety. As the hydroxyl
group is 3 bonds away from the nitrogen, the >N chemical shift is not sufficiently
affected by this modification."

Size of molecular probe: typically, smaller molecules (molecular weight <150
amu) have had more success in clinical translation, partially because they fit
many of the above requirements: e.g., small molecules are usually more soluble
and easily cross cell membranes, and many small molecules are involved in
common metabolic pathways such as the citric acid cycle. Moreover, small
molecules generally have longer T, likely because there are less potential dipolar

relaxation pathways than for large molecules.>
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1.3.2 Classification of Clinical/Biochemical Hyperpolarized Probes

I will now briefly summarize literature on *C- or ®’N-hyperpolarized agents that
have been developed for clinically/biochemically purposes, based on the specific design

of molecular probe.

1.3.2.1 Class I: Endogenous Molecules and their Isotopologues

The most commonly used hyperpolarized probes are simply isotopologues of
small molecules that are already endogenously present. For example, common
metabolites of glycolysis or the citric acid cycle, such as [1-*C]pyruvate””” and [1,4-
13C:]fumarate,* have been used in vivo to study metabolism (Figure 8). One exciting
application of these probes is imaging tumors in vivo, as cancer cells typically have
higher rates of metabolism, which can be detected using MRS. These endogenous
metabolites/metabolite precursors are advantageous, not only because of the
information they provide on native transport and metabolic processes, but also because
they are often tolerated at higher concentrations without harmful effects.

The Hilty group has shown that large endogenous molecules such as proteins
and polypeptides can also be hyperpolarized, albeit with modest results.””” Even with
full 3C enrichment of all carbons and partial deuterium substitution of a full-length
protein L23, signal enhancements were moderate (~300-2000). Additionally, the low

concentration of the protein (15 uM) afforded only one scan before hyperpolarized SNR
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was too low. However, this example exemplifies the powerful diversity of potential

molecules that can be hyperpolarized.

Pyruvate
v 1.0
% —e— pyruvate/10
'% ’5 08 —— bicarbonate
2 o
Bicarbonate g% o5 —a— lactate
Lactate . T e i —— alanine
Alanine oo
™ ©
€8 %
10 5 0 -5 -10 2 0

Frequency (ppm) Tlme( )

C. pyruvate bicarbonate

w s 0 5 -0
Frequency (ppm)

Figure 8: Example of MRSI experiment using hyperpolarized [1-*C]pyruvate. (a)
Single 3C spectrum acquired following injection of hyperpolarized [1-*Clpyruvate at 3 T
in a porcine heart. (b) Total signal (3C spectrum peak area) of each metabolite detected
over time. (c) 'H MRI image depicting the porcine heart with color overlays reconstructed
from MRSI data. The inset spectrum (left) is summed over all spectra, and the scale bar
(right) indicates 2 cm. Image derived from literature source.’ %

Because the structures of molecules in this class of hyperpolarized agents cannot

be modified, there is little room for improvement of relaxation times. Deuterium
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substitution or modifications to experimental conditions (as discussed in §1.2.2 and
§1.2.1, respectively) are the only potential methods for hyperpolarization optimization,

which limits design space for this class.

1.3.2.2 Class II: Structural Derivatives of Endogenous Molecules

As discussed in previous sections, many interesting endogenous molecular
probes such as *C-glucose have inherently short relaxation times that, even with
deuterium substitution and other lifetime extension methods, are still unsuitable for in
vivo imaging of more than 5 minutes. Therefore, one potential avenue for development
of these probes is the design of structural derivatives that contain nuclei with longer
relaxation times.

To the best of our knowledge, very little work has been done on designing new
hyperpolarized probes by structurally modifying endogenous molecules. One molecule
that we conceived in collaboration with the Warren group was a *N>-diazirine-tagged
choline,* which was developed with the intention of comparing d-DNP polarization (of
15N-choline) with SABRE-SHEATH polarization (of *N>-diazirine-choline), rather than
as an improvement to hyperpolarized *N-choline. This approach is one area of work

that we have great interest in expanding upon, as will be discussed in later sections.

1.3.2.3 Class III: Sensors of Chemical Environment

Although this class of molecules has some overlap with the others, there are

many probes that have been developed with the primary intention of sensing certain
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parameters in the experimental environment. For example, the aforementioned Sando
group has developed several sensors that detect calcium ions, ROS, or esterase enzyme
activity by monitoring changes in the chemical shift of the hyperpolarized nuclei.®
There have been other ROS detection agents designed such as [2-1*C]benzoylformic
acid,® as well as many types of pH sensors.!' Because molecules in this class are not
confined to a particular structure, there is significant room for novel concepts and

improvements, especially in terms of relaxation time.

1.3.2.4 Class IV: Secondary Hyperpolarization Transfer Agents

Due to the difficulty in hyperpolarizing larger molecules, a strategy of indirect
hyperpolarization has been proposed. First, a secondary probe with good signal
enhancement and relatively long relaxation time is polarized. Then, this hyperpolarized
molecule is chemically attached to a desired molecule of interest, so that the
hyperpolarization is “connected” to the parent molecule. The resulting conjugate is
administered and/or directly analyzed. In order for this approach to be feasible, the
chemical bond-forming step must be selective and have rapid kinetics. So far, only two
such forays have been documented: (1) hyperpolarized [1,1’-3Cz]acetic anhydride has
been used to label amino acids and peptides with hyperpolarized acetyl groups® and (2)
hyperpolarized '®Ns-1,2,4,5-tetrazine has been used for bioorthogonal reaction with a

strained cyclooctyne to generate the hyperpolarized cycloaddition product.®? This
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strategy has great potential for the spatial tracking of many different

biomacromolecules.

1.4. A Labeling Approach: Designing a Universal Hyperpolarized
Molecular Tag

Consider the methods used for extending hyperpolarized signal (as described in
§1.2). Modification of the experimental conditions (§1.2.1) has only resulted in modest
increase in signal lifetime. Preserving polarization by conversion to the singlet state
(8§1.2.4) is limited to a specific class of compounds, which may not necessarily apply to
the target molecule. Subtle chemical modifications such as deuterium substitution
(81.2.2) are generally more accessible, but still require brand-new synthetic routes, which
constrains larger-scale library screening of novel compounds. Furthermore, deuterium
substitution has a strict ceiling for signal elongation, which is still relatively low for
many compounds.

Our group has been very interested in a subset of the strategy presented in §1.2.3
by tagging of target molecules with separate functional groups containing long-lived
nuclei. This strategy is usually incompatible with the Class I category of hyperpolarized
probes (§1.3.2.1, endogenous molecules and their isotopologues), but it has great
potential with Classes II-IV (§1.3.2.2-1.3.2.4), which have not been as well-explored as
those in Class I. We have special interest in Class II, which have the most direct clinical

application and would solve a major problem with hyperpolarized molecular probes.
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1.4.1 General Concept and Inspiration

A universal approach for creating long-lived hyperpolarized probes would
greatly simplify the development and evolution of such agents. The strategy of affixing
special chemical moieties with long T: due to distinct structural properties (i.e.,
hyperpolarized molecular tags) shows great promise but requires careful selection. This
concept is not fundamentally novel and, in fact, has been a robust, proven strategy for
imaging and spectroscopic applications; for example, fluorescent tags are a ubiquitous
biochemical staple for the straightforward, non-destructive detection of various

macromolecules.

1.4.2 Molecular Tag Design

As is the case for any sort of molecular tag, the design of the tag is crucial for its
usability. Ideally, a universal hyperpolarized molecular tag would satisfy the following
properties:

1. Long relaxation time

2. Biochemically inert: the tag should not react or decompose in physiological
conditions and additionally have minimal interactions with other molecules

3. Small size: perturbation of the parent molecule’s structure and activity should be
minimized

4. Easily incorporated: the tag should preferably be straightforward to synthesize

and affix to the parent molecule

26



In the following sections, I will discuss examples of hyperpolarized molecular

tags that have been explored in the literature.

1.4.2.1 Quaternary "N-Ammonium Salts

As an example, we can consider quaternary ®N-ammonium groups (Rs*N-),
which intrinsically have very long relaxation times. As discussed in §1.2.3, the Sando
group has designed several such derivatives toward the goal of creating a general
platform for hyperpolarized sensors; their most optimized molecules were fully
deuterated TMPA salts, which they found to have relaxation times up to 20 minutes at
9.4 T.®® However, due to the rather large bulkiness and the charged nature of TMPA, this
group would not be compatible for Class II molecular probes. Attaching this group to a
parent molecule of interest (e.g., a sugar or amino acid) could potentially cause
perturbation of its structure and obstruction of its activity, which would defeat the
purpose of such a tag. Therefore, it is unlikely that TMPA would be widely used as a
hyperpolarized molecular tag, but it has great promise as a standalone probe that could

be used for specific analytical purposes (i.e., Class III), as directly shown in the literature.

1.4.2.2 5N:-Diazirines

In our previous work in collaboration with the Warren group, we have explored
using ®Nz-diazirines as hyperpolarized molecular tags.? % Diazirines have precedent in
biochemistry as small, biocompatible tags that are typically used for photoaffinity

labeling, as they decompose to generate carbenes when excited with strong UV light.®
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Their stability and incorporation are well established, with many examples of diazirine-
tagged molecules in the literature.®” As discussed in §1.2.3, we found that *N2-
diazirines could be hyperpolarized with high enhancement using the SABRE-SHEATH
method, with T: values of up to 6 minutes at 12 mT, as well as accessible singlet order
with Ts of up to 23 minutes at 0.3 mT.? % As of now, we have shown proof-of-concept
and performed optimization of ®N2-diazirine hyperpolarization, complete with the
design and synthesis of several ®Nz-diazirine-tagged substrates. Currently, we are still
pursuing different hyperpolarization techniques and designing biochemically relevant
diazirine-tagged compounds that will hopefully result in clinical translation of our
preliminary findings.
1.4.2.2 Other Potential Tag Candidates

Many of the properties of an ideal molecular tag are similar to those that govern
bioorthogonal handles. Bioorthogonal chemistry involves rapid chemical reactions that
are extremely selective and compatible with physiological/biochemical conditions. Pairs
of molecules that react in this way can be called bioorthogonal handles.?# For example,
the most well-known pair of bioorthogonal handles is the azide-alkyne, which has been
shown to react together in the presence of copper without significant side reactions in
aqueous conditions.*

Like molecular tags, bioorthogonal handles are preferably small, inert, and easily

incorporated into a parent molecule. Therefore, we drew inspiration from common
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bioorthogonal handles as potential hyperpolarized molecular tag candidates, especially
considering those that may have long relaxation times when labeled with *C or ®N
nuclei. In the following two chapters, I will discuss our work on hyperpolarization of

two common bioorthogonal handles, namely *Ns-azides and '°N-1,2,4,5-tetrazines.

1.4 Conclusions

Before the advent of hyperpolarization methods, MR detection of most small
molecules in vivo was not possible due to low sensitivity of MR. Various techniques,
especially d-DNP, have produced many novel applications of MRI and MRSI over the
recent decade. However, despite countless developments toward their optimization, the
short relaxation times of most contrast agents limit their window of detection. We are
interested in a hyperpolarized tagging approach that constitutes a general strategy for
MR detection of many types of molecules. Building upon our work on *Nz-diazirines,
we explore the use of ®*Ns-azides and ®Ns-1,2,4,5-tetrazines, two common bioorthogonal

handles, as potential molecular tags.
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2. ’Nz-Azides: A Universal, Long-Lived Hyperpolarized
Molecular Tag

In this chapter, I will discuss our work on the development of 1*Ns-azides as an

extremely practical, universal hyperpolarized molecular tag.

2.1 Background and Aims
2.1.1 Azides are Well-Established Molecular Tags

The azide functional group is a cornerstone in the field of chemical biology
because it satisfies many of the properties desirable in a chemical tag; those of note
include the azide’s: (1) bioorthogonality, as azides are not found in naturally
biosynthesized compounds; (2) stability, as they are inert in most biological systems; (3)
small size, as they add only 3 atoms to the tagged molecule of interest, thus causing
minimal perturbation of the parent molecule’s structure and function; (4) unique
reactivity, as they take part in a number of very selective biocompatible reactions, such
as strain-promoted or copper-catalyzed alkyne cycloaddition and Staudinger ligation;
and (5) synthetic ease and generality, as most azide-tagged molecules can be accessed in
a single step through a straightforward, high-yielding substitution reaction with a
nucleophilic azide source (e.g., sodium azide), and consequently azidation of many
different types of molecular scaffolds is possible.

