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ABSTRACT

Spatio-temporal release of biologically relevant small molecules provides
exquisite control over the activation of receptors and signaling pathways. This can be
accomplished via a photochemical reaction that releases the desired small molecule in
response to irradiation of light. A series of small molecules (serotonin, capsaicin, VNA,
octopamine, tyrosine, dopamine, epinephrine, and norepinephrine) that contain either a
phenol or catechol moiety were caged using either BHQ or CyHQ. In all cases the CyHQ
caged compounds proved sensitive toward 1PE and 2PE processes with quantum
efficiencies of 0.2 — 0.4 upon irradiation at 365 nm and two photon cross sections of 0.15
— 0.31 GM when irradiated at 740 nm. All but two compounds, BHQ-dopamine and
BHQ-estradiol were found to be sensitive to both 1PE and 2PE with quantum efficiencies
of 0.30 — 0.40 and two photon cross sections of 0.40 — 0.60 GM. CyHQ-epinephrine and
CyHQ-norepinephrine possessed a novel photodegradation pathway that was analyzed

through radical trapping experiments and product studies.
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CHAPTER 1
Dopamine Expression and Function

Introduction

Monoamines are a class of neurotransmitters and neuromodulators characterized
by the presence of a phenethylamine moiety. Included in this class of compounds are the
catecholamines: dopamine, epinephrine, and norepinephrine. They are formed by the
metabolism of tyrosine and further specific processing inside the neuron.
Catecholamines have been implicated in a wide variety of neuronal signaling processes
including, growth and differentiation, long term potentiation,’ learning and reward
behavior, and modulation of glutamatergic and GABAergic signaling.*
Dopamine Receptor Expression Patterns and Anatomy

Dopamine receptors (abbreviated D1-D5) are expressed broadly throughout the
brain and periphery organs and tissues. In the brain dopamine receptors are expressed at
I’iv

high density in the negrostriatal," mesolimbic,™ mesocortical," and frontal cortex areas

(Figure 1 shows the major dopaminergic projection),” they are also expressed at much

Vil thalamic"™

lower levels in the hippocampus,"i cerebellum, and hypothalamicix areas.

' Long lasting enhancement of signal between two neurons implicated in learning and memory formation
" Major dopamine pathways, responsible for connecting the substantia nigra and the striatum

" Major dopamine pathway, responsible for connecting the ventral tegmental area (VTA) to the prefrontal
cortex

Y Major dopamine pathway, connects the VTA to the cerebral cortex in particular the frontal lobes.

¥ One of four major lobes in the brain associated with reward, attention, short-term memory, planning, and
motivation.

*' Consolidates transformation of short-term memory to long-term memory, also involved in spatial
navigation

""Involved in motor control and cognitive functions including attention, language, and regulating fear and
pleasure responses



Receptors have also been found in the retinal areas (D1, D2, and D4)? and the pituitary
(D2)* and all of the receptor subtypes have been observed in the kidneys, adrenal glands,

sympathetic ganglia, gastrointestinal tract, blood vessels, and heart.”

Frontal Striatum
corte
Substantia
nigra

Nucleus
accumbens

VTA

Hippocampus

Figure 1 Dopamine pathways®

Striatal Dopamine Neurons
One of the more prominent dopamine systems, elucidated by histochemical

analysis, is a group of midbrain dopamine neurons which project into the striatum™ and

6

nucleus accumbens.”™®  These projections are organized into three distinct areas: the

Vil Relays sensory and motor signaks to the cerebral cortex
" Links the nervous systemto the endocrine system

* Coordinates motivation with body movement, primarily inhibits unwanted behaviors and small voluntary
movements

* Each hemisphere possesses its own nucleus accumbens with differing momphology and function, plays an
important role in pleasure and fear, as well as the placebo effect.



ventral tegmenta, the substantia nigra par compacta, and the retrorubal area
(illustrated in Figure 2), however there is minimal anatomical difference between
dopamine neurons in the three areas. Together they form a continuous system where
axonal projections provide input into all parts of the striatum and nucleus accumbens.
This, in turn, leads to a homogeneous distribution of dopamine neurons in the striatum
with little to no clear cytoarchitectural® distinction observable between dopamine
neurons in the three areas. In contrast to the homogeneity of distribution and
cytoarcheticture are the underlying neural circuits that provide the functional organization
found in the basal ganglia.” This leads to a difficulty in determining the function of
striatal dopamine neurons based on gross anatomical features and as a result there is a

limited understanding of the specific nature, and number of potential subtypes of striatal

dopamine neurons.

X Part of the mesolimbic system, involved in cognition, motivation, and drug addiction

" Subset of the substantia nigra, involved in reward coding and reinforcement as well as being implicated
in behavioral aspects of drug addiction

*¥ Midbrain projection responsible for eating and social aversion behaviors

* Cytoarchitecture refers to the arrangement and organization of somatic compartments and receptors
within a specific neuron



Figure 2 Striatal inputs and outputs®

Dopamine neurons in the striatum share some rather unique anatomical features in

respect to other types of neurons. Firstly, the axonal length is around 47 cm abnormally

long in comparison to the inhibitory interneurons®' whose length is 7mm. As a

consequence, dopamine axons account for about 5% of the total volume of the striatum.®
Secondly, the number of dopamine neurons is relatively small, only around 12,000,
xvii

when compared to the number of spiny neurons™" (around five million'), and a tiny

fraction of the overall number of neurons in the striatum. Finally, there is an abnormally

' Refers to a locally projecting neuron that displays inhibitory activity primarily through GABA signaling
" Subtype of inhibitory neuron accounting for 90-95% of the neurons in the basal ganglia, plays a key role
in controlling body, limb, and eye movements



high level of arborization®™" in the dendrites™™: estimates have placed the number of
synapses contained by striatal dopamine neurons at between 200,000 and 300,000
synapses.’* This puts the number of synapses 3 to 4 orders of magnitude higher than
other types of striatal neurons: spiny neurons are estimated to contain 300*° and fast
spiking neurons™ contain around 5000 synapses.”*  The extensive arborization of a
small subset of neurons provides the entirety of dopaminergic signaling in the striatum
and gives rise to a number of questions regarding how and where axon potentials are
propagated through the dendritic arbor.

Compartments within the striatum develop in response to early postnatal
innervations™  of dopamine.  This innervation dissipates rapidly as development
progresses and gives way to the homogeneous distribution discussed above. Left behind
is a network of patches, where innervation occurred, and matrix, where innervation did
not occur.” Axonal tracing studies have demonstrated that dopamine neurons in the
substantia nigra target selectively, but not specifically the patch or matrix compartments
based on dorsal vs. ventral origination respectively.’® Deep layer 5 corticostriatal
neurons selectively innervate striatal patch compartments which then innervate the
substantia nigra, while superficial layer 5 corticostriatal neurons innervate the matrix

compartments which innervate primarily GABAergic neurons in the basal ganglia.'” This

bifurcation of signal leading from patch and matrix compartments enables the

“ Term that denotes the level of dendrite branching within a neuron

“* Branched projection of a neuron that propagates stimulation from adjacent axonal projections to the
soma where the signal is then sent to the axon

“ Fast spiking neurons tend to be inhibitory and are characterized by fast transient bursts of activity
! stimu lations



propagation of sensory signaling to the substantia nigra and the integration of sensory
information with executive function™ in the basal ganglia.

Two major projections of glutamatergic activity occur in the striatum, one set is
derived from the thalamus and the other is derived from the cortex. Recent
immunocytochemical experiments have demonstrated that the number of thalamic (25%)
and cortical (37%) projections are on the same order of magnitude.'® Further analysis of
the synaptic contacts between cortical and thalamic termini showed that 96% of cortical
termini and 72% of thalamic termini made contact with dendritic spines™" and that these
contacts were apposed by dopaminergic neurons 20% and 27% of the time respectively.
These percentages are true for all areas of the striatum studied and indicate that the
modulation of glutamatergic signaling by dopamine is likely not a specific result of
location but rather a result of circuit level distribution and the density of dopaminergic
neurons.

Medium Spiny Neurons
Medium spiny neurons (MSNs) are GABAergic neurons that make up 90% of the basal

XXV

ganglia®™" and are made up of two major subtypes of neurons based on their axonal
projections: direct and indirect. Direct neurons are named due to the fact that they
directly innervate the substantia nigra, and indirect neurons are named because they

indirectly innervate a number of different neural areas by acting on the globus

palladus.®"* The neurons that form the direct and indirect pathways intermingle and

i Umbrella term for regulation of cognitive processes such as reasoning, problemsolving, and planning
and execution

™ Small protrusion on a dendrite that receives input fromasingle synapse of an axo

¥ Made up of varied subcortical neurons implicated in the control of routine behaviors and procedural
learning

¥ Works with cerebellumto coordinate inhibitory and excitatory activity to control subconscious
movement behaviors



overlap with respect to origination in the patch or matrix areas; direct and indirect
neurons are differentiated on a functional level by analyzing levels of GABA binding and
the expression of various associated cofactors that result from GABAergic signaling.?
Later studies confirmed the differential expression of direct and indirect neurons by
noting the segregation of D1 to the direct pathway and D2 to the indirect pathway.?
Differentiation of D1 and D2 receptors to direct and indirect MSNs provides a base for
understanding movement disorders; such as Parkinson’s, whereby disruption of
dopaminergic signaling in either set of neurons results in a cascade of activation or
deactivation of GABAergic signaling that leads to uncontrolled motor activity (Figure 3

provides a schematic representation of the discussed dysregulation).?®

In Parkinson's disease:

*
@®
®
A pack to cortex
g.m\alerg*c
(excitatory)

Figure 3 Dysregulation of neurotransmitter signaling in Parkinson’s disease?



Prefrontal Cortex

The prefrontal cortex (PFC) is involved in the regulation of thought, action,
emotion, and is considered essential for human cognition.”> The complexity of executive
function that occurs in the PFC is a function of the diverse array of dopamine projections
to various cortical and subcortical regions as well as the ability of these projections to
innervate both excitatory and inhibitory neurons.?® In contrast to dopamine neuron
organization and distribution in the striatum, the prefrontal cortex consists of specialized,
interconnected subregions.”’  Dopamine neurons in the PFC are also significantly
structurally different from those of the striatum, in particular dopamine neurons form a

XXVi

bilaminar pattern™" in the upper and deeper cortical layers, but lack the arborization
found in the striatum.?® Instead dopamine neurons in the PFC form varicosities, spots of
vessel enlargement, about 40% of which form active synapses while the rest are thought
to contribute to extrasynaptic dopamine signaling.?

Synaptic dopamine in the PFC is primarily released onto dendritic spines and
selectively targets the distal dendrites of pyramidal neurons®“".? These synapses often
contain both dopaminergic and glutamatergic neurons and are similar in function to the
three component synapses found in the striatum.*® The presence of both dopamine and
glutamate at a single synapse enables both direct and indirect modulation of repeated
excitatory activity between pyramidal neurons by synaptic dopamine release. The other
method of dopamine signaling in the PFC involves extrasynaptic release; this occurs

either through diffusion out of the synapse or through direct action on the dendritic stem.

Extrasynaptic release of dopamine is hypothesized to occur due to the presence of both

A pilayer of thin plates of neurons
' Primary excitatory neurons in the cerebral cortex, source of extensive investigation into
neurotransmitter signaling



dopamine receptors and the dopamine transporter (DAT) along nonsynaptic portions of
the dendrite.*® However, both the precise nature of signaling involved in extrasynaptic
release of dopamine as well as synaptic diffusion of dopamine are poorly understood.
Molecular and Cellular Dopamine Signaling

Dopaminergic Signaling

Dopamine was first discovered as a metabolite of tyrosine in 1957 by Carlsson
and coworkers, and from that point on has attracted considerable scientific interest.
Immunostaining experiments, done in the 1960’s identified four major dopaminergic
projections in the mammalian brain: the nigrostriatial, mesolimbic, mesocortical, and
tuberoinfundibular.*™®  Along with immunostaining, early pharmacological work
identified two distinct subtypes of dopamine receptors, termed D1-like™™ (D1L) and D2-
like (D2L) based upon their ability to activate or inhibit adenylyl cyclase (AC)
respectively.®” Later genetic cloning experiments demonstrated the presence of five
specific dopamine receptors labeled D1-D5, two of which activated AC (D1 and D5)*
and three of which inhibited AC (D2, D3, and D4).**

GPCR Signaling and DARPP-32

D1-like Dopamine receptors (D1R) function primarily as G-protein coupled
receptors (GPCRs) and are expressed postsynaptically and stimulate cAMP production
through the dissociation of the G, subunit and subsequent binding of adenylyl cyclase

(AC); this activation leads to phosphorylation of downstream targets including protein

kinase A (PKA). D2-like receptors (D2R) are expressed both pre- and postsynaptically

XY Major dopamine pathway that connects the hypothalamus with the median eminence and is heavily
involved in the regulation of endocrine system

™ Initially only two receptor subtypes were known D1 and D2, later experiments identifying other
subtypes with overlapping expression and activity led to the designation D-like to indicate the combined
action of the different dopamine receptors



and inhibit cAMP production through the dissociation of the G; subunit and subsequent
binding to AC. This dual activation and inhibition allows dopamine to play both an
activating and inhibitory role on PKA.*

One of the primary targets of neuronal PKA, and one of significant scientific
interest is the 32kDA dopamine and cAMP-regulated phosphoprotein (DARPP-32).
DARPP-32 is predominantly expressed in MSNs and acts as a signal integrator involved
in modulating cell signaling in response to a number of neurotransmitters and growth
factors by inhibiting phosphoprotein 1 (PP1).* DARPP-32 is phosphorylated on
threonine 34 in response to PKA activation by D1R and dephosphorylated in response to
PKA inhibition by D2R. It can also be phosphorylated in response to increased Ca**
levels resulting from activation of phospholipase C (PLC).*® The phosphorylation state
of DARPP-32 allows D1R to additionally activate PKA by inhibiting PP1 and D2R to
deactivate PKA Dby activating PP1. The phosphorylation state of a number of ionotropic
glutamate and GABA receptors is maintained by the equilibrium of PKA and PP1.*" The
ability to modulate glutamate and GABA receptor activity through phosphorylation has
been implicated in the regulation of synaptic plasticity and long-term potentiation.
DARPP-32 also integrates cyclin-dependent kinase 5 (CDKS5) by phosphorylation at
threonine 75, which indicates that dopamine might play a role in regulating neuronal
growth and differentiation signals (the DARPP-32 signaling cascade is illustrated in

Figure 4).%
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Figure 4 Activity of DARPP-32 signaling cascade (release requested)™
MEK/ERK*** signaling

The downstream signaling network that is regulated by cAMP provides a
mechanism for context-dependent dopamine signaling; for example many dopamine
signaling responses would only occur with recent or concurrent activation of a different
type of receptor. These context-dependent signaling events have been termed
coincidence detectors and play an important role in the regulation of synaptic plasticity.

XXXi

MAP kinases (MAPKSs) have been shown to act as coincidence detectors™ that integrate
dopamine signaling with that of other neurotransmitters.*® Both D1IR* and D2R* have
been shown to regulate MAPK 1 and 2, with pharmacological inhibition of D2Rs by

haloperidolxx"ii being responsible for upregulating ERK 1 and 2 phosphorylation levels

“** Prominent intracellular signaling cascade involved in cell growth, differentiation, and gene regulation
** Coincidence detectors refers to the situation specific nature of signaling i.e. different contexts create
different signaling results

U Antipsychotic medication commonly used to treat schizophrenia acts as an inverse agonist of the D2,
D3, and D4 receptors (Haldol)
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while both pharmacological and genetic studies have demonstrated that D1 is essential
for ERK activity in striatal MSNs.*

N-Methyl-D-aspartate  (NMDA)  receptor™ activation leads to the
phosphorylation of MEK, but in the absence of D1 signaling ERK is dephosphorylated by
striatal-enriched tyrosine phosphatase (STEP) and no change in ERK activity has been
observed.** In the presence of D1 signaling, PP1 is inhibited by increased
phosphorylation of DARPP-32 which leads to inhibition of STEP, thus resulting in an
increase in ERK activity.*® This coregulation of ERK signaling by NMDA and D1 has
been hypothesized as a route for the development of behavioral responses to drug abuse.
Still, due to the precise nature and constrained spatial and temporal factors relating to
coactivation of dopamine and other cellular signaling events, many of these coincidence
regulators remain unknown.

PLC signaling

Calcium flux in neurons occurs through both extracellular and intracellular
sources, with voltage gated channels and NMDARs being the primary source for
extracellular calcium, and the endoplasmic reticulum being the primary storage for
intracellular calcium.*® Activation of intracellular calcium release comes primarily from
triggering inositol 1,4,5-tris-phosphate (IP3) receptors, a downstream target of
phospholipase C (PLC). DRs have demonstrated two models for upregulating PLC; D5
transfected into HEK 293 cells induced significant calcium flux, whereas D1 transfected
cells exhibited no change in calcium flux, and D1/D2 cotransfected cells have induced

similar calcium flux changes.*” Coexpression of D1 and D2 has been demonstrated by

il NMDA is a specific agonist of the NMDA receptor (NMDAR). NMDAR s an ionotropic glutamate
receptor with a voltage dependent activation due to extracellular channel blockage by Mg? ions
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immunohistological studies, and a study of rat pyramidal neurons utilizing a CFP tagged
D1 and YFP tagged D2 receptor demonstrated significant FRET based signaling.*® The
exact mechanism by which D5 regulates calcium flux is unknown as is the physiological
significance of coexpression of D1/D 2.

Gg, signaling

G, ™" subunits separate from the G, subunits following receptor activation and
D2 regulated Gg, has been shown to increase intracellular calcium levels in MSNs. D2

responsive Gg, has also been shown to reduce the level of L-type calcium signaling™*"

XXXVi

and regulate the activity of N-type calcium signaling These subunits are also
involved in the regulation of potassium flux through modulating G-protein coupled
inwardly rectifying potassium channels™"" (GIRKs).*

The activity of the Gg, complex acting on N-type calcium receptors enables an
additional signaling complexity through modulating available pools neurotransmitters at
the presynaptic termini and potentially contributing to presynaptic plasticity. Gg, by
acting on L-type calcium receptors acts postsynaptically through recruiting phospholipase
A and C and modulating synaptic expression of receptors through downstream gene
regulation.

lon channel regulation

D1 and N-type calcium channels are coexpressed and colocalized in the prefrontal

cortex. A recent study demonstrated the ability of the second intracellular loop of D1 to

oV Gy, is a dimeric protein complex containing beta and gamma subunits that when released fromthe G
protein complexenable signal transduction

XV Refers to long lasting, postsynaptic, inward directing, calcium current that is involved in gene
expression, synaptic efficiency, and cell survival.

" Refers to presynaptic calciumsignaling that is involved in synaptogenesis and neurotransmission
M Eluxes potassiumions back into the neuron, enables neuron to retum to resting state polarization.
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directly interact with the C-terminus of the N-type calcium channel Cav2.2 and activation
of D1 can lead to a dimerization event the results in the internalization of Cav2.2.*° The
C-terminus of D1 also interacts with two distinct intracellular portions of the NMDA
receptor NR1 and NR2; these interactions are facilitated by the synaptic scaffolding
protein (PSD-95) which can bind to both NMDAR and D1.°* The binding of D1 NMDA
and PSD-95 anchors D1 to the cell membrane, and changes in the subcellular
environment can preferentially cause binding of PSD-95 to NMDAR and thus facilitate
internalization of D1.°> D1 NMDA interaction with NR1 results in the recruitment of
calmodulin and PI3K and the activation of a cell signaling cascade, while the interaction
with NR2 results in the inhibition of NMDA based currents.*

Dopamine receptors can modulate the activity of ion channels directly through
protein-protein interactions. These receptors can also act indirectly through Gg, subunits
or through intermediary signaling proteins like DARPP-32. This complexity of
regulation indicates that the role dopamine, and the dopamine receptors play, is
determined by a wide array of potential signaling states and environments. Investigation
into the multiplicity of signaling possibilities that dopamine is capable of generating will
most likely proceed from a precise spatial and temporal dissection of those states and
environments.

Modulation of pre- and postsynaptic neurotransmitters

As discussed above there are a wide variety of mechanisms through which
dopamine may affect cellular signaling events. This is uniquely relevant, and difficult to
study pharmacologically, in regards to presynaptic modulation of neurotransmitter

release. Dopamine is classically considered a neuromodulator, this means that its role in
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neural signaling stems from the ways in which it is capable of modulating the strength,
duration, and intensity of the neurotransmitters glutamate and GABA. This modulation
can occur at both synaptic and extrasynaptic points, result in different signaling motifs
depending on whether the signal was proximal or distal to the soma, and perform in either
a complementary or oppositional manner depending upon the precise spatial location of
the signal itself.>* Neuromodulation of any given synapse occurs by influencing either
the pre- or post-synaptic neuron. One of the more important ways that presynaptic
neurons are modulated is by changing the release probability of a given neurotransmitter.
This presynaptic modulation can result from either direct action on the presynaptic
neuron or through release of a retrograde signaling molecule ™" from the postsynaptic
neuron.

Dopamine has been implicated in regulating the release probability of both
glutamatergic and GABAergic neurons. In accord with the classical understanding of
dopamine™™ D2-like receptor activation leads to a decrease of glutamate release onto
SPN’s in both dorsal and ventral striatum.” D2-like receptors have also been shown to
decrease GABA release onto pyramidal neurons,®® SPNs,>" and striatal interneurons.>®
D1-like receptors have also been shown to reduce GABA release onto fast-spiking
interneurons® and SPNs, but only in the ventral striatum.*® There are some notable
exceptions to this view, however. The D2 receptor agonist quinpirole was shown to
increase GABA release in one third of synaptic connections between fast spiking
interneuron projections onto SPNs in nucleus accumbens and decrease GABA release in

57

another third of said connections.” In addition, dopamine differentially affects GABA

il Signaling molecule that s released postsynaptically and traveks to the presynaptic termini
*% D2 receptors being generally deactivating through inhibition of adenylyl cyclase most activation of D2
receptors leads to a decrease of signal.
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signaling in the cortex by enhancing signaling from non fast-spiking neurons and
depressing GABA release from fast-spiking neurons.®> The molecular mechanisms
involved in dopamine’s modulation of presynaptic neurons are poorly understood due to
technical issues associated with probing presynaptic signaling cascades.> Nonetheless
there are a few lines of research indicating that dopamine acts to inhibit voltage gated
calcium channels Cay,; and Ca,;.»; these channels are primarily responsible for initiating
neurotransmission in the CNS and are a likely substrate for understanding the presynaptic
effects of dopamine. In addition to direct modulation of neurotransmitter release,
dopamine has been shown to modulate activity of cholinergic interneurons and can
promote the postsynaptic release of adenosine and endocannabinoids® which can
influence presynaptic neurons.®?