There are numerous applications of azides as a biomolecular tag; typically, these

exploit the azide’s exclusive, rapid reactivity with alkynes in the quintessential example
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of what is colloquially known as a bioorthogonal “click” reaction. Popularized by the
Bertozzi group, these azide-tagged molecules are typically placed in a biological system,
where they interact and are incorporated into the system (e.g., azide-tagged
carbohydrates are incorporated into glycoproteins on the cell membrane®). Then, an
alkyne-tagged molecule can be used for secondary labeling (e.g., an alkyne-tagged
fluorophore reacts with the azide and the cell can be visualized with fluorescence®?),
“pull-down” isolation (e.g., cells are lysed, and alkyne-tagged biotin is reacted with the
cell lysate to isolate the protein conjugate®), or other applications (Figure 9).
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Figure 9: Schematic of one type of secondary labeling procedure of
biomolecules using bioorthogonal chemistry. Image adapted from literature source.*

This versatile, modular strategy is attractive to biochemists; thus, virtually every
type of biomolecule has been at some point tagged with azides for their study, including
unnatural amino acids (for protein labeling),?¢ cholesterol,*” nucelosides,’ and lipids.*
Many such reagents are also commercially available due to their popularity. The wide
range of applicability and numerous examples of azide-labeled biomolecules exemplifies

its status as a gold standard for molecular tags.
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2.1.2 ®Ns-Azides may Potentially have Long Relaxation Times

In addition to their well-studied biochemical properties, we envisioned *Ns-
azides could potentially have very long T1 because of the azide’s lack of direct N-H
bonds. Therefore, dipolar spin relaxation mechanisms associated with 'H nuclei, which
are typically the most prominent relaxation pathway for small organic molecules, are
diminished. On the other hand, due to the geometric asymmetry of the azide, we were
concerned with potential CSA relaxation contribution at high fields. Thus, we opted to
detect hyperpolarized N nuclei at lower fields using a 1-T permanent magnet
spectrometer, which was shown by Keshari and coworkers to increase T1 of

hyperpolarized *C-carbonyl-containing molecules without significant loss in SNR.>

2.2 Results and Discussion
2.2.1 Synthesis of ®Ns-Azides

To access *Ns-labeled azide-tagged molecules, we first synthesized their
common precursor, sodium azide->Ns, via the oxidation of commercially available
hydrazine-'>N2 monohydrate with isoamyl nitrite-'>N.'® With the exception of imidazyl
azide 7, all of the azide-tagged molecules were then synthesized using direct Sx2
reactions of alkyl halides, tosylates, or triflates (See the Appendix for details). These
straightforward, high-yielding nucleophilic substitution reactions (65-92%, based on
equivalents of Na'®Ns) highlight the relative ease and molecular efficiency in the

synthesis of most azide-tagged molecules. Since the azidation step is compatible with
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many types of functional groups, it can be performed late in the synthetic route with
good yields, and therefore less of the comparably expensive and valuable *N-labeled
precursor is required. To showcase the diversity of accessible molecules, we tagged a
number of endogenous biomolecules (e.g., glucose, choline, amino acids, cholesterol)
with Ns-azide, as well as common molecular probes (nitroimidazole, tetrazine) (Figure
10).

2.2.2 Hyperpolarization of ®*Ns-azides

15Ns-azides were successfully hyperpolarized using the dissolution-dynamic
nuclear polarization (d-DNP) technique, and the hyperpolarized signal was detected
using a 1-T spectrometer. Note that samples were doped with a
gadolinium/ethylenediaminetetraacetate (EDTA) complex to boost polarization.'” The
spin-lattice relaxation time T1 and signal enhancement over that of the thermally
equilibrated state € were calculated and tabulated in Figure 10.

Overall, most "Ns-azides had very long-lived hyperpolarized states and excellent
signal enhancements at 1 T (Figure 10, left; entries 1-4, 8). Aside from those with
solubility issues (Figure 10, left; entries 5 & 6), the tested '>Ns-azides had maximal
lifetime values ranging from 2 to 6 minutes, as well as upwards of 105-fold signal
enhancement (i.e., polarization of 3.7%). We found Gd* boosted enhancements of up to

2.5 times in some cases without significant loss in lifetime.
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Figure 10: Chart of hyperpolarized molecules with T: and enhancement at 1 T.
5Ns-azides are shown on left, ’N2-diazirines on top right, and signal lifetime curve
for each nitrogen of azide 2 is depicted on bottom right.
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2.2.2.1 Comparison of the Three Nitrogens of *Ns-azides

As hypothesized, the terminal nitrogen (*N3) always had the highest relaxation
times of the three azide nitrogens, followed by the middle nitrogen ("N2), and then the
nitrogen adjacent to the alpha carbon (**N1) (Figure 10, columns 4-6). The difference
between the N3 and *N1 lifetimes did not appear to have an obvious trend, ranging in
absolute value from just 40 seconds for choline derivative 1 to 200 seconds for glucose
derivatives 2 and 3. We also found that T1 at 1 T was indeed much greater than at higher
external fields; the T1 for azide 1 at 16.4 T were found to be just 21.9 +1.7, 6.0 + 0.5, and
15.0 + 1.0 seconds for N1, ®N2, and ’N3, respectively. The '"H-decoupled ®N NMR

spectra is shown in Figure 11. In particular, ®N1 having the longest relaxation time,
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Figure 11: Thermal spectra of *Ns-azide 2 at 16.4 T.
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followed by ®N3, at high field reinforces our original hypothesis of the diminished role

of the dipolar relaxation mechanism due to prominence of CSA relaxation at high field.

2.2.2.2 Comparison between *Ns-azide-tagged substrates

One major limitation of d-DNP is that enhancement and signal lifetime is highly
dependent on the nature of the molecule. Neat or very high concentrations (> 1M) of
substrate in an aqueous matrix are required for enhancement that is suitable for imaging
purposes, which is impossible to achieve for large or hydrophobic molecules (e.g., azides
5 and 6). Due to the low signal-to-noise ratio, we were unable to calculate lifetime values
for tyrosine derivative 5 (Figure 10, left; entry 5). In §2.2.2.3, we discuss a novel strategy
using bioorthogonal tetrazine ligation to circumvent this constraint and access
hyperpolarized *Ns-azide-tagged proteins and other macromolecules, which would be
impossible using current conventional methods.

Aside from issues related to solubility, there was no apparent structural rationale
that could broadly justify the subtle differences in enhancement or lifetime between
substrates. However, of the soluble azides, *Ns-azide-tagged alanine 4 (Figure 10, left;
entry 4) had significantly shorter hyperpolarized signal than the other azides, which
could possibly be attributed to the nearby zwitterionic amino acid moiety forming ionic
hydrogen bonds with the aqueous solvent, thus increasing the number of potential

dipolar relaxation mechanisms.
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2.2.2.3 Comparison with ®*Nz-Diazirines

To directly contrast the lifetime and enhancement of the labeled azides with that
of known molecules, we fashioned '"N:-diazirine-tagged choline 9 and glucose 10
(Figure 10, right; entries 9 & 10) and juxtaposed their hyperpolarization characteristics
with their ®Ns-azide-tagged counterparts 1 and 2 (Figure 10, left; entries 1 & 2).

Both diazirines were hyperpolarized successfully using d-DNP with relatively
long T1and good signal enhancement. Although not directly comparable due to major
differences in hyperpolarization conditions (e.g., solvent, additives, magnetic field of
detection), the lifetime and enhancement of 9 we obtained using d-DNP was in line with
our prior results when hyperpolarizing 9 using the SABRE-SHEATH technique.

Although the signal enhancement for both the *Nz-diazirine-tagged molecules
was comparable with that of their azide-tagged counterparts, in both cases, the lifetimes
of the diazirines were most similar to that of the azides” "N1. The azides” ®N3 had much
longer relaxation time, accentuating the long-lived nature of the hyperpolarized **N:-

azide tag.

2.2.3 Secondary Labeling with ®Ns-azides

Although hyperpolarization of small molecules for imaging applications has
been well-established, hyperpolarization of large macromolecules such as proteins
continues to be a challenge. As discussed in §1.3.2.4, most applications rely on indirect

hyperpolarization by hyperpolarizing a binding ligand or secondary hyperpolarization
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transfer agent, although hyperpolarization of proteins has also been achieved directly
with modest results.”®” These methods suffer from low enhancements and the
requirement of full isotopic labeling of the macromolecule with the nuclei of study,
which can be prohibitively expensive or difficult.

We propose an alternative strategy to overcome this barrier using bioorthogonal
tetrazine ligation. The rapid and selective chemical reaction between tetrazines and
strained azadienophiles, such as trans-cyclooctene, has been well-established and
commonly applied in biochemistry (see §3.1.1). As depicted in Figure 12, a native
protein of interest is first labeled with trans-cyclooctene using amine-reactive N-
hydrosuccinimide ester TCO-NHS. Next, °Ns-azide-labeled tetrazine 8 is
hyperpolarized, then immediately reacted with the trans-cyclooctene-labeled protein,
effectively affixing the hyperpolarized azide moiety covalently to the protein. Due to the
long-lived and highly enhanced nature of the hyperpolarized azide, we envision this
azide-labeled protein conjugate can open up new possibilities for studying real-time
biological processes.

To prove the feasibility of this concept, we first confirmed the reaction between
hyperpolarized *Ns-azide-tagged-tetrazine 8 and trans-cyclooctene would not
considerably impact the lifetime or enhancement of the hyperpolarized signal. A
solution of hyperpolarized 8 was added to a solution of trans-cyclooctene TCO-NHS,

allowed to react (1 minute), then transferred to 1-T magnet for detection. The observed
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loss of signal and decreased relaxation times of the hyperpolarized azide were only

marginally different than the same inhibitory effects due to sample dilution.
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Figure 12: Schematic of macromolecule secondary labeling with
hyperpolarized azide 8.
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2.3 Conclusion and Future Work

Ns-azides are exceptionally simple tags that have shown to have long relaxation
times. Immediate future work will focus on confirming the results in hand and further
exploration of the secondary labeling discussed in §2.3.3. Broader objectives include the
hyperpolarization of singly or doubly labeled azides, which may have longer lifetimes
due to decreased dipolar relaxation between nitrogens, as well as in vitro/in vivo testing

of hyperpolarized azide-tagged molecules.
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3. Ns-1,2,4,5-Tetrazines: A Combined Biorthogonal
Reaction Handle/Hyperpolarized Tag

In this chapter, I will discuss our work on the development of °Ni-1,2,4,5-
tetrazines, a dual-purpose hyperpolarized tag/bioorthogonal handle, as well as para-'>Nz,

a unique agent that has potential for clinical imaging.

3.1 Background and Aims
3.1.11,2,4,5-Tetrazines are State-of-the-art Bioorthogonal Handles

1,2,4,5-Tetrazines are well-studied, highly energetic molecules that are
remarkable for their participation in extremely rapid inverse-demand Diels-Alder
reactions with strained azadienophiles. This reaction, first documented by Fox and
coworkers just one decade ago,'®? is the new gold standard for bioorthogonal reactions.*
Even at micromolar concentrations, tetrazines can react with trans-cyclooctene, the most
commonly used azadienophile, on the order of minutes.'® Its rapid kinetics renders it
extremely useful for time-sensitive applications. Many such examples of tetrazine
ligation have been explored, including live-cell fluorescence visualization or *F-PET
imaging.104-108
3.1.2 Hypothesis

We were very interested in a hyperpolarization tagging strategy combining
hyperpolarized MR with bioorthogonal chemistry. Our concept was as follows: first,

hyperpolarize a bioorthogonal handle X, and meanwhile affix a molecule of interest with
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that handle’s bioorthogonal reaction partner Y (Figure 13, top). We could imagine that
combining these two molecules would result in rapid bioorthogonal ligation to generate
the hyperpolarized bioorthogonal adduct X-Y, therefore indirectly tagging a
hyperpolarized beacon onto the molecule of interest. Because of the ease and diversity of
labeling biomolecules with bioorthogonal handles, we envisioned this strategy could be
used to add hyperpolarized tags to virtually any molecule and track them in a biological

system.

bioorthogonal ligation
—X Y— target —X’-Y’—{ target
promoted hyperpolarization tagging

‘= hyperpolarized motif
X, Y = bioorthogonal partner

para-H; 15%55"( @ e R
R‘lg\ . />

SABRE-SHEATH ol IEDDA reaction
hyperpolarization

15, 15
N

Rﬁ\gj

N

zZ Z

target

Figure 13: Schematic of bioorthogonal hyperpolarization strategy. Generalized
concept (top) and application with hyperpolarized °Ni-1,2,4,5-tetrazines (bottom) are
depicted. Image derived from literature source.

To realize this vision, we considered the hyperpolarization of '>Ns-1,2,4,5-
tetrazines, which could elegantly serve as both the hyperpolarized tag and the
bioorthogonal reaction partner (Figure 13, bottom). Hyperpolarization of the tetrazine
could potentially be accomplished using SABRE-SHEATH to transfer the polarization of

para-H: to the *N-labeled nitrogens of tetrazine. Next, the hyperpolarized *Ns-tetrazine
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could be reacted with an azadienophile reaction partner to generate two products: the
hyperpolarized *Nz-cycloaddition target product and >Nz nitrogen gas.