Modulation of postsynaptic neurons by dopamine is more thoroughly understood
and occurs primarily through targeting NMDA and AMPAX" receptors(AMPAr). Bath
application of D1 agonists has shown that D1 receptor activation can potentiate
extrasynaptic NMDA function, most likely through trafficking and phosphorylation of
the NMDA receptor itself, though there is some disagreement over the identity of the
intracellular effectors involved.®® Identifying if and how dopamine modulates synaptic
NMDAr activity has been more difficult. D1-like receptors have been shown to
potentiate evoked NMDAr responses through PKA and PKC pathways in the prefrontal
cortex,®* while D-2 like receptors have been shown to reduce PKA mediated NMDAr
response.®® Co-application of D1-like®® or D2-like®” agonists in the presence of

exogenous NMDA have been shown to attenuate the evoked response. Additionally D-4

X'_A group of lipid based neuromodulators involved in appetite, pain-sensation, mood, and memory
I g-amino-3-hydroxy-5-methyl-4-isooxazolepropionic acid
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receptor activation suppresses NMDAr activity through a PKA-dependent receptor
internalization.’® Taken together, these data indicate that dopamine is able to both
activate and deactivate NMDAR through either D1-like or D2-like receptors depending
upon the identity and spatial location of the neuron in question. D1 agonists have shown
to promote a PKA dependent phosphorylation of the AMPAr, while D2 receptor agonists
promote the dephosphorylation of AMPAr through PP1.%® In addition D2-like receptor
agonists have been demonstrated to reduce the evoked response of AMPAr activation.®’
D1 receptor activation in cultured neurons has been shown to increase surface AMPAr
expression.®® It is important to note that dopamine signaling alone is insufficient to
recruit AMPArs to postsynaptic terminals,” this is likely due the fact that AMPAr
surface expression and lateral diffusion are governed by two distinct regulatory
pathways.

Modulation of microcircuits

One of the emergent properties of neural connectivity is the creation of
microcircuitry, which is the connection of two or more neurons that are capable of
modulating their own activity through a feedback or feed forward loop. These circuits
are prominent in the cortico-striatal and thalamo-cortical regions of the brain and help to
modulate a wide variety of behavioral systems.

The simplest striatal microcircuit is formed by the interaction of glutamatergic
cortical pyramidal neurons and SPNs; the synapses are formed exclusively on the
dendritic portion of the SPN and rise to a peak density 50 um from the soma and drop in
density rapidly.” Individual cortical neurons connect to only one SPN, although most do

so at multiple points.”® An SPN requires a spatially regulated activation of cortical
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neurons to overcome its highly negatively charged resting state potential (-90 mv)™ at
which point it reaches an up-state that that last several hundred milliseconds and begins a
spiking behavior that is independent from activation.”

The neuromodulatory effect of dopamine for corticostriatal microcircuits is
consistent with previous examples: D2 activation impedes up-state activation®" and
reduces the spiking behavior when reached, while D1 activation accomplishes the
reverse.”® The process by which this occurs is not entirely understood, but some pieces
are known. In the somatic regions where spiking behavior is generated, D2 activation
xliii

reduces inward depolarizing currents through voltage gated calcium and sodium

channels while increasing the influx of potassium ions through potassium channe |5 X1V 49
D2 receptor activation also reduces presynaptic glutamate release, although whether
dopamine acts pre- or postsynaptically is not yet known.”” D1 activation as mentioned
performs almost the exact opposite role, where D1 activation increases PKA activity,
which in turn activates voltage gated calcium channels and inhibits somatic potassium
currents.”®  In addition, D1 receptor activation decreases the opening of small
conductance potassium channels which limit the rate of spiking in up-state SPNs.”

A less direct way of modulating SPN activity is through a feed forward
corticostriatal circuit where fast spiking, parvalbumin positive GABAergic interneurons

receive glutamatergic input from pyramidal neurons and convey this activity to the

SPN.® The inhibitory activity of GABAergic neurons provides a feedforward inhibition

i Up-state, and the corresponding down -state refer to the observation that there are two sub-threshold
resting states for a given neuron, one that is more negatively charged (down-state) and one that is less
negatively charged (up-state). This arises either from intrinsic properties or because the network the
neuron is in imposes this bistability.

* Oceurs through the influx of sodium and calcium ions through their respective ion channels

“V potassium and chloride inhibit depolarization due to the resting potential of potassium being ~ -75 mV

18



circuit that is hypothesized to contribute to action selection by suppressing the SPN
activity associated with unwanted actions.®> The role dopamine plays in this circuit is
more straightforward as dopaminergic projections, primarily expressing D2 receptors,
from the Globus Pallidus project heavily into the GABAergic interneurons.* D2
receptor agonists have been shown to depress GABAergic inputs to fast spiking
interneurons,® and it is likely that this contributes to reducing the gating effect observed
in the movement disorder dystonia.

In contrast to the feedforward inhibition circuit is the feedback corticostriatal
circuit formed by the connection of at least two SPNs. The regulation of this microcircuit
is distinct in that there is a baseline level of dopamine always present that works to
increase the lateral integration of signals, and transient elevations or depressions of
dopamine concentration either increases or decreases the level of lateral inhibition,
respectively.®

Dopamine as a neuromodulator is crucial for regulating a number of complex
autonomic and voluntary behavioral processes. It has been heavily implicated in both
reward and decision making and the dysregulation of dopamine release has been
hypothesized as the physiological underpinning of a number of psychological diseases
including schizophrenia and substance addiction. These complex behavioral and
physiological phenomena undoubtedly arise from the complex interplay of cellular
signaling events described above and the ability to tie together behavioral events with

their synaptic antecedents would be invaluable.
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Chapter 2
Application of Caged Neurotransmitters

Introduction

The study of neuroscience is complicated by the sheer number of possible
interactions both at the single synapse level, where individual receptors can be affected
by a wide variety of primary and secondary messengers, and neurons themse lves can be
effected by feedback and feedforward circuits to the extent that one neuron is capable of
modulating its own activity. The sheer complexity of the systems involved combined
with the sub-millisecond temporal resolution of membrane depolarization have made it
complicated to isolate which effects are involved in the generation, modulation, and
propagation of signals inside the brain.®> The ability to isolate variables and study them
with exquisite spatial and temporal resolution is thus a major hurdle to generating a
complete understanding of synaptic and circuit level neuroscience. To that end, a number
of small molecule probes have been generated, notably among them two photon
responsive caging groups that can release primary and secondary messengers on
microsecond timescales and with femtoliter spatial resolution.®

Caged compounds release a biological effector in response to light irradiation.
This means of activation is orthogonal to other biological processes and is particularly
useful in both tissue slice and tissue culture experiments because the desired effector can
be released without complicating factors arising from the uncaging method. Brain slices

and neuronal cell cultures are both commonly used to examine the role of individual
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synapses and small recurrent neural circuits. Bath application of the caged compound
followed by light irradiation induces a physiological response. The light used determines
the spatial resolution of activation, lamps are used to induce global activation of the
sample in question, a one photon laser will provide sub micrometer resolution in the XY
plane, and a two photon laser will provide sub femtoliter spatial resolution. Due to the
light intensities typically required for photolysis laser irradiation is typically
accomplished a short distance away from the neural process being studied.
Caged Glutamate

Glutamate is the primary excitatory neurotransmitter in the CNS and the ability to
activate neurons at the cell or synapse is a highly desired tool for dissecting neural
circuits. It is therefore not surprising that a significant amount of research has gone into
making photolabile probes for glutamate receptors with both one and two photon
sensitivity. A number of labs have synthesized versions of caged glutamate and
attempted to apply them to biological systems (Figure 5). Thompson’s lab generated a
nitro-coumarin caged glutamate 1% and utilized it to study the dendritic
compartmentalization of potassium conductances.®® Kao and coworkers generated a
carboxy-nitrobenzyl caged glutamate 2% and used it as a proof of principle to examine
localized calcium flux in the sarcoplasmic reticulum. The para-hydroxyphenacyl (pHP)
caged glutamate 3 was synthesized by Kandler and coworkers,® but, unfortunately, the
pHP caging group possesses only limited two photon sensitivity and so it has only been
examined under one photon excitation.  Furuta et. al. synthesized a bromo-
hydroxycoumarin caged glutamate 6 that demonstrated good two photon sensitivity and

used it in a proof of concept to map intact neuronal slices for glutamate sensitivity. ™
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Acyl-nitroindole (NI) caged glutamate 4% was the first generation of the widely used
nitroindole scaffold but has received less attention than its counterpart methoxy-
nitroindole (MNI) 5 due to its relatively lower sensitivity to 2PE.*® Despite its reduced
activity NI glutamate has been utilized to probe a number of complex signaling
phenomena including: an uncommon inhibitory activity by metabotropic glutamate
receptors (MGIUR) in layer 4 cortical neurons,® distinct signaling profiles for
intracortical layer 4 vs. layer 6 neurons, and a biphasic calcium spike in rat purkinje

neurons mediated by mGIlur1*.%
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Figure 5 Selected caged glutamate compounds

By far the two most commonly encountered two photon sensitive caged glutamate
is MNI-glutamate (5). MNI-glutamate was developed after a systematic investigation

into the substituent effects of the original NI-glutamate that led to a fourfold increase in

““ Inhibitory neurons in the cerebellumand are the sole output of all the motor coordination from the
cerebellar cortex

™ Activation of mGIuR1 leads to activation of the phospholipase C pathway
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sensitivity toward two photon excitation.®>  MNI-glutamate has been used to ascertain
glutamate clearance rates from hippocampal CA1 astrocytes,®” to study the channel
opening kinetics® and glutamate occupancy time*® of mGIuR1, to examine the

100
|

distribution of glutamate receptors in cortical®® and hippocampal pyramidal neurons,**

102

to examine epileptic neural activity,'” synaptic plasticity,'® but perhaps the most

prominent use of MNI-glutamate has been in mapping neural circuits.***
None of the caged glutamates possess optimal biological or photochemical
properties. 1 and 2 lack 2PE sensitivity, 1, 2, 4,5, and 6 have slow release kinetics either

105 or the

due to a decarboxylation reaction required for full activity (2 and 6)
~millisecond release of nitrobenzyl photolysis106 (1, 4, and 5), in addition to those
limitations, 4 and 5 display activity even in the dark. The extensive utilization of 5 stems
primarily from its commercial availability, but despite its well studied drawbacks,™’ the
advantages offered by 2PE mediated release of glutamate have been deemed worthwhile.
Caged GABA

If glutamate is the primary excitatory neurotransmitter in the CNS then GABA
performs the opposite role as the primary inhibitory neurotransmitter in the CNS.
However, when compared with caged glutamate, there has been significantly less
progress in generating a caged GABA with good optical properties for two photon
excitation. This lack of caging groups is due primarily to the difficulty of existing caging
groups to rapidly and directly release amines and amides. There are, however, four
notable exceptions to this (Figure 6); a diethylaminocoumarin (DEAC) caged GABA

110
9

7,1 a biphenyl nitrophenethyl GABA 8,'% a carboxy-nitroindole derivative and an

inorganic ruthenium bipyridinyl (RuBi) caged GABA 10."** While all four compounds
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demonstrated proof of principle biological activity only RuBi-GABA has been

investigated further,**#113
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Figure 6 Selected caged GABA compounds

There has been more in depth study utilizing one photon responsive caged
GABA, in particular CNB-GABA 11 synthesized by Hess and coworkers in 1994.***
Khirug et. al. demonstrated the presence of a negative charge gradient on the axonal
initial segment of cortical principal neurons that depends heavily on localized distribution
of chloride transporters.’*® CNB-GABA has been used to suppress seizure like activity in
rat brain slices,**® Dellal and coworkers demonstrated that localized GABA release in
already depolarized cerebellar parallel fiber axons had an unexpected activating effect,'*’
and depression of calcium influx resulting from synaptic GABA spillover was

measured. '8
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Both 7 and 10 exhibit good 2PE sensitivity and fast uncaging Kinetics, however,
the ester linkage for 7 renders the compound prone to dark state hydrolysis, the potential
toxicity of the Ru scaffold in 10 is also of concern, but no definitive studies have been
performed.

Caged Ca'?

Ca*? performs two major functions in the CNS. The first and most important is
that upon activation of a neuron, ion channels open and allow calcium to flux into the
neuron resulting in membrane depolarization and a concomitant neurotransmitter release.
The second role calcium plays is through modulation of postsynaptic Ca*? concentration
through direct binding to Ryanodine receptors or indirectly through the modulation of the
PLC pathway.®

In the late 1980’s two labs independently developed caged calcium compounds
(Figure 7), both based on the nitrobenzyl caging group: nitr-5 12**° developed by Tsien
et. al. utilizing the BAPTA scaffold for Ca*? chelation, and DM-nitrophen 13'¥
developed by Davies and coworkers that utilized the EDTA scaffold for Ca*? chelation.
The first true experiments involving caged Ca*? were simple in design, but demonstrated
the powerful utility of these compounds, Tsien and coworkers were able to generate a

121 \while Zucker and

dose response curve between released Ca*? and evoked K* currents,
Haydon were able to definitively answer the question of whether membrane potential
altered neurotransmitter secretion by showing that it did not.'®* Utilizing DM-nitrophen
Zucker and coworkers revisited the nature of neurotransmitter secretion in relation to

membrane polarization in crayfish motor neurons and found similar results, membrane

polarization did not affect neurotransmitter release, but Ca®" release near neurotransmitter
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release sites did.**® With these experiments in mind, Thomas and Almers utilized DM-
nitrophen to probe rates of vesicle fusion in response to Ca®* gradients, and found three
distinct phases: one fast and two slow.*®* Further experiments with DM-nitrophen were
able to elucidate the kinetics of the fast step (17,000 s™),'* the two slow steps (7,000 s™
and 500 s™),'® as well as the affinity (7-21 pM)™’ for Ca®* of the fast step. Neher and
coworkers used their previously developed methodology to then test retinal bipolar
neurons and noted, interestingly, that there was only one phase of vesicle fusion;

however, that phase was much faster (1,200,000 s™).*?
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Figure 7 Selected caged calcium compounds
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While both Nitr-5 and DM-nitrophen were successfully used to study a wide
variety of neurological phenomena, neither cage was particularly well-suited for two
photon mediated photolysis.®® This necessitated the generation of a new series of
compounds DMNPE 14'® based on a dimethoxnitrobenzyl scaffold, azid-1 15" based
on the light driven fluorescence quenching of a flura-2 analogue, and NDBF 16" based
on the nitrodibenzylfuran scaffold. Despite the favorable optical properties of both
NDBF and azid-1 there has been limited application of these compounds in a two photon
regime.

Caged IP3

Inositol triphosphate (IP3) is a secondary messenger that acts primarily on the
PLC pathway, and is capable of releasing intracellular stores of Ca®* by activating IP3
receptors (IP3R) on the endoplasmic reticulum (ER). Due to several technical limitations
regarding the release of caged Ca®* ¥ it may often prove more advantageous to trigger
Ca” release through this indirect pathway. The first use of a caged IP3 was a
nitrophenethyl derivative 17 (Figure 8) that the kinetics of examined smooth muscle
contractions in response to laser flash photolysis. Due to the high hydrophilicity of the

8% that have been

IP3 moiety, cell permeant variants have been developed 1
functionalized with AM and PM esters that are quickly hydrolyzed intracellularly. With
this cell permeant variant, Wang et. al. were able to demonstrate a coincidence detector in

purkinje cells that changes behavior based upon whether IP3 or Ca®" release is triggered

first. 13
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Figure 8 Selected caged 1P3 compounds

Long-term depression (LTD) is an activity dependent reduction in the efficacy of
neurons that can last multiple hours. This process can occur in many areas of the CNS,
but is most prominently observed in the cerebellum. LTD, combined with its counterpart,
long term potentiation (LTP), are thought to contribute to the selective strengthening and
weakening of learning and memory. Tanaka et al. were able to show that intracellular
release of Ca®" via a cell permeant caged IP3 in conjunction with tetanic stimulation

® Kawato and coworkers also

induces LTD in layer 11/I1I cortical pyramidal neurons.™
utilized a cell permeant caged IP3 in rat cerebellar purkinje cells to find that sustained
increases in Ca®" were correlated with an increase in the amount of IP3 required for

subsequent Ca*" release.'®
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Davies and coworkers have also synthesized a caged IP3 based on the NDBF
scaffold 19" and utilized it to compare subcellular Ca** release in wildtype vs two
mouse models of Alzheimer’s disease. They noted that there were non-propagating
astrocytic Ca”* signaling events resulting from the localized activation of IP3 receptors
and posited a possible connection between gliotransmission perturbation and A lzheimer’s
disease.™® This hypothesis built off earlier work by Parker et. al. who utilized a carboxy-
nitrobenzyl (CNB) caged IP3 20 to demonstrate a link between Ca®* hyperactivity and a
presenilin 1 mutation in rat cortical neurons.**

Caged Monoamines

As described in the previous chapter, monoamines play a complicated and often
contradictory role in neurotransmission depending on a number of context-dependent
cues that can depend on a myriad of variables. Despite the complexity of function of
these neuromodulators, and the seemingly perfect fit that would exist with caging group
technology, due to the precise spatial and temporal control over neuron activation,

surprisingly little investigation has been undertaken.

Muralidharan and Nerbonne synthesized a series of adrenergic agonists caged
with a nitrobenzyl group 21 and 22 (Figure 9),**° but application of these compounds to
biological systems has yet to occur. Hess and coworkers synthesized a carboxy-
nitrobenzyl caged serotonin 23 and used it to investigate the kinetics of the 5-HTj;

receptor.'*

Further investigation of the 5-HTj3 receptor showed that the commercially
available antidepressant fluoxetine (Prozac) occupied a different regulatory site than

nicotine or cocaine.**® There has been slightly more investigation into caged dopamine,
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first by Lee et. al. who used a nitrobenzyl caged dopamine 24 to study the rate of synaptic
clearance of dopamine,** and then later probed the role autoinhibition due to dopamine
played in the rat caudate-putamen.’*® Early last year Etchineque and coworkers
synthesized a two-photon responsive caged dopamine based on the RuBi scaffold 25 that
was able to activate individual dendritic spines in brain slices.'*®
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Figure 9 Selected caged monoamines

Caged Vanilloids

Optogenetics refers to a process of inserting a genetic element into a system that
can then be controlled directly or indirectly by light. One of the tools within this field
involves the transient receptor potential voltage 1 (TRPV1) channel and a class of
compounds called vanilloids that function as agonists.**® TRPV1 channels are activated
by heat and various ligands, including capsaicin. Since TRPV1 expression is almost
entirely limited to the PNS, these channels can be heterologously expressed in the CNS,

where addition of capsaicin can induce a channel opening event and result in membrane

30



depolarization and action potential firing.**® The primary advantage is the large
conductance induced by TRPV1 activation which allows for modulation of membrane
potential at low TRPV1 expression levels.**’ Miesenbock and coworkers synthesized a
DMNB caged capsaicin 26 (Figure 10) and demonstrated the applicability of the system
to activate single neurons in cell culture.*® A number of other groups have synthesized
caged vanilloids and demonstrated their applicability to biological systems 27 and 28.*°

Kao et. al. later demonstrated that the DMNB caged capsaicin was sufficiently sensitive

to two photon mediated photolysis to activate dissociated neurons.*®
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Figure 10 Selected caged vanilloids

Summary

Caged compounds are well situated to assist in dissecting the precise spatial and
temporal signaling cues of neural circuits. They have demonstrated effectiveness in a
number of applications ranging from the single synapse level to whole tissue activation.
Despite these studies many caged compounds exhibit poor release kinetics, ranging from

millisecond to second scale release, and low GM values. Improvements in the release

31



kinetics would allow further investigation into fast, sub microsecond, dynamic ce llular
processes. Increased GM values would enable 2PE uncaging on intracellular targets, a

strategy that is currently limited by the high laser power required to affect uncaging.
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Chapter 3

Synthesis and Photochemistry of Biologically Relevant Caged Phenols
Introduction

The phenolic functional group is a recurrent theme in biologically active small
molecules, from basic building blocks such as the amino acid tyrosine to much more
complex signaling molecules like estradiol. Phenols occupy a wide range of structure
and an even wider range of function, and with any suitably complex signaling cascade the
underlying processes give rise to an even greater array of potential outcomes. It is with
this complexity in mind that investigation into the precise spatial and temporal regulation
of these signaling cascades occurs.

One way to investigate the precise regulation of these processes is through the
utilization of an orthogonal method to initiate or propagate specific steps in the desired
process. Light is one such method and has found wide use in biological experiments.
Optogenetic tools have placed membrane depolarization under the control of light and a
retinal cofactor,™®' photoaffinity labeling experiments have elucidated substrate/protein

binding interactions,**®

and a truly staggering number of fluorescent reporters have
enabled the analysis of a variety of physiological states.™

As described in chapter 2 there is another category of tools that can be activated
via light: caged compounds. The identity and biological utility of caged compounds have

been covered both here and elsewhere 8% 106 146 154 The applicability of caged

compounds to a biological system is determined by certain parameters. For one photon
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excitation (1PE) those parameters are the excitation wavelength, Kinetics of photolysis,
quantum efficiency, and the lack of undesired photochemical byproducts. For two
photon excitation (2PE) the parameters are similar. Excitation wavelength, kinetics of
photolysis, and the lack of undesired photoproducts are once again important however;
the quantum efficiency parameter is replaced by the 2PE uncaging cross-section (GM),
though this parameter is comparable in nature to one photon uncaging efficiency

(Qu . 8).106

Quantum efficiency is a relatively straightforward measurement that compares the
ratio of photons that pass through a sample vs. the number of photons that are absorbed
and trigger a photochemical reaction. The absorbance cross-section is similar to € in that
it represents the probability that a chromophore will simultaneously absorb two photons
of light (reported in GM, 10°%cm®s-photon™). Tsien and coworkers suggested that 0.10
GM was the threshold needed for biological application,™ this number is widely accepted
in the field, although other researchers have placed it as high as 31 GM.**

The Dore lab has demonstrated that both BHQ-OAc 29 and CyHQ-OAc 30
(Figure 11) undergo photolysis efficiently under both 1PE and 2PE,**® BHQ has also
demonstrated an ability to release phenols under 1PE and 2PE as well.™’ In this chapter,
biologically relevant phenols caged with either the BHQ or CyHQ caging moiety will be
discussed. A brief discussion on how a debromination side reaction is affected by optical

irradiance is also included.