Moreover, based on our work on *N»-diazirine? and *Cz-pyridyl acetylene”
hyperpolarization by SABRE-SHEATH, we hypothesized that both hyperpolarized
magnetization and singlet order can be accessed for the adjacent ®’N-spin pairs of the
5Ns-tetrazine. From this, we predicted that reaction of hyperpolarized (triplet/singlet)
tetrazine with the azadienophile would result in the (triplet/singlet) cycloaddition
product and (ortho-/para-)'>N2. The potential formation of para-'>N: gas is another
interesting facet of our concept. Because of the mathematical similarity between para-
N2 gas and para-Hz,*> we imagine para-"Nz gas may be highly stable and have very long
relaxation, much like para-Ha. Therefore, especially due to its nontoxic nature, para-'*N:
may be a promising MRI agent for lung imaging. Up to this point, generation of para-
SN2 has been difficult because it cannot be prepared in the same way as para-H: (e.g.,
cooling elemental nitrogen to low temperatures freezes it before it can achieve singlet
state). Our strategy offered a potentially viable method for the production of this unique

species.
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3.2 Results and Discussion
3.2.1 Design and Synthesis of ®Ns-1,2,4,5-Tetrazines
3.2.1.11,24,5-Tetrazines Present Unique Synthetic Challenge

One major hurdle in our investigation of ®Ns-tetrazines was their chemical
synthesis. In general, tetrazine synthesis is a typically very poor-yielding reaction,
especially those that are asymmetric. The reaction that is commonly used involves
linking nitrile/amidine precursors of each side of the tetrazine with excess hydrazine
(Figure 14). Assuming the mechanism of this reaction is simply nucleophilic attack of
hydrazine on each nitrile/amidine, the source of the tetrazine nitrogens are from the
hydrazine (depicted in blue in Figure 14). Therefore, our first challenge was developing
a reaction that used as little hydrazine as possible, as *Nz-labeled hydrazine is by far the
most costly reagent in the reaction.

maximum
theoretical yield*

N=N
Ri—\ ,)—Ri 25%
N-N

R1_CEN NEC_RZ
or or N,H, N=N
+ —> R R 50%
NH NH 1_<}\1_N/>_ 2
R NH, HoN R,

N=N
R—\ ,)—R. 25%
N—N

Figure 14: Tetrazine synthesis in the literature.

Moreover, we can only achieve a theoretical maximum of 50% for the

asymmetric tetrazine if a 1:1 ratio of each precursor is used, and there is no bias between
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electrophilicity of each precursor. Because the amount of hydrazine we wanted to use is
restricted, changing the ratio of the starting materials would not be helpful in increasing

the yield.

3.2.1.2 1¢t Generation Tetrazines: Symmetric diphenyl 1,2,4,5-tetrazine

Due to the synthetic challenge of the asymmetric tetrazine, our first tetrazine
design was the symmetric diphenyl *Ns-1,2,4,5-tetrazine, which was much simpler to
make. We also predicted that the diphenyl tetrazine may be more stable under the
hydrogenation conditions of SABRE-SHEATH, which was additionally a major concern.
The tetrazine was synthesized from benzonitrile with *N2-hydrazine sulfate with very
poor yield using conditions directly adapted from the literature (Figure 15). Note that

little optimization of the synthetic yield was performed due to the uncertain nature of

SN,H,4 H,S0, H15N”15N NaNo2 15N 35

CN
©/ Sg, NaOMe, EtOH H1SN._ISN 15N 5N

5 4

4% over 2 steps

this preliminary test.

Figure 15: Synthesis of diphenyl ®Ns-1,2,4,5-tetrazine.
After successful synthesis of this tetrazine, we found that this tetrazine was only
sparingly soluble in methanol (the primarily used solvent for SABRE-SHEATH), and
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sadly, preliminary attempts at hyperpolarization failed. We hypothesize the latter may
be due to the iridium catalyst’s limited access of the tetrazine nitrogens because of the
bulky phenyl groups directly adjacent to each nitrogen. Furthermore, we realized that
symmetric of ®Ns-tetrazines would not have an observable singlet state because of the
magnetic equivalence of each nitrogen, and that detection of the singlet of ®Ns-tetrazine
may prove to be difficult without special processes. Therefore, we reconsidered our

initial concept and instead opted for an asymmetric tetrazine design.

3.2.1.3 2nd Generation Tetrazine: Asymmetric 3-phenyl-1,2,4,5-tetrazine

Because of the potential steric and solubility concern, we designed our second
generation tetrazine to have a simple hydrogen on one end, while keeping the phenyl
group on the other to maintain molecular stability. A hydrogen atom would introduce
the least amount of sterics, which is also a factor in the kinetics of the bioorthogonal
IEDDA reaction with azadienophiles.

Instead of using nitriles or amidines as the tetrazine percursors, we sought to
develop a reaction with precursors that were as activated as possible. This way, we
could avoid high heat or excess *Nz-hydrazine, which is otherwise necessary to push the
reaction forward. After extensive optimization, we found that using ortho-esters
activated by 1,1,1,3,3,3-hexafluoro-2-isopropanol reacted with hydrazine to generate the

hydrotetrazine ring (See Appendix for details). Using this strategy, we synthesized two
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isotopologues of 3-phenyl-1,2,4,5-tetrazine: 3-phenyl-(6-H)-'*Ns-1,2,4,5-tetrazine 11a and

3-phenyl-(6-D)-'5Ns-1,2,4,5-tetrazine 11b (Figure 16).

3.2.2 SABRE-SHEATH Hyperpolarization of 1°N4-1,2,4,5-Tetrazines
3.2.2.1 Hyperpolarized Singlet and Triplet States can be Accessed

The hyperpolarization of tetrazines 11a and 11b was successfully achieved using
the SABRE method. As hypothesized, we found that two distinct hyperpolarized states
could be accessed for tetrazine 11a, depending on the chosen magnetic field at which the
para-H:gas was applied to the sample (Figure 16). At very low magnetic fields (~0.4 uT),
the N spin pairs of the tetrazine were hyperpolarized in the triplet states and displayed
in-phase signal upon detection at 8.45 T. Conversely, at a relatively broad range of
slightly elevated magnetic fields (~0.2 mT < B <~50 mT), we observed antiphase signals
after a 90° pulse. In this case, scalar order was hyperpolarized in the tetrazine spin pairs,
associated with singlet states on "*N spin pairs; upon transfer to high magnetic field for
detection, this scalar order was transformed into antialigned magnetization.?

However, we only observed the singlet order for deuterated isotopologue 12,
even when bubbling para-H: at low magnetic fields. This has been observed in previous
reports, in which the presence of quadrupolar nuclei near the site of hyperpolarization

was found to quench the polarization at uT fields.®
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3.2.2.2 5Ns-1,2,4,5-Tetrazines have Modest Enhancement and Relaxation Times

For tetrazine 11a (Figure 16), the signal enhancement over 8.45-T thermal
measurements was found to be up to 3000-fold (0.9% polarization). At 0.3 mT, the

magnetization had a relaxation constant (71) of 1.4 + 0.1 min, and at the same field, the
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Figure 16: ®°Ns-1,2,4,5-Tetrazine hyperpolarization. (a) Structures of studied
tetrazines 11 and 11b. (b) Single-shot hyperpolarized spectra of tetrazines 11a and 11b
at magnetization or singlet modes, with peak identifications, observed enhancement

(¢), and polarization level (p). (c) T1 and T lifetime curves for 11a and 11b. Image
adapted from literature source.®
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relaxation constant of the scalar order of the *N spin pairs (Ts) was 2.7 + 0.3 min. This
difference in lifetime (Ts was about twice T1) was expected since the scalar order is
protected from dipolar relaxation and would therefore be a longer-lived state. We also
measured the enhancement level and lifetimes of the tetrazine 11b (Figure 16), expecting
that the replacement of the tetrazine proton with deuterium could affect enhancement
and lifetime. However, the hyperpolarized scalar order yielded 2900-fold enhancement,
with Ts calculated to be 2.1 + 0.7 min at 0.3 mT (that is, no significant difference in

lifetime within the error of the measurement).

3.2.2.3 Magnetic Field Dependence of Singlet and Triplet States

The magnetic field dependence of hyperpolarized tetrazine 11a was carefully
studied in our experiments. We found that the magnetization only polarized in the very
low magnetic field that is created inside the shield, and there was a sharp drop of
magnetization hyperpolarization once the field was elevated. From the magnified inset
in Figure 17, we can see that the magnetization polarization reached a maximum at ~0.3
uT. To understand this result, we consider the resonance conditions for generating
magnetization. As this spin system is similar to the "Nz-diazirines, we can likewise
predict that magnetization will occur when the following resonance condition is
satisfied: vi — v~ = | Jus = Jan |, where v and vn are the chemical shifts of 'H and 15N,
respectively, and Jui and Jn~ are the J-coupling constants between the hydride protons

and the tetrazine >N spin pair, respectively.?® Substituting v« = B* y and using y(*H) =
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42.576 Hz/uT, y(*N) = -4.316 Hz/uT, Jin=-10 Hz, and /xn = -25 Hz (coupling constant
calculated for tetrazine) in the equation, we obtain B = 0.32 uT (when subtracting the J-

coupling constants), which matches our experimental value very well.
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Figure 17: Hyperpolarization of magnetization and singlet as function of
magnetic field. Image derived from literature source.

In contrast, the singlet spin order is hyperpolarized in a very broad range of
magnetic fields, from 0.2 mT to 100 mT, without a clear maximal point. Unlike for
magnetization, the condition for creating singlet order is simply Juu =+ Jxv. Both

Jun and Jxn are constant parameters that depend on the spin system of interest. In our
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case, Jun=-10 Hz and v = -25 Hz, which is approximately satisfied; therefore, we

observe singlet order when hyperpolarizing at most magnetic fields.

3.2.2.4 Bioorthogonal Reaction of Hyperpolarized **Ns-1,2,4,5-Tetrazines and
Cyclooctyne

For these experiments, the SABRE-SHEATH apparatus was modified by adding
a separate capillary for injection adjacent to the para-Hz delivery line, with a valve placed

at the end of the injection portion to seal the pressure, as shown in Figure 18.
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Figure 18: The device setup for the hyperpolarization and hyperpolarized
reaction experiments. Image derived from literature source.®

With hyperpolarization of tetrazines 11a and 11b established successfully, we
examined whether the hyperpolarization could be retained in reaction products of
IEDDA reactions. We chose strained cyclooctyne bicyclo[6.1.0lnon-4-yn-9-ylmethanol 12

as the reaction partner of tetrazine in our studies and confirmed the sufficiently rapid
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rate of this cycloaddition reaction at room temperature (completed within seconds; see
the Appendix for details). In particular, the formation of a single pyridazine product
allowed for a straightforward analysis, excluding potential complexity from multiple
products, which arise when other known azadienophile partners, such as trans-
cyclooctene, are used. We obtained the thermal *N reference spectra of both reactant
tetrazine 11a (before reaction) and product 13a (after IEDDA reaction) from which we
observed a clear distinction between the reactant and product by their ®N chemical
shifts (Figure 19, a).

To monitor the hyperpolarized signals involved in the cycloaddition, we first
hyperpolarized tetrazines 11 and then directly injected a solution of compound 12 into
the solution of hyperpolarized tetrazine through the auxiliary addition line (Figure 18).
Note that all signals observed for product 13 in the following experiments originate
from hyperpolarized tetrazine 11 and not from the SABRE-SHEATH of the product.
Control experiments attempting SABRE-SHEATH hyperpolarization of compound 13a
(the reaction product) provided no signal enhancements under the same conditions or
even at higher temperatures with continuous bubbling of para-H-.

We first examined the cycloaddition of 11a after hyperpolarizing magnetization
(that is, triplet states were hyperpolarized by bubbling at 0.4 uT before cycloaddition).
After addition of a solution of 12 to a sample of hyperpolarized 1a at 0.3 mT and

subsequent transfer to high field, we observed sharp, in-phase peaks at 372 ppm that
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Figure 19: IEDDA reaction and hyperpolarization transfer. (a) Thermal spectra
of tetrazine 11a, compared to thermal spectra of cycloaddition product 13a. (b) Spectra
of hyperpolarized 11a and the spectra obtained after the addition of 12. (c), (e), (g),
Representative T: or Ts decay measurements for product 13a magnetization, 13a singlet
order, and 13b singlet order, respectively. Note the presence of observable ®N:in the
post-addition spectra when hyperpolarizing magnetization (c), but absence of this
peak in hyperpolarized singlet (e, g), which strongly suggests singlet ®Nz has been
generated in these experiments. (d), (f), (h), Lifetime measurement data, exponential
fit of the data, and calculated T: or Ts values for product 13a magnetization, 13a singlet
order, and 13b singlet order, respectively. Image adapted from literature source.®

53



matched the position and pattern of the peaks observed in the thermal spectra of
product 13a (Figure 19, b). An additional signal was detected at 310 ppm, which
corresponds to hyperpolarized ®N: gas (thermal spectrum of N2 in CDsOD is provided
in the Appendix). These data reinforce that the IEDDA reaction of hyperpolarized *Na-
tetrazine 11a successfully generates hyperpolarized *N-containing products, including
both *Nz-pyridazine 13a and Nz gas. On the basis of the spectrum of hyperpolarized
products, we calculated an enhancement of 540-fold over their thermal spectra. The
magnetization lifetime T1 for 13a was determined to be 13 + 4 s, substantially shorter
than that of tetrazine 11a (Figure 19, c and d).

Next, we examined the reaction of 11a after hyperpolarizing scalar order by
bubbling at 0.3 mT (Figure 19, e and f). After the solution of 12 was injected to the
solution of hyperpolarized tetrazine at the same field (0.3 mT) and transferred to high
field for detection, we observed antiphase peaks at 372 ppm, with 140-fold signal
enhancements over thermal spectra. The Ts for 13a was determined to be 13 + 2 s, very
similar in magnitude to Ti. This contrasts with the significant difference observed
between T1 and T for the tetrazine 11a.

Furthermore, we examined the effects of deuteration in the cycloaddition
reaction and products. As explained above in §3.2.2.1, only scalar order could be
hyperpolarized on the deuterated tetrazine 11b. Therefore, we were restricted to

measurements of Ts in the deuterated product 13b. Analogously to the observation in

54



the reaction of tetrazine 11a, antiphase peaks at 372 ppm were detected with a similar
enhancement level of 180-fold. Encouragingly, a significantly longer lifetime Ts of 24 + 6
s was obtained from the deuterated product (Figure 19, g and h). This was expected
because the deuterium couples less (specifically, 6.5-fold less) into the *N2 spin system
than 'H.

One key observation is that the *N: gas signal at 310 ppm (Figure 19, b and c) is
absent with hyperpolarized scalar order (Figure 19, e and g) after the cycloaddition
reaction. The absence of nitrogen gas signals in these data provides indirect evidence for
the generation of an intriguing new hyperpolarized species, para-'>N2, that should have
very similar spin properties to para-Ha, an extraordinary “quantum reagent” in a pure
spin state. At room temperature in neat form, para-H: is extremely stable (100% para-H-
drops to just 85% after 30 weeks).*> With mathematical properties similar to para-Hoz,
para-"*Nz can therefore be expected to be exceptionally long-lived as a promising MRI
agent of clinical safety. However, para-'>N2 application is limited because cannot be
prepared in the same way as para-Hz because the rotational constant of N: is small and
the nitrogen freezes before it achieves significant para- excess under current conditions.
Thus, we show the bioorthogonal reaction of hyperpolarized ®Ns-1,2,4,5-tetrazines

represents a novel approach to permit characterization of this new quantum reagent.
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3.2.2.5 Hyperpolarization Using Water as Solvent

To fully develop this bioorthogonal reaction-based hyperpolarization labeling
strategy, we evaluated its feasibility under aqueous conditions toward in vivo
biomedical applications. It should be noted that the SABRE-SHEATH hyperpolarization
in water currently remains challenging, and its development is obstructed by a number
of technical issues, including poor solubility of H2 gas and iridium catalyst in water.
Research to address these problems has been undertaken, including a strategy we
recently reported to improve SABRE-SHEATH hyperpolarization in water using a
water-soluble iridium catalyst and increased temperatures (60° to 70°C)."1*113 However,
this strategy was not successful in our current studies because of the instability of the
tetrazine at elevated temperatures. Encouragingly, with 3:1 CDsOD/D20 as a cosolvent
system, we were able to achieve hyperpolarization of tetrazine 11a with ~900-fold signal
enhancement at 50°C and also detect the hyperpolarized signal from the cycloaddition
product 13a under these conditions (Figure 20). These preliminary results pave the way
toward application of this strategy under aqueous conditions, although more optimal

SABRE-SHEATH hyperpolarization in water remains to be achieved.
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Figure 20: Hyperpolarization in aqueous cosolvent. (a) Tetrazine 11a
hyperpolarization and (b) detection of the cycloaddition product 13a were achieved in
a 3:1 CDs0OD/D20 solvent mixture. Image derived from literature source.

3.3 Conclusion and Future Work

A novel MR strategy of integrating bioorthogonal reactions and
hyperpolarization has been shown. This strategy was demonstrated on hyperpolarized
15Ns-1,2,4,5-tetrazines, which undergo rapid cycloaddition with cyclooctyne to provide
hyperpolarized cycloaddition products and hyperpolarized *N2 gas. This work suggests
great potential of ’N4-1,2,4,5-tetrazines as powerful molecular tags in NMR and MRI,
with dual roles in hyperpolarization and bioorthogonal ligation. Excitingly, the
observations in the current study additionally support the production of hyperpolarized
15Nz gas in both its ortho- and para- spin isomers. Future studies will be directed toward
systematic optimizations on the ®N-tetrazine cycloaddition-based hyperpolarization

tagging strategy and characterization of para-*N: gas.
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4. Biorthogonal Reaction-Based Metal Uncaging

In this chapter, I will discuss our nascent exploration of using bioorthogonal

reactions to covalently modify metal ligands and change metal coordination properties.

4.1 Background and Aims
4.1.1 “Unlockable” Caged Metals

The regulation of metal ions in our bodies is a crucial process necessary for our
continued survival. Metals such as iron, zinc, copper, manganese, and molybdenum
play an important role in physiological processes by serving as signaling elements,
cofactors for enzymes, or structural elements in proteins,.!*11> These essential metals are
typically present in the body at very low concentrations, which must be regulated
carefully. Metal deficiency is the cause for many diseases, such as anemia or restless leg
syndrome, whereas metal abundance may have even worse prognoses.'® For example,
high levels of metals can cause protein misfolding, oxidative stress, and other harmful
cellular effects. On a larger scale, high levels of metals can cause chronic health
problems, such as cancer or neurodegenerative disorders. In particular, metals can
accumulate in the brain, which has been linked to neurological diseases such as
Alzheimer’s disease, Huntingdon’s disease, and Parkinson’s disease.!411¢

On the other hand, metals have also been found to have beneficial effects for the
treatment of some diseases. For example, the oligodynamic effect of metal has been
exploited for antibacterial and antifungal use, such as the use of thiomersal as a
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preservative in vaccines. Cisplatin, a platinum complex, is widely used in chemotherapy
to treat various cancers. Therefore, metals play a complex role in physiology and
disease, and further study of their regulation is warranted.!'> 117

One important tool for the study of metals is the metal chelator. Ligand-bound
metal ions can function very differently from free, unbound metal.!’” However, once
chelated, a metal will not become unbound unless a stronger chelator is introduced or
the original chelator has degraded, by the principles of chemical equilibrium. Therefore,
research has been performed on specially labile chelators that will change its
coordination with the metal ion upon activation (typically UV irradiation). This
activation induces a decrease in the metal-ligand binding constant, effectively “freeing”
the metal. This concept, also known as metal “uncaging”, has potential in introducing
metals to a particular system of interest; for example, cancer cells are exposed to metals
bound to a ligand (a caged metal) that helps its uptake by the cell, and then irradiation
of light cleaves the ligand and allows the “uncaged” metal to interact with its
surroundings.'’

Nearly all examples of unlockable metal cages are those that use photolabile
ligands that contain fluorophores that cause degradation upon UV irradiation.!5 117
Although this strategy is effective, it is limited in application. UV irradiation can cause
cell apoptosis or degradation of other biomolecules, and furthermore, this approach is

not applicable for situations in which light cannot penetrate the system (e.g., in vivo).
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4.1.2 Using Bioorthogonal Reactions as Ligand Activator

We considered a strategy of using chemical reactions as the activation method
for metal uncaging. In other words, a metal-bound ligand could potentially undergo
structural changes following a chemical reaction that would decrease its coordination
ability to the metal (Figure 21). This concept is interesting because it would circumvent
many of the limitations of light-induced uncaging, but still allow for a high degree of

control for the uncaging process.

"
R + M+
@ bioorthogonal

"click" reaction
Figure 21: Schematic of chemical reaction-based metal uncaging.

For the design of such a strategy, we considered a panel of bioorthogonal
reactions, as we desired a chemical reaction that was biologically inert and had high
efficiency and kinetics. Our initial consideration was using 1,2,4-triazines, a newly
developed class of bioorthogonal handles. In 2015, the Prescher and Webb groups
independently demonstrated that 1,2,4-triazines can react with trans-cyclooctenes in a
moderately fast IEDDA reaction, similarly as 1,2,4,5-tetrazines (Figure 22). Second-order
rate constants on the order of 102 M-1s! can be achieved, and the kinetics can be further
modulated by changing the electronic properties of the triazine using different

substitutions.118-119
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Figure 22: IEDDA reaction between 1,2,4-triazines and trans-cyclooctene.

From these results, we designed 6-pyridyl-1,2,4-triazine (PyTrz) as our model
substrate. We postulate that PyTrz could serve as a bidentate metal chelating reagent
applicable to many different metal ions, similar to the commonly used metal ligand 2,2’-
bipyridine. This triazine could react with trans-cyclooctene via IEDDA cycloaddition,
causing the loss of the triazine nitrogens in the form of nitrogen gas. This effectively
destroys the bidentate chelating property and the resulting cycloadduct can only serve
as a monodentate chelator, much like simple pyridine. This scheme is depicted in Figure
23.

For our initial investigation, we sought to prove our hypothesis by determining
the metal binding constant of the triazine-metal complex (before reaction) and the
cycloadduct-metal complex (after reaction) and comparing these values for different
metal ions. Because of the high affinity for 2,2’-biyridine for many metal ions,'* we
envisioned that, if successful, our strategy would allow for a very general method for

metal uncaging, which is another limitation of most metal uncaging methods. Typically,
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the labile caged ligand is designed specifically for the binding with a single type of
metal. This is done by carefully adjusting the site of coordination to match the size of a
certain metal; therefore, the ligand typically has poor binding character with other

metals.

OR

Y

1 H
bioorthogonal
IEDDA reaction

I-n-2
” M ~

—N N=N

Y Wi
N
OR
BIDENTATE: MONODENTATE:
equilibirium relatively shifted equilibirium relatively shifted
toward BOUND metal toward UNBOUND metal

Figure 23: Triazine-based metal uncaging concept. The triazine is more likely
to bind with most metals through bidentate coordination, whereas following
cycloaddition reaction, the triazine/cyclooctene adduct is more likely to bind with
most metals through monodentate coordination.

4.2 Results and Discussion

We initially chose copper as the metal ion for our experiments, using copper (II)

sulfate pentahydrate as our copper source.
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4.2.1 Copper/Triazine Metal Binding Mode
4.2.1.1 Solution-phase UV/Vis Analysis

Our first goal was to determine the binding stoichiometry between copper and
PyTrz. Typically, ultraviolet/visible spectroscopy (UV/Vis) is an analytical method of
choice, as many metal complexes have signature spectral profiles. We initially attempted
to use the Jobs plot technique, which involves titration of either the metal or ligand to a
solution of the other. However, we found that the absorption wavelength shifted
significantly depending on the concentrations of the metal and PyTrz (Figure 24). This

04

0.35

0.25

0.5

850 700 750 800 850

Figure 24: UV/Vis spectra of different titration points of copper/PyTrz Jobs
Plot analysis. Note Amax shifted significantly between plots (red arrows), indicating
multiple modes of binding and complicating our analysis.
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was amenable for Jobs plot analysis, which requires absorption values at the same
wavelength across titration data points. This indicated that the copper/PyTrz system had
multiple modes of binding with potentially mixtures of different stoichiometries, which
severely complicated our analysis.

This conclusion was reinforced by the large amounts of time it took for the
copper/PyTrz system to reach equilibrium. Figure 25 shows a time-course of the UV/Vis
spectra over a period of 36 hours. Immediately upon addition of equimolar amounts of

copper (II) sulfate pentahydrate and PyTrz, absorptions at 505 and 610 nm are observed.

- =N — =N
0.8_ I A MN) equil. 48 hr \ N/ }“'N/>
X + CuSOy et
1mL of TmM in
(1% DMSO/HEPES)

0.6+
0.4-
0.2
o'o_ T T T T T 1

400 500 600 700 800 9(

Figure 25: Time-course of UV/Vis spectra for equimolar amounts of copper (II)
sulfate pentahydrate and PyTrz. Red arrows indicate movements of Amax over 36 hours.
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These absorptions gradually decay; the 505 nm peak completely disappears and the 610
nm peak shifts to 624 nm after about 24 hours, at which the spectra appears to be stable.
The sophisticated binding modes of copper with PyTrz may cause the system to reach

equilibrium very slowly.

4.2.1.2 Synthesis of Copper/PyTrz complex

Instead of analysis in the solution phase, we instead considered synthesizing a
copper/PyTrz complex directly and use this solid complex directly for our experiments.
A green solid was produced upon reacting equimolar amounts of copper (II) sulfate
pentahydrate with PyTrz at room temperature in methanol (Figure 25). This solid was
recrystallized and submitted for x-ray crystallography, x-ray photoelectron spectroscopy
(XPS), and elemental analysis. We proposed two potential structures for the synthesized
material: a complex with 1:1 PyTrz:copper stoichiometry (I) or 2:1 PyTrz:copper

stoichiometry (II).

— N
— N j

_ N CuSO, 5H,0 (1 eq.) VRN O_( \

O_(\> -\ A N=N>
\ - MeOH N. N=N N

N N=N te1h od ot 0S0;
rt., r

1 eq. PyTrz H,0~ ' TS0OH, N N-N

7 \

ol ™ O

I I

Figure 26: Synthesis of copper/PyTrz complex and potential binding modes of
product.

Unfortunately, X-ray crystallography was not successful, as the crystallized

solids were too thin and fine for adequate scattering of the x-rays. Attempts to generate
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thicker crystals by using different crystallization solvent systems were fruitless. Both
XPS and elemental analysis appeared to indicate that complex (I) was formed (Figure
26). Furthermore, an additional experiment in which 2 equivalents of PyTrz was reacted
with 1 equivalent of copper (II) sulfate pentahydrate yield about 1 equivalent of

unreacted PyTrz recovered in the recrystallization liquid.