N X
z (0)
HO N” O\H/ HO N Y
Br (0] CN 0
29 30

Figure 11 BHQ-OAc and CyHQ-OAc
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Synthesis of Caged Octopamine

Drosophila melanogaster, fruit flies, are an extremely common neuroscience
model animal due to their well understood and easily manipulated genome.™® A larval
fruit fly has around 10,000 neurons while an adult fruit fly possesses around 300,000
neurons,™ far less than the approximately 100 million neurons of an adult human. This
reduced complexity has allowed neuroscientists to make detailed neuronal maps of
prominent sensory and behavioral pathways.'®® One of these pathways is the connection
of olfactory neurons with reward behavior, however; limitations exist.®* The ability to
precisely dissect the neural circuitry involved in integrating sensory cues with reward
encoding in fruit flies may provide some insight into analogous circuitry in the human
brain.

To accomplish this, we chose to cage octopamine. Octopamine is an insect

neurotrans mitter®2

that has been prominently implicated in reward behaviors of fruit
flies.’®® A caged octopamine with good optical properties would thus be able to generate
spatially refined neural signals enabling precise knowledge of the role individual neurons
play in integrating sensory data with reward behavior.

BHQ and CyHQ caged octopamine 37 and 38 were synthesized from the
corresponding alcohol 31%* and 32%° respectively (Figure 12). Mesylation of the

alcohols in THF provided the activated compounds 33’

and 34. The mesylate was
displaced with N-Boc protected octopamine in a nucleophilic substitution which resulted
in the di-protected compounds 35 and 36 in low yield. Global deprotection with TMSCI

in MeOH provided the desired compounds with good yield and high purity.
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31 R=Br
33R=B
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NHBoc NH,
OH OH
35R =Br 37R=Br
36 R =CN 38R =CN

Reagents and conditions: (a) TEA, MsClI, THF, rt, 2 h, 31: 73%, 32: 35%; (b) Cs,COs, acetone, rt,
18 h, 35: 20%, 36: 31%; (c) TMSCI, MeOH, 1 h, 37: 36%, 38: 80%

Figure 12 Synthesis of BHQ and CyHQ caged octopamine

Synthesis of Caged Tyrosine

A number of intracellular signaling cascades work through the phosphorylation
and dephosphorylation of tyrosine residues. This on/off switching has attracted
considerable interest, but has been difficult to study due to the complexity of
orthogonally regulating the on/off state of individual enzymes. The ability to release site
specific tyrosine residues with the application of light has demonstrated the utility of

caging groups to enable control over signaling cascades.™®

However, there have been
limited investigations into incorporating a caged tyrosine with sensitivity to 2PE. To
address this shortcoming, we synthesized compounds 41 and 42.

Initial attempts to synthesize BHQ and CyHQ caged tyrosine 41 and 42 utilizing
N-Boc protected tyrosine resulted in coupling the ester rather than the phenol. The ester
caged tyrosines exhibited poor dark stability, hydrolyzing in 4 h for the BHQ derivative

and 16 h for the CyHQ derivative. This result was consistent with the hydrolytic stability

observed for both 29 and 30. With that result in mind a tyrosine protected at both the
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carboxylate and amine functionalities was used. Starting from the activated compounds
33 or 34 (Figure 13), the mesylate was displaced with Boc-L-tyrosine methyl ester, in
refluxing acetone with K,CO3 as a base to provide 39 or 40 with good yield. K,CO3z;was
used instead of Cs,COj3 due to the hygroscopicity of the latter base'®® and concern that in
situ hydrolysis of the methyl ester would occur. Global deprotection with 4.5N HCI
solution and heat provided the desired final compounds 41 or 42 in reasonable yield.
Dark hydrolysis rates are more important in 41 and 42 than in most of the compounds
synthesized due to the fact that the primary utility in a caged tyrosine is in its
incorporation into proteins and the ability to block phosphorylation of tyrosine until

irradiated with light.*®’

N HO
Pz OMs + COMe —»a
MOMO N .,
R ‘NHBoc

33R=Br
34R=CN
X X
~ (0] b 7z (0}
MOMO N \©\j02Me — HO N \©\jOQH
R o R r
'NHBoc NH,
rce
= 42R=CN

Reagents and conditions: (a) K,COs, acetone, reflux, 4 h, 39: 69%, 40: 77%; (b) 4.5N HCI, 65 °C, 1 h, 41: 46%, 42:
7%

Figure 13 Synthesis of BHQ and CyHQ caged tyrosine

Synthesis of Caged Estradiol

Estradiol has been implicated in both synaptogenesis*® and neural plasticity.'®
The steroid also plays a prominent role in both gene regulation and expression.'”
Despite the potential utility in spatial and temporal control over either neuronal growth

and plasticity, or gene regulation and expression, there have been no published attempts

to cage estradiol.
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To address this shortcoming, compounds 45 or 46 (Figure 14) were synthesized
from the corresponding activated alcohols. Displacement of the mesylate with estradiol
provided the protected precursors 43 or 44 in moderate yield. Due to a lack of additional
sensitive functional groups compounds 45 or 46 were prepared utilizing standard
methoxymethy| ether (MO M) deprotection conditions (95% TFA in DCM) to provide the

desired products in good yield.

Reagents and conditions: (a) estradiol, Cs,CO3, acetone, 18 h, 43: 48%, 44: 55%; (b) TFA, DCM, 1 h, 45: 80%, 46: 81%

Figure 14 Synthesis of BHQ and CyHQ caged estradiol

Synthesis of Caged Vanilloids

Our lab had previously generated a series of vanilloid based BHQ caged transient
receptor potential voltage ion channel (TRPV1) agonists.'”* These compounds exhibited
excellent 2PE sensitivity, however CyHQ displays a greater sensitivity to 1PE, and to
complete the “toolkit” of photoactivatible TRPV1 compounds, a series of CyHQ caged

vanilloids were synthesized. Compounds 51 and 52 (Figure 15) were synthesized for
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their ability to activate heterologously expressed TRPV1, while 50 was synthesized as a
water soluble analogue to probe the photochemistry in vitro.
MOM-protected CyHQ-OMs (34) was coupled to a series of vanilloids in THF

and KOH, according to established lab protocols,*™

and the protected precursors, 47, 48,
or 49, were synthesized in low yield. These compounds were then deprotected with
standard MOM removal conditions to provide the desired caged vanilloids 50, 51, or 52

in moderate yield.

X
X
a = O
_ OMs — o MOMO N H
MOMO N CN g N R

CN o
47 R = Methyl 0
34 48 R = Octyl

49R=/\/\/\(
X
b = (0]
R RS
CN N R
o bl
(e}

50 R = Methyl
51 R = Octyl

52R= /M/

Reagents and conditions (a) vanilloid, THF, 1M KOH, 18 h, 47: 24%, 48: 32%, 49: 37%; (b) TFA, DCM, 4 h, 50:
57%, 51: 57%, 52: 17%

Figure 15 Synthesis of CyHQ caged VAA, VNA, and capsaicin

Synthesis of Caged Serotonin
A BHQ caged serotonin was synthesized previously in our lab and then utilized to
study the left-right patterning of oocyte embryos.™ Analogous to the reasons behind

synthesizing 50, 51, and 52, a CyHQ caged serotonin was a desired target.
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Compound 53 (Figure 16) was synthesized from the activated alcohol 34 by
displacing the mesylate with N-Boc-protected serotonin in acetone in moderate yield.
Global deprotection with TMSCI in MeOH provided the desired compound 54.
Compound 54 was synthesized to expand upon the library of available caged serotonins

synthesized in the Dore Lab, and to examine the role serotonin plays in embryonic

157 172

development™" and modulation of epileptiform activity.

NHBoc

- . Momom
MOMO

34

B NH,
HO N0 {
CN
N
H
54

Reagents and conditions: (a) Serotonin N-Boc, Cs,CO3, Acetone, 57%; (b) TMSCI, MeOH, 1 h, 63%

Figure 16 Synthesis of CyHQ caged serotonin

Photochemistry of Caged Octopamines

Compounds 37 and 38 were analyzed for their photochemical properties under
both 1PE (Figure 17) and 2PE (Figure 18) for their use in biological systems. UV-Vis
spectroscopy revealed that both compounds had Amax near 370 nm, and extinction
coefficients (&) of 2500 and 5400 M™ cm™ respectively. Both compounds were then
photolyzed under both 1PE and 2PE according to standard protocols.*”* For 1PE
photolysis, solutions of each compound were prepared in KMOPS buffer and then

photolyzed with a LED set to 365 = 10 nm. The photochemical reactions were analyzed
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by uHPLC at various time points and peak areas were used to determine the extent of
photolysis. For 2PE photolysis, solutions of each compound in KMOPS buffer were
prepared and 20uL aliquots were removed and placed in a microcuvette and irradiated for
various amounts of time with a Titanium:Sapphire (Ti:S) laser set to 740 nm. Each
aliquot was removed in its entirety and analyzed by uHPLC to determine rates of
photolysis. Rates of octopamine release were compared to a standard curve generated by
serial dilutions of a known concentration of octopamine. Due to potential hydrolysis
reactions that could occur in the absence of light it is necessary to determine the rate of
that potential side reaction. Solutions of both compounds were prepared in KMOPS,
placed in the dark at room temperature, and analyzed periodically by uHPLC to

determine the extent of hydrolysis (both were stable to dark hydrolysis over 100 h).
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Figure 17 1PE Photolysis of BHQ-octopamine (left) and CyHQ-octopamine (right)

The photolysis curves demonstrate that both 37 and 38 are similarly sensitive to
1PE with quantum efficiency (Q,) of 0.36 and 0.34 respectively. In comparison to the
1PE sensitivity, 37 is much more sensitive toward 2PE than 38 however both have a >
0.10 GM and are thus considered sufficiently sensitive to be used in 2PE experiments

(the photoche mical data are summarized in Table 1).
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Figure 18 2PE Photolysis of BHQ-octopamine (left) or CyHQ-octopamine (right)
Compounds 37 and 38 exhibit good photochemical properties with regard to 1PE.

Both compounds have similar Q, values, although 38 has a much higher € and thus is
more sensitive to light (Q, - € = 1900 vs. 800). These values are in line with other
published caged octopamines 55" (Figure 19) synthesized by Haagen and coworkers.
Compound 55 demonstrated a much higher € at ~370 nm, but also demonstrated a much
lower Q,. Compound 55 was not evaluated for 2PE, but with the prevalence of Bhc
caged compounds that exhibit 2PE sensitivity it is likely sensitive as well.'® Compounds
37 and 38 also exhibit sensitivity toward 2PE that is in line with other BHQ and CyHQ

caged compounds.