N N ~_ .
/\Cu/\ N/CU\IOS()}
H,0 c|)so3 OH, © ,__P?
I i
Chemical Formula: CgH1qCuN40gS  Chemical Formula: C47H3CuN;0,S
Molecular Weight: 353.79600 Molecular Weight: 47494200
Atom | Atom %* | Atom %* Found Atom Wt % | Atom Wt % | Found Atom
(1) (IT) Atom %* (1) (IT) Wt %
(XPS) (Elem. Anal.)
C 40 56 48.8 27.16 42.99 24 .44
ENm === S 2.76 2.60
N 16 23 17.7 15.84 20.64 13.84
0] 30 13 252 27.13 13.47 33.29
S 5 3.3 4.0 9.06 6.75 None found
Cu 5 3.3 4.4 17.96 10.51

*excluding hydrogen

Figure 27: XPS (left, blue) and elemental analyses (right, red) of the
synthesized copper/PyTrz complex. In red text, are the atomic compositions that best
match those of the experimentally derived results (darker shaded columns)

Based on these results, we used the synthesized copper/PyTrz complex directly

in future experiments and assumed a 1:1 binding stoichiometry.
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4.2.2 Copper/Triazine Bioorthogonal Reaction Kinetics

Our next goal was to determine the reaction kinetics of the copper/PyTrz
complex with trans-cyclooctene. Comparing this with the kinetics of the simple PyTrz
and trans-cyclooctene reaction would show whether the metal hindered or facilitated the
chemical reaction. Because of the technical issues with UV/Vis spectroscopy, we opted to
use high-performance liquid chromatography (HPLC) to monitor the reaction progress.
We first monitored the reaction between PyTrz and trans-cyclooctene TCO using
reverse-phase HPLC over the course of 18 hours. We could see the generation of two
intermediate products, which themselves appeared to disappear into a third product
(Figure 28).

We propose that the two intermediates observed are the two regioisomers of the
PyTrz/TCO cycloadduct, which slowly becomes oxidized to form the aromatized
pyridine ring. If so, a preliminary analysis of the HPLC indicates the cycloaddition
reaction has a second order rate of about 2x10-! M-'s which is in line with literature
reports. However, this result has yet to be fully confirmed; authentic samples of the
product must be obtained and analyzed to confirm our assignments of the HPLC trace.
Following this, we plan to run similar experiments, but using the copper/PyTrz complex

for the cycloaddition reaction.
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Figure 28: HPLC trace and possible interpretation of PyTrz reaction with TCO.

4.3 Conclusion and Future Work

The project described in this section is still in progress. At this point, we still have

yet to realize the validity of our hypothesis. Immediate future work includes

continuation of the experiments described in §4.2.2. Meanwhile, we are also exploring

the use of isothermal calorimetry (ITC) as a method for determining binding constants of

the copper and PyTrz, as well as copper and the PyTrzTCO cycloadduct. This set of

experiments would show whether in fact the metal binding is reduced following
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chemical reaction. Finally, another potential avenue of exploration is the use of other
more strained azadienophile agents for faster chemical reaction to induce more rapid
metal uncaging. Nevertheless, our concept of employing bioorthogonal chemistry for
metal uncaging is novel and has much promise in the field of bioinorganic chemistry.
We envision that success of this project would lead to new methods of studying the role

of metals in cellular processes and beyond.
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5. Conclusion

The research ideas and experiments described in this dissertation all have in
common their inspiration from bioorthogonal chemistry. Chemistry that is functional in
biological contexts is very powerful and can be applied to solve problems in a wide
variety of fields. Herein, I presented three such examples of the interdisciplinary value
of bioorthogonal chemistry in magnetic resonance and in metal uncaging. Azides and
tetrazines as hyperpolarized molecular tags and triazines as labile metal ligands have
potential for direct future applications in their respective fields. There remains work to
be performed to complete these projects and extend them to the next level beyond
simple proof-of-concepts. In the future, we plan to continue exploring these new ideas

that combine fields of study to solve problems in others.
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Appendix A

General Experimental Information

Material Information. All commercially available reagents and solvents were
used as received unless otherwise stated. Thin-layer chromatography (TLC) was
performed using aluminum plates pre-coated with 0.25 mm of 230—400 mesh silica gel
with a fluorescent indicator (254 nm). TLC plates were visualized by exposure to
ultraviolet light and/or exposure to the solution of KMnO4 and/or vanillin stain. Organic
solutions were concentrated in vacuo using a rotary evaporator. Column chromatography
was performed with silica gel (60 A, standard grade).

Nuclear magnetic resonance spectra were recorded at ambient temperature
(unless otherwise stated) on Bruker AM-360 MHz, Varian iNova 400 MHz, or Varian
iNova 500 MHz spectrometers. NMR data are represented as follows: chemical shift,
multiplicity, coupling constant, and integration. All values for proton chemical shifts (3r)
are reported in parts per million and are referenced to the residual internal CHD.OD (6
3.31). All values for carbon chemical shifts (8¢c) are reported in parts per million and are
referenced to the carbon resonances in CDClIs (6 77.0) or CD30D (6 49.0). All values for
nitrogen chemical shifts (dn) are reported in parts per million and are referenced to an
external standard of liquid NHs (8 0.0); the reference point is calculated from the ratios of
resonance frequencies following IUPAC recommendations.* Resonances are described as
s (singlet), d (doublet), t (triplet), g (quartet), quint (quintet), and combinations thereof.

Coupling constants (J) are given in Hz and rounded to the nearest 0.1.
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High resolution mass spectra were recorded by either (1) the Mass Spectrometry
Facility at the Department of Chemistry at Duke University using an Agilent 6224 TOF
LC/MS instrument (denoted by LC/ESI) or (2) the Analytic Chemistry Core at the
Nicholas School of the Environment at Duke University using an Agilent 7890B GC and
7200 QTOF instrument (denoted by GC/EI). High resolution m/z values are reported in
Daltons, calculated to 4 decimal points from the molecular formula. All found values are
within 5 ppm tolerance.

Infrared spectra were recorded on a ThermoScientific Nicolet 6700 FTIR
equipped with a diamond ATR. Absorption maxima (Vmax) are described as s (strong), m
(medium), w (weak), and br (broad) and are quoted in wavenumbers (cm™). Only

selected peaks are reported.

Synthesis of ®Ns-Azides

CHj

H3C)\/\OH CH, 19N,H,eH,0

Na'>NO, 15N Na'®Ng
H,S04, H,0, 0 °C, 30 min ch)\/\o/ SO Na® EtOH, 40 °C, 4 hr

S1
91%

Sodium azide-°Ns

NRE To a 2-neck 50 mL round bottom flask, sodium metal (220 mg, 9.6 mmol, 1.25

equiv) was added portionwise to ethanol (10 mL) over an ice-water bath. The mixture
was stirred at room temperature until all solid material was completely consumed (about

1.5 hours).
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Meanwhile, in a separate 25 mL pear shaped flask, sodium nitrite-1®N (915 mg,
13.8 mmol, 1.8 equiv) was dissolved in 2 mL water. This solution was cooled with an
ice-water bath and 3-methyl-1-butanol (1.50 mL, 13.8 mmol, 1.8 equiv) was added. Next,
4AM H2S04 (1.725 mL, 6.9 mmol, 0.9 equiv) was added dropwise over 5 minutes, and the
reaction was stirred vigorously over the ice-water bath for 30 minutes. Upon addition, the
reaction turned blue-green and slowly became colorless. Afterwards, the bilayer mixture
was transferred to a 25 mL separatory funnel and the bottom layer was removed. The top
layer (neat, crude isopentyl nitrite S1) was washed with 5 mL saturated sodium chloride
solution. While the top layer remained in the separatory funnel, a small amount (~100
mg) sodium sulfate was directly added to the funnel to dry the crude material, which was
subsequently drawn from the separatory funnel directly using a syringe. About 1.5 mL of
the light yellow, crude S1 was collected.

To the previous sodium/ethanol mixture (once all solid material was completely
consumed), hydrazine-1®N> monohydrate and the crude isopentyl nitrite were added
subsequently at room temperature. Following addition, a white solid began to precipitate.
The reaction was heated at 60 °C for 4 hours, after which the reaction mixture was cooled
using an ice-water bath. The reaction was filtered, and the filter cake was washed with
ethanol (20 mL). The solid was dried under vacuum overnight to yield sodium azide-*N3
as a fine, white powder (473.7 mg, 6.96 mmol, 91%).

H3C)\/\OH CH, NoHgeH,0

Na'°NO, 15N Na'>NN,
H,S04, H,0, 0 °C, 30 min Hsc)\/\o/ S0 Na®, EtOH, 40 °C, 4 hr

S1
57%
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Sodium azide-15N;

Following the same procedure for sodium azide-®Ns, substituting natural

Na'°NN,

abundance-hydrazine monohydrate for hydrazine->N> monohydrate, sodium azide->N;

was synthesized as a fine, white powder (451.7 mg, 6.84 mmol, 57%).

OH

OTfOAC Na15N3
\20 HO OOH
AcO DMF, 40 C 2h ACO MeOH rt,2h HO

OA
AcO C 5N,

0 0
88% 38% SXX

1,3,4,6-Tetra-O-acetyl-2-(azido-°N3)-2-deoxy-p-D-glucopyranose (AZ2PC1).

oac | The following reagents were added in succession to a 1-dram vial:

6]
AQS%OAC 1,3,4,6-Tetra-O-acetyl-2-O-trifluoromethanesulfonyl-p-D-

mannopyranose (240.2 mg, 0.50 mmol, 1.0 equiv), N,N-dimethylformamide (1.5 mL),
and sodium azide->N3 (34.0 mg, 0.50 mmol, 1.0 equiv). The reaction was stirred at 40 °C
for 2 hours, after which the reaction mixture was directly subjected to column
chromatography (20% ethyl acetate—hexane) to yield AZ2PC1 as a sticky, colorless oil
(166.1 mg, 0.44 mmol, 88%).

IH NMR (400 MHz, CDCls): 8 6.97 (d, J = 9.5 Hz, 1H), 5.77 (d, J = 8.7 Hz, 1H), 5.32 (t,
J=10.0 Hz, 1H), 5.06 (t, J = 9.7 Hz, 1H), 4.28 — 4.19 (m, 2H), 4.07 (dd, J = 12.4, 2.2 Hz,
1H), 3.89 — 3.85 (m, 2H), 3.82 (d, J = 3.9 Hz, 2H), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 (s,
3H), 1.99 (s, 3H);

13C NMR (100 MHz, CDCls): § 171.0, 170.5, 169.3, 169.2, 167.2 (t, J = 2.3 Hz, 1C),
91.9,725,72.1, 68.0,61.7,52.6, 52.4 — 52.3 (m, 1C), 20.7, 20.5, 20.4, 20.4;

HRMS-ESI (m/z): Calc’d for (C1sH212°N,0") ([M+H]*): 283.1589; found: 283.1597
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2-(Azido-1°N3)-2-deoxy-D-glucose (AZ2).

on | Toa 20 mL scintillation vial chilled over an ice-water bath, methanol (1.0

O
HB%OH mL) and sodium metal (11 mg, 0.48 mmol, 1.1 equiv) were added in

15N3

succession. This mixture was stirred over the ice-water bath until all solids were fully
dissolved (~10 minutes), after which a solution of AZ2PC1 (166 mg, 0.44 mmol, 1.0
equiv) in methanol (1.0 mL) was added. The reaction was warmed to room temperature
and stirred at room temperature for 2 hours, during which the colorless solution became a
light yellow suspension. The reaction was quenched by adding acidic ion-exchange resin
(450 mg of Dowex® 50WX8 resin, hydrogen form, 200-400 mesh) and stirring for 5
minutes at room temperature. This mixture was filtered and washed with additional
methanol (~10 mL). The filtrate was concentrated in vacuo and subjected to column
chromatography (0.5% methanol—ethyl acetate) to yield AZ2 as a sticky, yellow oil (34.9
mg, 0.17 mmol, 38%).

IH NMR (400 MHz, CDCls): 8 6.97 (d, J = 9.5 Hz, 1H), 5.77 (d, J = 8.7 Hz, 1H), 5.32 (t,
J=10.0 Hz, 1H), 5.06 (t, J = 9.7 Hz, 1H), 4.28 — 4.19 (m, 2H), 4.07 (dd, J = 12.4, 2.2 Hz,
1H), 3.89 — 3.85 (m, 2H), 3.82 (d, J = 3.9 Hz, 2H), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 (s,
3H), 1.99 (s, 3H);

13C NMR (100 MHz, CDCls): § 171.0, 170.5, 169.3, 169.2, 167.2 (t, J = 2.3 Hz, 1C),
91.9,725,72.1,68.0,61.7,52.6, 52.4 — 52.3 (m, 1C), 20.7, 20.5, 20.4, 20.4;

FTIR (neat): 3303 (s, br), 2037 (s), 1652 (s), 1559 (s), 1263 (w), 1118 (s), 1022 (s), 863
(w), 565 (m) cm?;
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HRMS-ESI (m/z): Calc’d for C16H2sN2°N3O10" ((M+NH4]*): 451.1585; found:

451.1584.
OTs N
OH 3
O\) o\/
160~ >9T8 K,CO, Na'5N,
_ =
. DMF, 80°C, 1h
BocHN OMe MeCN, 90 °C, 5h oMe oM
o . BocHN 929% BocHN
41% o o 5
SXX SXX
15N3
o/
. 1) LIOH+H,0, MeOH/H,0, r.t., 1 h
HoN OH 2) TFA, DCM, 0°Ctort., 2 h

c” o 3)HCI, H,O, rt., 1h
AZ3 47%

N-Boc-0-2-(tosyloxy)ethyl-L-tyrosine methyl ester (AZ3PC2).

os1 The following reagents were added in succession to a 250 mL

round-bottom flask: Boc-L-tyrosine methyl ester (7.3 ¢, 25

BocHN OMe mmol, 1.0 equiv), acetonitrile (50 mL), potassium carbonate

(6]
(5.53 g, 40.0 mmol, 1.6 equiv), ethylene glycol ditosylate (15 g, 40 mmol, 1.6 equiv).

The reaction was stirred at 90 °C for 5 hours, after which the reaction mixture was cooled
to room temperature, concentrated in vacuo, and then subjected by column
chromatography (5% tert-butyl methyl ether—-45% dichloromethane—hexane) to vyield
AZ3PC2 as an extremely gummy, light yellow oil (5.08 g, 10.3 mmol, 41%).

'H NMR (400 MHz, CDs0D):  7.80 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 6.99

(d, J = 8.6 Hz, 2H), 6.70 (d, J = 8.6 Hz, 2H), 4.96 (d, J = 7.8 Hz, 'H), 4.51 (dd, J = 13.6,
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6.0 Hz, tH), 4.35 — 4.32 (m, 2H), 4.11 — 4.09 (m, 2H) 3.69 (s, 3H), 2.99 (qd, J = 13.6, 6.0
Hz, 2H), 2.44 (s, 3H), 1.40 (s, 9H);

13C NMR (100 MHz, CDCls): 8 172.2, 156.9, 154.9, 144.8, 132.7, 130.2, 129.7, 128.7,
127.8, 1145, 79.7, 68.1, 65.3, 54.4, 52.0, 37.3, 28.1, 21.5;

FTIR (neat): 3385 (w), 2976 (m), 1709 (s), 1510 (s), 1357 (s), 1245 (m), 1171 (s), 1018
(m), 924 (s), 753 (s), 662 (), 552 (M) cm?;

HRMS-ESI (m/z): Calc’d for (C1sH212°N,0") ([M+H]*): 283.1589; found: 283.1597

N-Boc-0-2-(azido-°Ns)ethyl-L-tyrosine methyl ester (AZ3PC1).

sn,] The following reagents were added in succession to a 2-dram vial:
o
AZ3PC2 (1234 mg, 025 mmol, 1.0 equiv), N,N-
BocHN” Ny OM® dimethylformamide (1.0 mL), and sodium azide-°*N3 (17.0 mg,
(6]

0.25 mmol, 1.0 equiv). The reaction was stirred at 80 °C for 1 hour, after which the
reaction mixture was directly subjected to column chromatography (20% ethyl acetate—
hexane) to yield AZ3PCL1 as a sticky, light yellow oil (84.8 mg, 0.23 mmol, 92%).

IH NMR (400 MHz, CDs0OD): 6 7.02 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 4.96
(d, J=7.6 Hz, *H), 4.52 (dd, J = 13.6, 6.0 Hz, *H), 4.17 — 4.03 (m, 2H), 3.68 (s, 3H), 3.60
—3.50 (m, 2H), 3.01 (qd, J = 13.6, 6.0 Hz, 2H), 1.39 (s, 9H);

13C NMR (100 MHz, CDCls): & 172.3, 157.2, 155.0, 130.3, 128.7, 114.6, 79.8, 66.9,
54.5,52.2,50.1, 37.4, 28.2;

FTIR (thin film, MeCN): 2926 (s), 2056 (s), 2020 (s), 1716 (s), 1509 (s), 1365 (m), 1245

(s), 1166 (s), 1058 (m) cm™™;
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HRMS-ESI (m/z): Calc’d for (C1sH21°N20") ([M+H]"): 283.1589; found: 283.1597

O-2-(azido-*>Na)ethyl-L-tyrosine (AZ3).

To a 2-dram vial, AZ3PC1 (79.8 mg, 0.22 mmol, 1.0 equiv) was

15N3

o/

dissolved in methanol (0.50 mL). A solution of lithium hydroxide

HN"N " - | monohydrate (13.7 mg, 0.33 mmol, 1.5 equiv) in water (0.25 mL)
(6]

was added dropwise, and the colorless solution turned light yellow. The reaction was

stirred at room temperature for 1 hour, after which 2M hydrochloric acid (162 pL, 0.34
mmol, 1.5 equiv) was added dropwise, and the reaction became white and cloudy.
Additional water (1 mL) was added and the mixture was extracted with ethyl acetate (3
mL x 5). The organic layers were combined, dried with sodium sulfate, and concentrated
in vacuo.

The crude material was transferred to a 25 mL round-bottom flask and dissolved
in dichloromethane (2 mL). After chilling the solution in an ice-water bath, trifluoroacetic
acid (166 uL, 2.2 mmol, 10. equiv.) was added dropwise, then the reaction was warmed
to room temperature. The reaction was stirred at room temperature for 1 hour, after which
it was concentrated in vacuo. Diethyl ether (5 mL) was added to the crude material,
causing formation of a white precipitate. This suspension was chilled in an ice-water bath
for 30 minutes, after which it was filtered and washed with additional diethyl ether (~10
mL). The solid was transferred to a 1-dram vial, dissolved in water (1 mL), and then
concentrated hydrochloric acid (190 pL, 2.2 mmol, 10. equiv) was added dropwise. The

solution was stirred for 1 hour, after which it was frozen by placing the vial in a -80°C
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freezer overnight. The frozen pellet was lyophilized, yielding AZ3 as a fluffy, white solid
(29.4 mg, 0.10 mmol, 47%).

1H NMR (400 MHz, D20): & 7.23 (d, J = 8.6 Hz, 'H), 6.99 (d, J = 8.6 Hz, 'H), 4.25 (t, J
= 6.5 Hz, 'H), 4.21 — 4.17 (m, 2H), 3.67 — 3.63 (m, 2H), 3.25 (dd, J = 14.7, 5.4 Hz, 'H),
3.14 (dd, J = 14.7, 7.5 Hz, 'H);

13C NMR (125 MHz, D20): & 171.4, 157.2, 130.7, 126.8, 115.3, 66.9, 54.1, 49.8, 34.7;
FTIR (neat): 2874 (s, br), 2057 (s), 2016 (s), 1735 (s), 1513 (s), 1488 (m), 1251 (s), 1229
(s), 1206 (s), 838 (s), 803 (m) cm;

HRMS-ESI (m/z): Calc’d for (C1sH212°N,0") ([M+H]*): 283.1589; found: 283.1597

Me. OH
e N/\/ _OT
Na'>N TsCl, EtsN S
Br\/\OH I 15N3\/\ s 15N3\/\ Me_» 15N3\/\Kl/\/OH
H,0, 60 °C, 28 h OH  pcwm, rt., 18 h OTs MecN, 60 °C, 20 h e Mo
SXX SXX
65% (over 2 steps) 93% AZX

2-(Azido-*N3s)ethanol (AZ4PC2)

The following reagents were added in succession to a 1-dram vial: freshly

15
N3\/\OH

distilled 2-bromoethanol (31.2 mg, 0.25 mmol, 1.0 equiv), water (250 pL), and sodium
azide-*>N3 (17.0 mg, 0.25 mmol, 1.0 equiv). The reaction was stirred at 60 °C in the dark
for 28 hours, after which the reaction mixture was cooled to room temperature. Saturated
sodium chloride solution (500 uL) was added and this mixture was extracted with diethyl
ether (1.5 mL x 5). The organic layers were combined, dried with sodium sulfate, and
concentrated very gently in vacuo, such that about 200 pL of solvent remained. (Note: the

azidoethanol intermediate is somewhat volatile and may have a low vapor pressure, and
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we recommend to drying for only short periods of time at medium pressure. Residual

diethyl ether does not significantly impact the kinetics or yield of the following step.)

2-(Azido-*Ns)ethyl 4-methylbenzylsulfonate (AZ4PC1)

The crude material AZ4PC2 in a 20 mL scintillation vial was further

15
N
NS0T

diluted with dichloromethane (1 mL) and triethylamine (70. uL, 0.50 mmol, 2.0 equiv).
This mixture was cooled with an ice-water bath and tosyl chloride (57.2 mg, 0.30 mmol,
1.2 equiv) was added. The reaction was warmed to room temperature and stirred at room
temperature for 18 hours, after which it was concentrated in vacuo and subjected to
column chromatography (10% ethyl acetate—hexane) to yield AZ4PC1 as a light-yellow
liquid (39.9 mg, 0.16 mmol, 65%).

IH NMR (400 MHz, CDCls): 6 7.80 (d, J = 8.1 Hz, 'H), 7.36 (d, J = 8.0 Hz, 'H), 4.15 (q,
J=4.7 Hz, 2H), 3.47 (q, J = 4.7 Hz, 2H), 2.45 (s, 3H);

13C NMR (100 MHz, CDCls): 6 145.2, 132.4, 129.9, 127.9, 68.1, 49.5, 21.6;

FTIR (thin film, MeCN): 2918 (s), 2053 (s), 2019 (s), 1361 (s), 1175 (s), 1015 (m), 911
(s), 769 (s), 663 (s), 553 (s) cm™;

HRMS-ESI (m/z): Calc’d for (C1sH21°N20") ([M+H]"): 283.1589; found: 283.1597

2-(Azido-*N3)-N-(2-hydroxyethyl)-N,N-dimethylethan-1-ammonium 4-

methylbenzene-sulfonate (AZ4)

OoTs The following reagents were added in succession to a 1-dram vial:
15N3\/\,§/\/0H
Me Me
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AZ4PC1 (376 mg, 0.15 mmol, 1.0 equiv), acetonitrile (150 pL), and 2-
(dimethylamino)ethanol (15.4 uL, 0.15 mmol, 1.0 equiv). The reaction was stirred at 80
°C for 20 hours, after which the reaction mixture was cooled to room temperature and
concentrated in vacuo to yield AZ4 as a yellow oil (47.9 mg, 0.14 mmol, 93%).

IH NMR (400 MHz, CDsOD): & 7.71 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.1 Hz, 2H), 4.00
—3.96 (M, 2H), 3.95 — 3.90 (m, 2H), 3.65 — 3.62 (m, 2H), 3.54 — 3.52 (m, 2H), 3.20 (s,
6H), 2.38 (s, 3H)

13C NMR (126 MHz, CDCl3): & 143.6, 141.8, 129.9, 126.9, 67.5 — 67.4 (m, 1C), 64.6 —
64.5 (m, 1C), 56.8, 52.8 (t, J = 3.7 Hz, 1C); 46.0 (m, 1C), 21.3;

FTIR (thin film, MeCN): 3368 (s, br), 2924 (m), 2034 (s), 1459 (m), 1175 (s), 1121 (s),
1033 (s), 1009 (s), 818 (m), 682 (s), 566 (s) cm™;

HRMS-ESI (m/z): Calc’d for (C1sH21°N20") ([M+H]"): 283.1589; found: 283.1597

OAc

O
A@g%m gac oH

o) Na'®N3, NaOH o HaN o= AcO o] LiOH+H,0 H(H)o o

ACS OAc OH
Br\)kOH H,0, 60 °C, 28 h 15N3\)k0,_| EDC-HCI, HOBt-H,0, HN 5N, MeOH, 0°C,2h HN  "5Ng
AZ6PC2 Et3;N,1,4-dioxane, r.t., 24 h d 70.% 4
ki AZ6PC1 AZ6
2-(Azido-*Ns)acetic acid (AZ6PC2)
5 The following reagents were added in succession to a 1-dram vial: 2-

15N3\)J\OH

bromoacetic acid (69.5 mg, 0.50 mmol, 1.0 equiv), 2M sodium

hydroxide/water (250 pL, 0.50 mmol, 1.0 equiv), sodium azide-*Ns (37.4 mg, 0.55
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mmol, 1.1 equiv), and additional water (250 puL). The reaction was stirred at room
temperature in the dark for 19 hours, after which 4M hydrochloric acid (375 uL, 1.5
mmol, 3.0 equiv) was added and the reaction was extracted with diethyl ether (2 mL x 5).
The organic layers were combined, dried with sodium sulfate, and concentrated in vacuo
to yield AZ6PC2 as a clear, colorless liquid.

1,3,4,6-Tetra-O-acetyl-2-[2-(azido-°N3s)acetylamino]-2-deoxy-g-D-glucopyranose

(AZ6PC1).
oAc | The following reagents were added in succession to a 20 mL
AéOCOHN 153‘3’“ scintillation vial: AZ6PC2 (52.8 mg, 0.50 mmol, 1.0 equiv), 1,4-
0 dioxane (5 mL), 1-hydroxybenzotriazole monohydrate (91.9 mg, 0.60

mmol, 1.2 equiv), 1,3,4,6-Tetra-O-acetyl-2-amino-2-deoxy-p-D-glucopyranose
hydrochloride (230.3 mg, 0.60 mmol, 1.2 equiv), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (239.6 mg, 1.25 mmol, 2.5 equiv), and triethylamine
(83.6 pL, 0.6 mmol, 1.2 equiv). The reaction was stirred at room temperature for 24
hours, after which the reaction was transferred to a separatory funnel. Water (10 mL) and
ethyl acetate (15 mL) were added, and after vigorous shaking, the aqueous layer was
removed. The organic layer was washed with 2M hydrochloric acid (10 mL x 2), then
saturated sodium bicarbonate solution (10 mL x 2). The organic layer was then dried with
sodium sulfate and concentrated in vacuo to yield AZ6PCL1 as a colorless oil (150.8 mg,
0.35 mmol, 70.%).