Figure 19 Bhc-octopamine
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Table 1 Photochemical properties of caged octopamine compounds

Compound Airex € Qu | Sensitivity | &,
nm | Mtem? Quxs | GM

BHQ-octopamine (37) | 368 | 2500 | 0.34 850 0.49

CyHQ-octopamine (38) | 372 | 5400 | 0.36 1944 0.18
Bhc-octopamine (55) | 373 | 17150 | 0.16 2744 N/A

Photochemistry of Caged Tyrosines

Compounds 41 and 42 were analyzed by UV-Vis; both compounds
reported a Amax around 370 nm and € of 2600 and 4900 respectively. Samples of both
compounds were prepared in KMOPS and photolyzed with a LED set to 365 + 10 nm,
and a Ti:S laser set to 740 nm. All photolysis reactions were analyzed by uHPLC and
peak area was used to determine rates of photolysis (The photochemical data are
summarized in Table 2). Both compounds exhibit similar 1PE curves (Figure 20), with
42 having a slightly higher Q, of 0.38 vs. 41 with a Q, of 0.32. Once again the BHQ
caged compound demonstrates a much greater sensitivity toward 2PE (Figure 21) than

does the CyHQ caged compound.
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Figure 20 1PE Photolysis of BHQ-tyrosine (left) and CyHQ-tyrosine (right)
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Figure 21 2PE Photolysis of BHQ-Tyrosine (left) and CyHQ-tyrosine (right)

Compounds 41 and 42 exhibit sensitivity toward both 1PE and 2PE that is in line

with other reported BHQ and CyHQ caged compounds. Both 41 and 42 exhibit higher

Qu than the nitroveratryl caged tyrosine 56 (Figure 22) synthesized by Snaith and

coworkers.””* There have been no published reports of a 2PE sensitive caged tyrosine.

CO,H
COZW 2
o NO,

56

Figure 22 0-CNV-tyrosine



Table 2 Photochemical properties of caged tyrosine compounds

Compound Amax € Qu Sensitivity oy
nm | M'cm? Qux¢& GM
BHQ-Tyrosine (41) 366 2600 0.32 832 0.61
CyHQ-tyrosine (42) 371 4900 0.38 1862 0.36
0-CNV-Tyrosine 56 350 N/A 0.19 N/A N/A

Photochemistry of Caged Estradiols

Compounds 45 and 46 were both analyzed for their sensitivity toward both 1PE
and 2PE. UV-Vis analysis of the two compounds once again showed a Amax around 370
nm and ¢ of 2900 and 6200 M™cm™ respectively. Samples of both compounds were
prepared in KMOPS and irradiated with a LED set to 365 = 10 nm. Interestingly only 46
showed sensitivity toward 1PE (Figure 23) and 2PE (Figure 24) with a Q, of 0.29 and
0.24 GM. Compound 45 showed only starting material and a single product 55, as
analyzed by uHPLC and LC-MS over the time course of photolysis (the photochemical

data are summarized in Table 3).
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Figure 23 1PE Photolysis of CyHQ-estradiol
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Figure 24 2PE Photolysis of CyHQ-estradiol

Table 3 Photochemical properties of caged estradiol compounds

Compound Arax € Qu Sensitivity Oy
nm | M'cm? Quxeg GM
CyHQ-estradiol (46) 373 6200 0.29 1798 0.24
BHQ-estradiol (45) 369 2400 N/A N/A N/A

It is possible that the product of the photochemical reaction of 45 is the
debrominated structure 57 (Figure 25). Debromination of the BHQ scaffold has been
observed previously and investigated to some extent,"”> however the results may not be
directly comparable due to the difference between irradiation wavelengths, 254 nm
(112.5 kcal mol™) vs. 365 m, (78.3 kcal mol™) and the bond dissociation energy of an

aryl carbon-bromine bond (~80 kcal mol™).}"®

It is likely that debromination is a
competitive pathway relative to photolysis, however in both studies the debrominated
product was observed most abundantly when conditions disfavored photolysis, either

175, 177

through acidic or highly organic conditions. A more detailed discussion of

debromination will occur in the following sections.
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Figure 25 Debromination of BHQ-estradiol

Photochemistry of Caged Vanilloids

Compound 50 was synthesized to serve as a water soluble analogue to caged
VNA 51 and caged capsaicin 52 due to issues with solubility in aqueous systems
observed in the long alkyl chain vanilloids.'”* Since the structural and electronic nature
of 50 proximal to the uncaging site is similar to the biologically relevant compounds 51
and 52, the only differences being the long alkyl chains, it should provide a reasonable
insight into the uncaging kinetics of the relevant compounds. Analysis of 50 under both
1PE (Figure 27) and 2PE (Figure 28) showed that it was sensitive to photolysis under
both methods. It is interesting to note that whereas 50 is much more sensitive toward
1PE than BHQ-VAA 58 (Q, of 0.41 vs. 0.18) (Figure 26), it is much less sensitive toward
2PE, with a &, 0f 0.23 GM vs. 0.61 GM (the photochemical data are summarized in Table

4).171

Figure 26 BHQ-VAA
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Figure 27 1PE Photolysis of CyHQ-VAA
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Figure 28 2PE Photolysis of CyHQ-VAA

Hagen and coworkers synthesized a biscarboxyamino coumarin 59'** (Figure 29)
with good optical properties for 1PE and high aqueous solubility. Compound 59 offers
some advantages relative to the BHQ and CyHQ caged vanilloids due to its increased
solubility in aqueous systems, however 59 is significantly less stable to dark hydrolysis
(reported stability only over 24h) than either 58 (tgak 140 h) or 50 (tgak > 250 h) which
are stable to hydrolysis for either 5 days (58) or not hydrolytically sensitive (50).
Compound 59 is significantly more sensitive to 1PE than 56 2250 vs. 486, and slightly
less sensitive than 50 (2829 vs. 2250). Compound 59 faces another important limitation,
the carbonate linker renders the rate limiting step for release of capsaicin as the
decarboxylation step, an event that is typically a quite slow first order process (K.coz = 10°
3 s1.% 2PE sensitivity wasn’t measured for 57 but based on analogous compounds a

two photon cross-section of 0.2 — 0.3 GM'® is reasonable. Thus while there is no single

compound with optimal properties for both 1PE and 2PE the combination of CyHQ-
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capsaicin for 1PE experiments and BHQ-Capsaicin for 2PE experiments should provide

the most efficient toolset.
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Figure 29 BCMACM-capsaicin

Table 4 Photochemical properties of caged vanilloid compounds

Compound Arax £ Qu Sensitivity )

u
nm | M'cm? Quxe& GM
CyHQ-VAA (58) 368 6900 0.41 2829 0.24
BHO-VAA (50) 370 | 2700 | 0.18 486 0.61
BCMACM-Capsaicin 383 18750 0.12 2250 N/A
(59)

Photochemistry of Caged Serotonin

Compound 54 was analyzed by established protocols for sensitivity toward both
1PE and 2PE. It is worth noting that, as with the caged vanilloids, 54 showed a much
greater sensitivity toward 1PE than either of the previously synthesized BHQ caged
serotonins (Figure 30) 60 and 61'"* with a sensitivity of 2379 vs. 600 for 60 or 210 for
61. The trend of opposite sensitivity for 1PE (Figure 31) and 2PE (Figure 32) held true in
this case as the d, for 54 (0.23 GM) was lower than either 60 (0.50 GM) or 61 (0.42 GM)

(the photoche mical data are summarized in Table 5).
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Figure 31 1PE Photolysis of CyHQ-serotonin
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Figure 32 2PE Photolysis of CyHQ-serotonin

Table 5 Photochemical properties of caged serotonin compounds

Compound Arex € Qu Sensitivity Oy

nm | M'cm? Quxe& GM
CyHQ-O-5HT (31) 372 6100 0.39 2379 0.23
BHQ-O-5HT (60) 368 2000 0.30 600 0.50
BHQ-N-5HT (61) 370 2100 0.10 210 0.42
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Debromination analysis under 1PE irradiation

Debromination is a side reaction in the photolysis of BHQ-X that is observed in
1PE experiments with all compounds synthesized in the lab to date (Figure 33). There is
also a thermal debromination that occurs at temperatures above 115 °C in both DMF and
DMACc (experimental observation). This pathway was first significantly observed in time
resolved spectroscopy experiments and later confirmed by irradiation at 254 nm.*> The
amount of debromination that occurs was at that point unknown, but of sufficient concern
that serious investigation into utilizing alternative previously developed caging groups, as
well as next generation caging groups had begun. To address this concern, an
investigation into the extent of debromination that is observed in the 1PE photolysis of

BHQ caged compounds was performed.

X

~ OH —_—
N H
HO HO N

Br

31 62

Figure 33 Debromination side reaction

IPE debromination was investigated by irradiating a 100 uM sample of 31 in
KMOPS buffer with a LED set to 365 = 10 nm at different optical power settings.
Aliguots were removed at various time points and analyzed by uHPLC to create
photolytic debromination curves (Figure 34). Compound 31 was chosen because
photolysis of the C-O bond wouldn’t complicate the analysis of the rate of

debromination.
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Figure 34 Debromination of BHQ-OH as a function of optical irradiance

Optical irradiance was chosen as the energy measurement rather than intensity
due to the ease of calibration (for reference a typical photolysis experiment uses between
25 mW/cm? and 10 mW/cm?). Figure 34 clearly indicates that even at low power settings
a significant portion of BHQ-OH is being converted to HQ-OH. Figure 35 shows a
comparison of the rate of photolysis of a sample BHQ compound 37 vs. rates of
debromination at 20 mwW/cm? and 10 mW/cm? indicate that the debromination pathway is
a significant portion of the overall photolysis mixture. HQ has demonstrated an ability to
act as a caging group, although with much less efficiency than either BHQ or CyHQ, so
this debromination side reaction doesn’t render BHQ caged compounds photolytically

inert.
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Figure 35 Comparison of rate of debromination and photolysis in BHQ-octopamine

The investigation into the debromination pathway under both 1PE presented

above provides some interesting results, and some potential areas for further
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investigation. Debromination in 1PE appears to be a process that occurs on the base
BHQ scaffold, and thus is likely observed to some extent for all BHQ-caged compounds.
A comparison of the quantum efficiencies shows that 37 has a Q,of ~0.34 while 31 has a
Qu for debromination of ~0.12. Thus a simple rationalization could be that for every 3
photolysis events there is 1 debromination event. However a more systematic
investigation of the rates of debromination with a focus toward manipulating both the
structural and electronic nature at and around the scissile C-O bond should provide much
greater insight into what role, if any, the compound being caged plays in the
debromination side reaction.
Summary

With one exception, BHQ-estradiol 45, all of the phenols described in this chapter
are sensitive to both 1PE and 2PE. For the compounds that displayed sensitivity to
photolysis, the CyHQ caged compounds were approximately three to five fold more
sensitivity to 1PE (Qy - ¢). In contrast to the 1PE sensitivity, the BHQ caged compounds
exhibited a two to three fold higher sensitivity to 2PE (J,). The debromination reaction

7> was verified to also be present

observed in initially during time resolved experiments
at 365 nm. The extent of debromination was quantified with a Q, of 0.12 which indicates
that it is a significant contributor to the overall photolysis of BHQ caged compounds, but

not the major pathway.
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CHAPTER 4
Synthesis and Photoche mistry of Biologically Relevant Caged Catechols
Introduction
Catecholamines are a class of compounds containing both a catecholic moiety and
a side chain amine. W.ithin this class are three molecules that possess important
neuromodulatory activity: dopamine, epinephrine, and norepinephrine. Dopamine has
been implicated in memory formation, executive function, and both conscious and
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autonomic motion(see chapter 1). Whereas the adrenergics epinephrine and

norepinephrine are more commonly associated with engaging fight or flight

mechanisms,”® heart rate and vasodilatations,’® and modulating metabolic shifts,*®*

they
have also been implicated in memory consolidation'®® and emotional response.*®® There
has been an increase of investigation into the broad spectrum activity of catecholamines
as neuromodulators, but the precise mechanism(s) underlying the resultant behavioral
phenomena are less well understood.