Rs = 0.27 (40% ethyl acetate—hexane);
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IH NMR (400 MHz, CDCl5): § 6.97 (d, J = 9.5 Hz, 1H), 5.77 (d, J = 8.7 Hz, 1H), 5.32 (¢,

J=10.0 Hz, 1H), 5.06 (t, J = 9.7 Hz, 1H), 4.28 — 4.19 (m, 2H), 4.07 (dd, J = 12.4, 2.2 Hz,

1H), 3.89 — 3.85 (m, 2H), 3.82 (d, J = 3.9 Hz, 2H), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 (s,

3H), 1.99 (s, 3H):

13C NMR (100 MHz, CDCls): & 171.0, 170.5, 169.3, 169.2, 167.2 (t, J = 2.3 Hz, 1C),

919,725,721, 68.0,61.7,52.6, 52.4 — 52.3 (m, 1C), 20.7, 20.5, 20.4, 20.4;

FTIR (thin film, MeCN): 3343 (w, br), 2938 (w), 2040 (s), 1740 (s), 1676 (m), 1536 (m),

1367 (m), 1209 (s), 1032 (s), 902 (m), 570 (m) cm™;

HRMS-ESI (m/z): Calc’d for C1sHasN2*N3O10* ([M+NHa]*): 451.1585; found:

451.1584.

2-[2-(azido-*>N3)acetylamino]-2-deoxy-D-glucose (AZ6).

OH

o)
Hao OH

HN 5N

)

To a 20 mL scintillation vial, AZ6PC1 (142.9 mg, 0.33 mmol, 1.0 equiv)
was dissolved in methanol (2.0 mL) and tetrahydrofuran (0.5 mL), and

the solution was chilled over an ice-water bath. A solution of lithium

hydroxide monohydrate (20.8 mg, 0.50 mmol, 1.5 equiv) in water (0.50 mL) was added

dropwise, and the reaction was stirred over the ice-water bath for 2 hours. Subsequently,

the reaction was quenched by adding acidic ion-exchange resin (300 mg of Dowex®

50WX8 resin, hydrogen form, 200-400 mesh) and stirring for an additional 15 minutes

over the ice-water bath. This mixture was filtered and washed with methanol (~10 mL),

and the filtrate was concentrated in vacuo. The crude material was then dissolved in a

small amount of methanol (~0.5 mL), triturated with dichloromethane (10 mL), filtered,
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and washed with additional dichloromethane (10 mL) to yield AZ6 as a fine, white solid

(61.6 mg, 0.23 mmol, 70.%).

IH NMR (400 MHz, CDCls): & 6.97 (d, J = 9.5 Hz, 1H), 5.77 (d, J = 8.7 Hz, 1H), 5.32 (t,
J=10.0 Hz, 1H), 5.06 (t, J = 9.7 Hz, 1H), 4.28 — 4.19 (m, 2H), 4.07 (dd, J = 12.4, 2.2 Hz,
1H), 3.89 — 3.85 (m, 2H), 3.82 (d, J = 3.9 Hz, 2H), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 (s,
3H), 1.99 (s, 3H);

13C NMR (100 MHz, CDCls): & 171.0, 170.5, 169.3, 169.2, 167.2 (t, J = 2.3 Hz, 1C),
91.9,725,72.1,68.0,61.7,52.6, 52.4 — 52.3 (m, 1C), 20.7, 20.5, 20.4, 20.4;

FTIR (neat): 3303 (s, br), 2037 (s), 1652 (s), 1559 (s), 1263 (w), 1118 (s), 1022 (s), 863
(w), 565 (m) cm™?;

HRMS-ESI (m/z): Calc’d for C1sH2sN22*N3O10" ([M+NH4]*): 451.1585; found:

451.1584.
OTs 15N, I\
OMe OMe ————— .. [ OH
BocHN/(H/ 1) NaN3, DMF, 40 °C, 2.5 h BocHN/EH/ ®  45MHCI HsN/_Eﬂ/
0 2)EtN,70°C, 1.5h o) 70 °C, 12 hr c O
71% AZ3 94% AZ3

N-Boc-3-(azido-1°Ns)-L-alanine methyl ester (AZ7PC1).

To a 1-dram vial, N-Boc-O-tosyl-L-serine methyl ester (233.4 mg, 0.625

15N3

BocHN oM mmol, 2.5 equiv) was suspended in N,N-dimethylformamide (0.65 mL)

o)

and sonicated to dissolve. Sodium azide-*>N3 (17.0 mg, 0.25 mmol, 1.0 equiv) was added

directly to the solution, and the reaction was stirred at 40 °C for 2.5 hours. Subsequently,
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triethylamine (52.3 pL, 0.375 mmol, 1.5 equiv) was added to the reaction, and the
temperature was increased to 70 °C, where it was held for 1.5 hours. The reaction was
cooled to room temperature and the reaction mixture was directly subjected to column
chromatography (10% ethyl acetate—hexane) to yield undesired elimination byproduct
AZT7PC1-BP as a colorless oil (82.8 mg, 0.41 mmol, 60% [based on N-Boc-O-tosyl-L-
serine methyl ester]) and AZ7PC1 as a colorless oil (44.0 mg, 0.18 mmol, 71% [based on
sodium azide-'°N3] or 28% [based on N-Boc-O-tosyl-L-serine methyl ester]).

FTIR (thin film, MeCN): 3362 (w, br), 2978 (m), 2032 (s), 1702 (s), 1504 (s), 1355 (m),
1247 (m), 1157 (s), 1046 (m), 867 (w), 779 (w) cm™;

HRMS-ESI (m/z): Calc’d for (C1sH21°N.0") ([M+H]"): 283.1589; found: 283.1597.

3-(azido-1°N3)-L-alanine (AZ7).

15N, To a 25 mL round bottom flask, AZ7PC1 (41.4 mg, 0.17 mmol, 1.0 equiv)

- OH
H3N

cl O
reaction was stirred at to 70 °C for 12 hours, after which the reaction was cooled to room

was dissolved in 4.5M hydrochloric acid (2.0 mL, 9.0 mmol, 53 equiv). The

temperature and diluted with 1.5 mL water. The reaction mixture was transferred to a
separatory funnel and washed with diethyl ether (2 mL x 3). The resulting aqueous layer
was collected in a 20 mL scintillation vial and was frozen by placing the vial in a -80°C
freezer overnight. The frozen pellet was lyophilized, yielding AZ7 as a fluffy, light
brown solid (27.0 mg, 0.16 mmol, 94%).

FTIR (neat): 2934 (w), 2020 (s), 1404 (s), 1353 (m), 1221 (m), 997 (w), 880 (s), 771 (W),
624 (w), 538 (w) cm™;
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HRMS-ESI (m/z): Calc’d for (C1sH21°N20") ([M+H]*): 283.1589; found: 283.1597.

OTs 5N,

15
N=N>_/_/ Na N3 N=N
Me }\1 / DMF, 45°C, 1 h Me—<\ /

-N N—N
90%

AZ3

3-(3-(azido->Nz)-propyl)-6-methyl-1,2,4,5-tetrazine (AZ8).

The following reagents were added in succession to a 20 mL

15N3

=N>_/_/
! scintillation vial: 3-(3-(tosyloxy)propyl)-6-methyl-1,2,4,5-tetrazine

Me

z7 "z

(95.2 mg, 0.31 mmol, 1.0 equiv), N,N-dimethylformamide (0.5 mL), and sodium azide-
15N3 (21.0 mg, 0.31 mmol, 1.0 equiv). The reaction was stirred at 45 °C for 1 hour, after
which the reaction mixture was directly subjected to column chromatography (10% ethyl
acetate—hexane) to yield AZ8 as a deep red oil (50.9 mg, 0.28 mmol, 90.%).

FTIR (thin film, MeCN): 3040 (m), 2055 (s), 1699 (s), 1520 (s), 1224 (m), 915 (m), 805
(w), 604 (s) cm™;

HRMS-ESI (m/z): Calc’d for (C1sH21°N.0") ([M+H]"): 283.1589; found: 283.1597.

OAc
0 OAc OH
AcO
15, .15 AcO OAc AcO 6] HO 6]
=N HaN ACS OAc LiOH+H,0 HO OH
HONCD HN ————>  HN
5 3 EDC-HCI, HOBt:H,0, 15 MeOH, 0 °C, 2 h 15
Et3N,1,4-dioxane, r.t., 24 h 5 5
° D5C N 70.% © D5C §
86% 3 3
DIA2PC DIA2

1,3,4,6-Tetra-O-acetyl-2-acetyl-N-4,4-(azo-'°N2)-(5-?Hz)pentamido-2-deoxy-B-D-

glucopyranose (DIA2PC).
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OAc The following reagents were added in succession to a 20 mL

AcO o
ACS‘HN%LOAC scintillation vial: AZ6PC2 (52.8 mg, 0.50 mmol, 1.0 equiv), 1,4-

15N‘
0)_\7“‘% dioxane (5 mL), 1-hydroxybenzotriazole monohydrate (91.9 mg, 0.60

D;C

mmol, 1.2  equiv), 1,3,4,6-Tetra-O-acetyl-2-amino-2-deoxy-p-D-glucopyranose
hydrochloride (230.3 mg, 0.60 mmol, 1.2 equiv), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (239.6 mg, 1.25 mmol, 2.5 equiv), and triethylamine
(83.6 pL, 0.6 mmol, 1.2 equiv). The reaction was stirred at room temperature for 24
hours, after which the reaction was transferred to a separatory funnel. Water (10 mL) and
ethyl acetate (15 mL) were added, and after vigorous shaking, the aqueous layer was
removed. The organic layer was washed with 2M hydrochloric acid (10 mL x 2), then
saturated sodium bicarbonate solution (10 mL x 2). The organic layer was then dried with
sodium sulfate and concentrated in vacuo to yield AZ6PC1 as a colorless oil (150.8 mg,
0.35 mmol, 70.%).

IH NMR (400 MHz, CDCls): 8 5.77 (d, J = 9.4 Hz, 'H), 5.69 (d, J = 8.8 Hz, 1H), 5.18 (t,
J =95 Hz, H), 5.11 (t, J = 9.5 Hz, 1H), 4.35 — 4.24 (m, 2H), 4.12 (dd, J = 12.5, 2.0 Hz,
1H), 3.84 (ddd, J = 9.5, 4.5, 2.0 Hz), 2.11 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H),
1.89 — 1.85 (m, H), 1.77 — 1.73 (m, 1H);

13C NMR (126 MHz, CDCls): 6 171.3, 171.0, 170.4, 169.2 (2C), 92.1, 72.4, 72.3, 68.2,
61.7, 52.2, 30.2, 29.0, 25.0 (t, Jc-»n = 8.9 Hz), 20.6, 20.5, 20.4, 20.3 (note: CD3 missing
due to low SNR);

FTIR (thin film, MeCN): 3288 (s, br), 1649 (s), 1558 (s), 1541 (s), 1457 (w), 1420 (W),

1120 (m), 1020 (m), 668 (s) cm™:;

87



HRMS-ESI (m/z): Calc’d for (C1sH21°N20") ([M+H]"): 283.1589; found: 283.1597

2-[2-(azido-*°Nz)acetylamino]-2-deoxy-D-glucose (AZ6). DIA2

OH To a 20 mL scintillation vial, AZ6PC1 (142.9 mg, 0.33 mmol, 1.0

O
Hgg/h\\%o” equiv) was dissolved in methanol (2.0 mL) and tetrahydrofuran (0.5

HN

15N‘
0)/_;7“‘% mL), and the solution was chilled over an ice-water bath. A solution of
3

lithium hydroxide monohydrate (20.8 mg, 0.50 mmol, 1.5 equiv) in water (0.50 mL) was
added dropwise, and the reaction was stirred over the ice-water bath for 2 hours.
Subsequently, the reaction was quenched by adding acidic ion-exchange resin (300 mg of
Dowex® 50WX8 resin, hydrogen form, 200-400 mesh) and stirring for an additional 15
minutes over the ice-water bath. This mixture was filtered and washed with methanol
(~10 mL), and the filtrate was concentrated in vacuo. The crude material was then
dissolved in a small amount of methanol (~0.5 mL), triturated with dichloromethane (10
mL), filtered, and washed with additional dichloromethane (10 mL) to yield AZ6 as a
fine, white solid (61.6 mg, 0.23 mmol, 70.%).