As mentioned in chapter 1, the dopaminergic system is complex. The expression
patterns and cytoarchitectural features of dopaminergic neurons is dependent on the area
of the brain involved.”> Dopamine can perform both activating and inhibitory actions
through modulation of adenylyl cyclase, phospholipase C, and it can also indirectly
modulate MEK/ERK." At tripartate synapses dopamine release is capable of modulating

postsynaptic signaling directly through the above pathways, while presynaptic

modulation can occur through the retrograde release of endocannabinoids.®?  This
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multiplicity of function, dependent on spatial and temporal orientation as well as on the
state of the neuron(s) in question makes probing dopaminergic signaling experimentally
difficult.

In order to accurately dissect dopaminergic signaling, several labs have
synthesized versions of photoactivatible dopamine (Figure 36). Lee et. al. first
synthesized nitrobenzyl caged dopamine in 1996 and in combination with cyclic
voltammetry, which measures the voltage change as dopamine is oxidized and reduced,
were able to assess dopamine release and clearance rates with 100-ms temporal
resolution.**® The nitrobenzyl cage suffers from two prominent drawbacks, the first and
most prominent is the rate of release is dependent upon decomposition of the aci-nitro
intermediate (10° — 10° s™)** or upon acetal hydrolysis (10* — 10° s%).*®**  The second
prominent drawback is the poor optical properties: low Q, 0.01 — 0.05, low extinction
coefficients at non-damaging wavelengths, and near complete insensitivity toward
2PE."™® Etchinique and coworkers synthesized a RuBi caged dopamine with sensitivity
toward 2PE (0.24 GM),'* however the method relies on an earlier GM calculation based
on action potential propagation in glutamatergic neurons,**® an unreliable measurement at
best.’®”  Still RuBi dopamine represents the only published 2PE sensitive caged

dopamine(Figure 36).

0._0O NH, |

@/\/ | N N/

0 ~N.., | PPh;
‘Ru’

NO, | SN /AN

Pz N Ha

| N OH

24 =

Figure 36 0-NB-dopamine and RuBi-dopamine
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Synthesis of BHQ-dopamine

BHQ-dopamine 64 and 65 were first synthesized from the corresponding
activated alcohol 33 (Figure 37) by coupling with N-Boc protected dopamine in THF
with 1M KOH to provide a mixture of isomers that were co-purified to give 63. The
mixture was then globally deprotected with TMSCI in MeOH and HPLC purified to

provide the single isomers 64 and 65 in a 1:1 ratio with low combined yield.

A a A
AN_OMs ——  \omo N
MOMO N j@\ﬁ
Br Br HO
33
63a

3
N NHBoc
0 b
+ MOMO N ]@j ,
B
r HO
63b
X X
HO N + HO N NH,
Br Br
HO NH, HO
64 65

Reagents and conditions: (a) N-boc protected dopamine, 1M KOH, THF, rt, 18 h, 49%; (b) TMSCI, MeOH 36%

NHBoc

Figure 37 Synthesis of BHQ-dopamine

To assign isomeric identity to the mixture of 64 and 65 through space coupling
was investigated. The nuclear Overhauser effect enables a determination of protons that
are close enough in space to undergo cross-relaxation. 2DNMR (ROESY) experiments
showed a clear through-space correlation between a; (5.31 ppm) and a, (6.88 ppm) and b;

(5.32 ppm) and b, (6.92 ppm) (Figure 38).
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Figure 38 Possible BHQ-dopamine isomers

Synthesis of CyHQ-dopamine

Synthesis of 67 and 68 (Figure 39) from the corresponding activated alcohol 33
was accomplished by coupling N-Boc protected dopamine in acetone with Cs,COs, in
low yield to provide 66 and then global deprotection with TMSCI in MeOH followed by
HPLC purification to provide the final compounds. In contrast to the 1:1 product ratio
that was observed with 64 and 65 an approximately 4:1 ratio was observed between 67
and 68. The identity of each isomer was verified by 2DNMR and displayed results

analogous to those observed for BHQ-dopamine.

MOMOJ;;(jVONIS - MOMOm D\ﬁ
NHBoc

66b
N N NH
CN
HO NH, CN HO
67

Reagents and conditions: (a) N-Boc protected dopamine, Cs,COj3, acetone, rt, 18 h, 42%; (b) TMSCI, MeOH 31%

NHBoc

Figure 39 Synthesis of CyHQ-dopamine
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The mono-functionalization of one of the phenolic groups of dopamine vs.
another has not been widely attempted. Most attempts are difunctionalizations, however
Fernandez et. al. observed a similar distribution ratio when they glycosylated dopamine
N-Cbz with a 3:1 preference for hydroxyl group on C-3 of dopamine vs. the hydroxyl
group on C-4 of dopamine.'®®
Synthesis of Caged Epinephrine and Norepinephrine

Starting from the activated alcohol 33 (Figure 40), substitution with the desired
catecholamine N-Boc protected norepinephrine to provide intermediate 69 or N-Boc
protected epinephrine to provide intermediate 70.  Difficulty in purifying the
intermediates 69 or 70 eventually resulted in telescoping the reaction from 33 to the

desired catechol 71 or 72, following global deprotection with trimethylsilyl chloride in

methanol.
X
= a MOMO N= ©)
OMs —  »
MOMO N7 S CN
CN HO N-R
33 OH Boc
69R=H -
m 70 R = methyl
71 R = methyl
72R=H

Reagents and conditions: (a) Epinephrine N-Boc, Cs,CO3, acetone, rt, 36 h (b) TMSCI, MeOH, 71: 17%, 72: 11%

Figure 40 Synthesis of CyHQ-epinephrine and CyHQ-norepinephrine

Photochemistry of Caged Dopamine
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Attempts to photolyze compounds 64 and 65 as a mixture were unsuccessful
(Figure 41). It was hypothesized that a photolytic event was occurring, but that instead of
converting to the free alcohol 59 (pathway a), an isomerization event was occurring
(pathway b).

To investigate this possibility isomers 64 and 65 were separated and individual samples
were photolyzed by a LED set to 365 £+ 10 nm as described in chapter 3. HPLC analysis
of the results showed no isomerization occurred, and that the only product observed was

~5% abundance of the debrominated product after 5 minutes of irradiation.

X
pathway a

T . pZ OH

HO N
A Br

Z O
B
' HO NH,
N NH,
pathway b
- O . ez o}
HO N
B
' HO
65

64

Figure 41 Photochemistry of BHQ-dopamine

The photolysis of BHQ caged compounds is hypothesized to occur through a
triplet state intermediate.*” This means that other photochemical processes that occur
through the either a singlet or triplet excited state could be considered competing
processes. Fluorescence is the radiative decay of a singlet excited state back to ground
state energy, however a comparison of BHQ-dopamine (25 uM) with BHQ-OAc (25 uM)
(Figure 42) demonstrates that their fluorescence emissions are within an order of
magnitude, and it is unlikely that fluorescence alone is the major contributor to the lack

of photolysis observed.
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Figure 42 Fluorescence emission spectra of BHQ-dopamine and BHQ-OAc standard

Another factor to consider is the pK, of the leaving group itself. Within the series
of compounds containing either a phenol or catechol, a number of BHQ caged
compounds have been generated (Figure 43). With the exception of 45 and 64/65, all of
the compounds listed release the desired compound with good optical properties and
>50% vyield (Table 6). An analysis of the pK, of these leaving groups, calculated with
advanced chemical development (ACD/LAB) V11.02 (through Scifinder) provides some
insight into the lack of photolysis. ACD/LAB was chosen to provide a single consistent
measurement of pK, to avoid inconsistencies in experimental titrations. When analyzing
a compound for potential utility in uncaging experiments, one of the parameters analyzed
is the pK, of the caged compound. This is done because the pK, provides, indirectly, a
measure of the leaving group ability of the protected compound, and leaving groups with
high pK, values tend to be photochemically inert.'®® Thus a simple explanation might be
that both dopamine and estradiol are insufficiently good leaving groups to be uncaged

with the BHQ caging group.
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Figure 43 BHQ caged phenols

Table 6 Comparison of calculated pK, to photolysis for BHQ caged phenols

Leaving Group Calculated pK, | Photolysis (y/n)
(% yield of phenol)

Tyrosine 9.04 Yes (53%)
Octopamine 8.91 Yes (55%)

VAA 9.76 Yes (65%)
Serotonin 9.52 Yes (58%)

Phenol 9.86 Yes (57%)
Dopamine 10.11 No

Estradiol 10.27 No

The threshold for photolysis with the BHQ scaffold appears to be lower than what
is observed with CyHQ. This is reflected by the fact that while photolysis of BHQ-
dopamine and BHQ-estradiol produce no product, both CyHQ-dopamine and CyHQ-

estradiol release the desired leaving group (Figure 44 and 45).
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Figure 44 1PE photolysis of CyHQ-dopamine
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Figure 45 2PE photolysis of CyHQ-dopamine

The optical properties for CyHQ-dopamine are significantly lower than phenolic
analogues, ™" with a Q, of 0.18 and IPE sensitivity of 936 and a &, of 0.15 GM.
Compared to RuBi-dopamine, CyHQ-dopamine has a higher Q, (0.18 vs. 0.085), as well
as a higher 1PE sensitivity (936 vs. 417); however RuBi-dopamine is photolyzed at a
much more benign wavelength 405 nm vs. 365 nm. The 2PE action cross sections are
comparable; 0.15 ¢, for CyHQ-dopamine vs. ¢, 0.23 for RuBi-dopamine, but as
mentioned previously the 2PE cross-section calculation of RuBi-dopamine is based on a

comparative analysis of MNI-Glutamate generated action potentials.'®

M Compare Q, for CyHQ-phenols of ~0.30 — 0.40 vs. 0.18 for CyHQ-dopamine and d,0f 0.23 — 0.30
(CyHQ-phenol) vs. 0.15 (CyHQ-dopamine)
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Photolysis of Epinephrine and Nore pinephrine

A 100-uM sample of 73 in KMOPS was prepared and irradiated with a LED at
365 + 10 nm. Interestingly, while degradation of starting material proceeded fairly
straightforwardly, no product generation was observed (Figure 46). Instead a
photoproduct was generated that had been red-shifted ~20-nm from 280 nm to ~300 nm

(Figure 47) and had a retention time shift on the uHPLC from 1.64 minutes to 2.41

minutes.