Anomers are formed (B : o= 3.6 : 1.0 ratio)

H NMR (500 MHz, CDs0OD-D-0 3:1, major anomer): & 5.15 (d, J = 3.4 Hz, 'H), 3.88 —
3.80 (m, 4 H), 3.74 — 3.70 (m, 2H), 2.21 — 2.18 (m, 2H), 1.67 — 1.65 (m, 2H);

13C NMR (126 MHz, CD30D-D20 3:1): 6 175.5, 92.3, 72.9, 72.1, 71.9, 62.3, 55.6, 31.3,
26.5;

FTIR (neat): 3366 (s, br), 2919 (s), 1735 (m), 1652 (s), 1558 (m), 1540 (s), 1457 (w),
1374 (w), 1221 (s), 1074 (s), 1040 (s), 668 (s) cm™;

HRMS-ESI (m/z): Calc’d for (C1sH212°N,0") ([M+H]*): 283.1589; found: 283.1597
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Synthesis of ®Ns-Tetrazines

MeO 155, 1

OMe Et3<OEt ®NyH, H,0 (2.2 equiv) /NiN\>*H /NEN H
©)<OM9 H™  OEt HFIP (300 uL) ( > élNLN\ NaNO,, TFA/MeOH @Z%\NW»\
50 °C, 40 min H H 0 °C, 30 min N2/ \N1
1 equiv (0.2 mmol) 1.1 equiv 1a, 8% yield

3-Phenyl-1,2,4,5-tetrazine-1,2,4,5->°N4. To a 1-dram vial was added trimethyl
orthobenzoate (36.4 mg, 0.2 mmol, 1 equiv), hexafluoroisopropanol (300 pL), triethyl
orthoformate (31.1 mg, 0.21 mmol, 1.05 equiv), and *N2-hydrazine hydrate (22.38 mg,
0.43 mmol, 2.15 equiv). The reaction mixture was allowed to stir at 50 °C for 40 min, and
then was cooled down to 0 °C, followed by the addition of MeOH (300 puL) and NaNO>
(41.4 mg, 0.6 mmol, 3.0 equiv). To this mixture, was added dropwise trifluoroacetic acid
(300 pL) at 0 °C, resulting in generation of a deep red color (CAUTION: toxic gas is
generated at this step). The reaction mixture was allowed to stir at 0 °C for 30 min, and
then was diluted with water (5 mL). The mixture was extracted with CHCI3 (5 mL x 3).
The organic layers were combined and concentrated in vacuo. Purification by column
chromatography (pentane to 5% ethyl acetate—pentane) gave la as a pink solid (2.5 mg,
8%). R = 0.82 (5% ethyl acetate—pentane); 'H NMR (360 MHz, CD3;0D): & 10.34 (tt,
Jh-nt = 14.0, Junz = 2.4 Hz, tH), 8.60-8.58 (m, 2H), 7.71-7.62 (m, 3H); 3C NMR (126
MHz, CDCls): 8 166.5-166.3 (m, 1C), 157.8-157.7 (m, 1C), 133.1, 131.6-131.5 (m, 1C),
129.3, 128.3; >N NMR (36.5 MHz, CD30D): & 389.4-388.3 (m, N1), 381.2-380.4 (m,
N2); FTIR (thin film, CH2Cl,): 3359 (br), 2917, 1653 (br), 1407, 1260, 1015, 795 cm™;

HRMS-GC/EI (m/z) Cale’d for (CsHs'5N4*) ([M]*): 162.0468; found: 162.0473.
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MeO 15,1 1 15

OMe EtO 15 i NN =
XOEt NoH4 Hy0 (2.2 equiv) @_{ \>—D \N N/ 5
OMe D" oEt HFIP (300 uL) 1815 NaNO,, TFA/MeOH ENEEN
s

50 °C, 40 min H H 0 °C, 30 min

1 equiv (0.2 mmol) 1.1 equiv 1b, 7% yield

3-Phenyl-1,2,4,5-tetrazine-6-d-1,2,4,5-°N4. Following the same procedure for 1a,
substituting triethyl orthoformate-1-d? for triethyl orthoformate, 1b was isolated as a pink
solid (2.3 mg, 7%). R¢ = 0.82 (5% ethyl acetate—pentane); *H NMR (360 MHz, CDs0D):
8 8.60-8.57 (m, 2H), 7.71-7.61 (m, 3H); 23C NMR (126 MHz, CDCls): & 166.5, 157.9—
157.2 (m, Csp?-D), 133.1, 131.6, 129.4, 128.3; >N NMR (36.5 MHz, CD3OD): & 389.0—
388.2 (m, N1), 381.2-380.3 (m, N2); FTIR (thin film, CH2Cl,): 3356 (br), 2918, 1636
(br), 1407, 1264, 1113, 736 cm™*; HRMS-GC/EI (m/z) Calc’d for (CsHsD®*N4*) ([M]"):

163.0531,; found: 163.0535.

MeO

OMe Et3<OEt N,H4 Ho0 (2.2 equiv) C /N—N\> i\l:N/>
OMe H™ “OEt HFIP (300 uL) N—N NaNO,, TFA/MeOH ( ) :N_N
50 °C, 40 min H H 0 °C, 30 min
1 equiv (0.2 mmol) 1.1 equiv 1c, 8% vield

3-Phenyl-1,2,4,5-tetrazine-6-d-1,2,4,5-*N4. Following the same procedure for
1a, substituting natural abundance-hydrazine hydrate for *°N.-hydrazine hydrate, 1c was
isolated as a pink solid (2.4 mg, 8%). Rf = 0.82 (5% ethyl acetate—pentane); 'H NMR
(500 MHz, CDz0OD): & 10.34 (s, 1H), 8.64-8.59 (m, 2H), 7.70-7.62 (m, 3H); 3C NMR

(126 MHz, CDCls): & 166.3, 157.7, 133.0, 131.5, 129.2, 128.1; FTIR (thin film,
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CH:Cl,): 3085, 2924, 1438, 1351, 914, 761, 689, 566 cm™; HRMS-GC/EI (m/z) Calc’d
for (CsHsN4") ([M]*): 158.0587; found: 158.0593.

Cycloaddition Reactions of 1,2,4,5-Tetrazine/Cyclooctyne

o Chn

(racemic)

ENEREN 2 (1 equiv) BN
I I il
15"‘%%5” CD;0D N A “on
H
N2 N1
1a (1 equiv) 3a

(1-Phenyl-6,6a,7,7a,8,9-hexahydro-5H-cyclopropal5,6]cycloocta[1,2-
d]pyridazin-7-yl-2,3-1*N2)methanol (3a). To an NMR tube, was added a solution of 1a
(1.6 mg, 0.01 mmol, 1 equiv) in CD3OD (200 pL), followed by a solution of (1R,8S,9s)-
bicyclo[6.1.0]non-4-yn-9-ylmethanol 2 (1.5 mg, 0.01 mmol, 1 equiv) in CD3OD (200
uL). The reaction was swirled for 15 seconds as color dissipates. NMR characterization
spectra were obtained directly from this sample. The mixture was transferred to a vial and
concentrated in vacuo to give 3a as yellow oil (2.7 mg, 96%). Note that product appears
to degrade on silica gel. 'H NMR (360 MHz, CD3sOD): & 8.93-8.89 (dd, Ju-n1 = 10.4, Jh-
N2 = 4.5 Hz, 'H), 7.55-7.53 (m, 3H), 7.48-7.45 (m, 2H), 3.71-3.61 (m, 2H), 3.19-3.11
(dt, J = 15.0, 5.9 Hz, 'H), 2.99-2.92 (m, 2H), 2.76-2.69 (dt, J = 14.4, 5.6 Hz, 1H), 2.38-
2.29 (m, H), 2.13-2.05 (m, H), 1.74-1.58 (m, 2H), 1.15-1.06 (quint, J = 8.1 Hz, H),
1.02-0.88 (m, 2H); 5N NMR (36.5 MHz, CD3OD): & 372.8-371.2 (m, N1 and N2);

HRMS-LC/ESI (m/z) Calc’d for (C1gH215N20*) ([M+H]"): 283.1589; found: 283.1597.
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(racemic)

o Ch

15N Z T5N 2 (1 equiv) SN
| i an
“"N%FN CD;0D N F "o
D
N2 N1
1b (1 equiv) 3b

(1-Phenyl-6,6a,7,7a,8,9-hexahydro-5H-cyclopropal5,6]cycloocta[1,2-
d]pyridazin-7-yl-4-d-2,3-*N2)methanol (3b) Following the same procedure for 3a,
substituting 1b for 1a, 3b was isolated as a yellow oil (2.8 mg, 100%). *H NMR (360
MHz, CDsOD): & 7.54-7.53 (m, 3H), 7.47-7.45 (m, 2H), 3.71-3.61 (m, 2H), 3.19-3.11
(dt, J = 14.8, 5.9 Hz, 'H), 3.00-2.92 (m, 2H), 2.76-2.69 (dt, J = 14.0, 5.6 Hz, 'H), 2.38-
2.30 (m, H), 2.13-2.04 (m, H), 1.74-1.58 (m, 2H), 1.15-1.06 (quint, J = 8.0 Hz, H),
1.03-0.87 (m, 2H); 5N NMR (36.5 MHz, CD3OD): & 372.6-371.3 (m, N1 and N2);
HRMS-LC/ESI (m/z) Cale’d for (CisH20D™®N20*) ([M+H]*): 284.1652; found:

284.1657.

(racemic)

o I
T

1c (1 equiv) 3c
(2-Phenyl-6,6a,7,7a,8,9-hexahydro-5H-cyclopropal5,6]cycloocta[1,2-

d]pyridazin-7-yl)methanol (3c). To a 1-dram vial, was added a solution of 1c (7.9 mg,

0.05 mmol, 1 equiv) in CD30D (3.33 mL) and a solution of 2 (7.5 mg, 0.05 mmol, 1
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equiv) in CD3OD (1.67 mL). Immediately upon addition, the color of the solution
changed from pink (due to the pink color of the tetrazine 1c) to colorless. After 15
seconds of shaking, the reaction mixture was concentrated in vacuo to give 3c as a yellow
oil (13.8 mg, 98%). Note that product appears to degrade on silica gel. *H NMR (500
MHz, CD30D): & 8.92 (s, 1H), 7.54-7.53 (m, 3H), 7.47-7.45 (m, 2H), 3.70-3.62 (m, 2H),
3.17-3.12 (dt, J = 14.3, 6.4 Hz, 'H), 2.98-2.92 (m, 2H), 2.75-2.70 (dt, J = 14.0, 5.5 Hz,
1H), 2.36-2.30 (m, 'H), 2.11-2.04 (m, 'H), 1.72-1.59 (m, 2H), 1.13-1.07 (quint, J = 8.2
Hz, H), 1.01-0.90 (m, 2H); 13C NMR (125 MHz, CDsOD):  163.6, 153.1, 145.3, 142.9,
138.5, 130.1, 129.5, 59.3, 31.4, 28.5, 24.7, 22.9, 20.4, 19.9; FTIR (thin film, CH2Cly):
3320 (br), 2921, 1679 (br), 1558, 1445, 1350, 1020, 763, 731, 700 cm; HRMS-LC/ESI

(m/z) Cale’d for (C1gH21N20%) ([M+H]*): 281.1648; found: 281.1654.

Dynamic Nuclear Polarization

For hyperpolarization experiments, an aliquot of azide or diazirine solutions
were prepared in dimethyl sulfoxide (DMSO)/D20 (v/v 1:1 or 18:7) or ethylene glycol
(EG)/D20 (v/v 3:2) with 15 mM tris[8-carboxy-2,2,6,6-tetrakis(2-hydroxyethyl)benzo[1,2-
d:4,5-d'bis[1,3]-dithiol-4-ylJmethyl free radical sodium salt (OX63; Oxford Instruments,
Tubney Woods, UK.) and 1 mM diethylenetriamine pentaacetic acid gadolinium
complex (Sigma Aldrich, St. Louis, MO). The concentrations of glucose diazirine and
tetrazine azide solutions were 225 mM which were prepared in DMSO/D20 (v/v 18:7).
Due to the poor solubility of tyrosine azide, it was prepared in EG/D:0 (v/v 3:2),
resulting in a concentration of 11 mM. The concentrations of all the other azide and
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diazirine solutions were 500 mM in DMSO/D:0 (v/v 1:1). The sample solution (100 puL of
tyrosine azide solution; 30 pL of all the other diazirine and azide solutions) was
hyperpolarized on N in a HyperSense DNP polarizer (Oxford Instruments, Abingdon,
UK), by irradiating microwaves with 100 mW power at a frequency of 94.080 GHz for
3.5 hours at 1.4 K in a 3.35 T magnetic field. Subsequently, the hyperpolarized samples
were rapidly dissolved in preheated D20 and manually transferred to a 5 mm NMR tube
installed in a 1 T Magritek Spinsolve Nitrogen for data acquisition. The transfer time is ~
10s.

T: measurement curves.

Azide 8

Azide 4

Azide 1

Diazirine 9

Azide 3

Azide 2

Diazirine 10
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Figure 29: Timeasurement for azide 8

95




0.8

signal / A.U.
©
(o))

o
N

o
N
L]

20 40 60 80 100 120
time/s

Figure 30: Timeasurement for azide 4

96

140



signal / A.U.
o o
(o)) o

o
N

o
N
L]

20 40 60 80 100 120
time/s

Figure 31: Timeasurement for azide 1

97

140



signal / A.U.
o o
(o)) o

o
N

o
N
L]

20 40 60 80 100 120
time/s

Figure 32 Timeasurement for diazirine 9
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Figure 35: Timeasurement for diazirine 10

NMR spectroscopy

For T: measurements of azide and diazirine compounds, a series of "N NMR
spectra were acquired using the pulse sequence ([a-acqusition]«). o is a 10° flip angle of
the excitation pulse, with pulse strength (y/2m)B1 = 18.8 kHz. For tetrazine azide, proton
decoupling was applied during data acquisition. A total of n = 60 transients were
acquired over a duration of 20 mins. The time delay between each transient was 20 s. In

each scan, a total of 8192 complex points were collected with an acquisition time of 4.1 s.
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All data analysis was conducted using Mnova 8.0.1-10878 (zero filling, peak integration,
baseline correction, line broadening).

T1 measurement of choline azide was performed on a 700 MHz NMR
spectrometer using an inversion recovery pulse sequence with a variable decay list t =0
s,2s,5s5,105s,30s,60s,90s, 120 s, 150 s. The pulse strength of the excitation pulse
(y/2m)B1 was 8.3 kHz. Proton decoupling was applied during data acquisition.
Determination of enhancements and T: relaxation time

Enhancements were calculated by comparing a hyperpolarized spectrum of an
azide or diazirine compound acquired in the first scan to a non-hyperpolarized reference
spectrum of neat *N labeled acetonitrile (Cambridge Isotope Laboratories, 98 %+, 19.1
M) acquired with a 90° excitation pulse at 1 T magnetic field. T1 values were determined
by fitting a first order exponential decay function f(t) = Io-exp(-t-ki)+yo, with initial peak

integration o and relaxation rate ki (T11).
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