B CyHQ-Epinephrine
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Figure 46 1PE photodegradation of CyHQ-epinephrine
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Figure 47 Overlaid uHPLC absorbance traces of epinephrine and primary photoproduct

To determine whether uncaging had occurred at all (Figure 48 pathway a or b),
samples were analyzed by LCMS, and M+H was found for both starting material and
CyHQ-OH. Next it was necessary to determine if the epinephrine was undergoing a
further photochemical reaction to generate the observed photoproduct, however five
minutes irradiation of a 100-uM sample of epinephrine under the same conditions
showed no change in peak area, UV absorbance spectra, or retention time shift between
starting material and following irradiation. Dark hydrolysis analysis was also performed
to determine whether CyHQ-OH was being released by a photochemical reaction or
through hydrolysis of the starting material. The time constant of dark hydrolysis, Tgaxk,
was > 200 h, thus indicating that the CyHQ-OH generated during the photolysis
experiment was indeed coming from a photochemical reaction. These data indicate that
while some photochemical reaction was occurring (pathway b) that eventually led to the

release of CyHQ-OH it wasn’t the expected pathway a.
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Figure 48 Photolysis of CyHQ-epinephrine

Photo-oxidation of catechols to quinones has been observed in literature,**
however oxidation is not reported to occur above 290 nm. To test if epinephrine was
being released and then subsequently photo-oxidized a 100-uM sample of epinephrine
either in the presence or absence of a 100-uM sample of CyHQ-OH in KMOPS buffer
7.2 pH was irradiated for 10 min at 365 £ 10 nm. No photodegradation was observed in
the absence of CyHQ-OH and ~ 10% degradation was observed in the presence of
CyHQ-OH.

Further analysis of the LCMS data generated from the photolysis of 73 and
photodegradation (irradiation of epinephrine in the presence of 32) experiments showed
trace amounts of [M+H] = 164.1 which could potentially correspond to either 78 or 79
(Figure 49). To determine which product formed, 78 was synthesized according to
established protocols.*®* The identity of 78 was verified by *H NMR and LCMS, and the
retention time and UV trace matched up perfectly with the major observed photoproduct
of the photolysis of CyHQ-epinephrine.

HO N o} N

\ \

78 79

Figure 49 Potential primary photoproducts
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The two electron oxidation of epinephrine from its catechol form to its quinone
form is unlikely to occur while caged by CyHQ, but the literature around catechols offers
an alternative possibility: the semiquinone. The one electron oxidation of epinephrine to
its semiquinone form has a standard reduction potential (SRP) of 0.068 mV/*% ~ 1/3 of
the SRP for the oxidation of epinephrine to its quinone species.'® The lifetime of the
semiquinone radical ranges from microsecond to millisecond,*? significantly longer than
the photolysis of BHQ, which is proposed to occur on the nanosecond timescale.*”> More
interestingly is the fact that the semiquinone form of catechols are more acidic than the
catechol form by 2 — 2.5 pK, units.*® As stated previously the pK, of the compound
being caged is a good proxy for determining whether a compound can be photo-released
or not, and such a drastic increase in acidity would shift epinephrine from pK, ~ 10 to
pKa ~ 8, greatly increasing the likelihood of photolysis.

Figure 50 shows a potential reaction pathway. Step 1 is rationalized by the low
one electron reduction potential: 74 absorbs a photon, exciting the compound into a
singlet state which relaxes to a triplet state, and instead of photolyzing, a semiquinone
radical is formed. The lifetime of the semiquinone radical is such that 81 could
potentially absorb a second photon (step 2), and given the increased acidity of the
semiquinone relative to the catechol, photolysis occurs. At this point the radical anion
rapidly oxidizes to the quinone which then undergoes cyclization and dehydration to form

the indole (step 3).
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Figure 50 Proposed CyHQ-epinephrine photolysis mechanism

A sample of norepinephrine was prepared as described above for epinephrine, and
the results indicate that the same reaction is occurring. Once again a ~20-nm red shift
from 280 nm to 300 nm was observed, concurrent with a retention time shift of ~2
minutes. LCMS analysis showed the presence of CyHQ-OH and trace amounts of the
analogous quinones.

Summary

Catechols behave very differently than phenols do with respect to the
photoche mistry of the BHQ and CyHQ caging groups. While it is likely that dopamine is
insufficient to act as a leaving group for the BHQ scaffold, it is sufficient for photorelease
by CyHQ. The presence of undesired photoreactions in the adrenergic leads to the

formation of a dihydroxyindole species as the major photoproduct.
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Experimentals

Genreral

Compounds 33" and 79' were prepared according to known literature
procedures. All other reagents and solvents were purchased from commercial sources
and used without further purification. *H NMR and **C NMR were recorded on Varian
MercuryPlus 400 MHz and 500 MHz spectromoters or on a Bruker Avance 11l HD 600
MHz. UV spectra were recorded on a Cary 300 UV-Visible spectrophotometer (Varian)
or a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent). HPLC and uHPLC (analytical
and preparative) was performed on an Agilent Infinity series system with an autosampler
and diode array detector using Zorbax eclipse C-18 revers phase columns. HRMS was
performed on an Agilent 6540 HD Accurate Mass QTOF/LC/MS with electrospray
ionization (ESI) or a Micromass QTOF-Ultima with ESI. KMOPS buffer consisted of
100 mM KCI and 10 mM MORPS titrated to pH 7.2 with KOH. Flash chromatography
was performed on an Isolera Spektra 4 with biotage SNAP cartridges packed with KP -

SIL silica.

68



(8-Cyano-7-(methoxyme thoxy)quinolin-2-yl) me thyl methanesulfonate (34)

o MsCl, TEA, THF o
Z OH = OMs
MOMO N 4 h, 35% MOMO N

CN CN

32 34

Compound 32 (0.31 g, 1.2 mmol) was stirred in THF (5 mL) and
methanesulfonyl chloride (0.189 mL, 2.44 mmol) and TEA (0.51 mL, 3.7 mmol) were
added. The reaction was monitored by uHPLC, and upon completion the reaction
mixture was dried in vacuo onto celite and the crude product was purified via flash
chromatography eluting with EtOAc/hexane (1:2) and dried to a white powder 34 (0.132
g, 0.408 mmol 35% yield).

'H NMR (400 MHz, chloroform-d) & 8.23 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 9.2
Hz, 1H), 7.58 (dd, J = 12.6, 8.8 Hz, 2H), 5.55 (s, 2H), 5.47 (s, 2H), 3.59 (s, 3H), 3.29 (s,
3H).

BCNMR (101 MHz, chloroform-d) & 162.5, 157.0, 148.2, 137.5, 133.7, 122.9,
119.1, 116.3, 114.5,99.5, 95.1, 71.6, 56.9, 38.5.

HRMS-ESI (m/z): [M+H]" calculated for Ci4H14N,OsS, 323.0696; found,

323.06966.
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tert-Butyl (2-(4-((8-bromo-7-(me thoxyme thoxy)quinolin-2-yl) me thoxy)phe nyl)-2-

hydroxyethyl)carbamate (35)

N-Boc-octopamine, N
A Cs,COg3, acetone _ 0
_ OMs MOMO N
MOMO N B
Br 18 h, 20% r NHBoG
OH
33 35

Compound 33 (0.035 g, 0.094 mmol) and N-Boc-octopamine (0.050 g, 0.20
mmol) were stirred in acetone (1 mL) and Cs,COj3 (0.075 g, 0.25 mmol) was added. The
reaction was monitored by uHPLC and upon completion was diluted with brine, extracted
with ethyl acetate, dried over anhydrous sodium sulfate, filtered, and concentrated in
vacuo. The crude product was purified via flash chromatography eluting with
EtOAc/hexane (1:1), which yielded 35 as a yellow solid upon drying (0.021 g, 0.039
mmol, 20% yield)

'H NMR (600 MHz, methanol-d4) & 9.05 (d, J = 8.3 Hz, 1H), 8.26 (d, J = 9.0 Hz,
1H), 7.90 (d, J = 8.3 Hz, 1H), 7.64 (d, J = 9.0 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 6.82 (d,
J = 8.0 Hz, 2H), 5.27 (s, 2H), 4.82 (dd, J = 9.8, 3.4 Hz, 1H), 4.57 (s, 3H), 3.35 (s, 3H),
3.27 - 2.70 (m, 2H), 1.54 (s, 9H).

BC NMR (125 MHz, methanol-d4) & 159.08, 157.02, 155.51, 155.35, 146.27,
134.91, 133.66, 128.26, 127.92, 127.48, 119.63, 115.68, 101.50, 95.78, 79.75, 72.80,
70.76, 56.35, 48.60, 28.30.

HRMS-ESI (m/z): [M+H]" calculated for CusHa9N,O¢Br, 533.1282, 535.1262;

found, 533.1285, 535.1263.
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tert-Butyl (2-(4-((8-cyano-7-(methoxymethoxy)quinolin-2-yl) me thoxy)phenyl)-2-

hydroxyethyl)carbamate (36)

N-Boc-octopamine, N
~ Cs,CO3, Acetone P (0]
_ OMs MOMO N
MOMO N 0 CN

N 18 h, 31% NHBoc

OH
34 36

Compound 34 (0.050 g, 0.16 mmol) and N-Boc-octopamine (0.043 g, 0.17 mmol)
were stirred in acetone (1 mL) and Cs,COg3 (0.10 g, 0.33 mmol) was added. The reaction
was monitored by uHPLC and upon completion was quenched with brine, extracted with
ethyl acetate, dried over anhydrous sodium sulfate, filtered, and was concentrated in
vacuo. The crude product was purified via flash chromatography eluting with
EtOAc/hexane (1:2), which yielded 36 as a yellow solid upon drying (0.025 g, 0.052
mmol, 31% yield)

'H NMR (600 MHz, methanol-d4) § 9.05 (d, J = 8.3 Hz, 1H), 8.26 (d, J = 9.1 Hz,
1H), 7.90 (d, J = 8.3 Hz, 1H), 7.64 (d,J = 8.9 Hz, 1H), 7.27 (d, J = 7.9 Hz, 2H), 6.82
(d,J = 7.9 Hz, 2H), 5.27 (s, 2H), 4.82 (dd, J = 11.9 Hz, 1H), 3.35 (s, 3H), 3.03 (dd, J =
10.2 Hz, 1H), 1.53 (s, 9H).

3C NMR (151 MHz, methanol-d4) & 167.63, 162.02, 157.31, 146.99, 145.51,
140.83, 135.52, 131.61, 126.88, 122.63, 120.04, 117.56, 115.02, 111.85, 97.05, 88.85,
85.03, 69.31, 60.74, 53.89, 45.97, 26.17.

HRMS-ESI (m/z): [M+H]" calculated for CysHxgN3Os, 480.2129; found,

480.21438.
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2-((4-(2-Amino-1-hydroxye thyl)phe noxy)methyl)-8-bromoquinolin-7-ol (37)

X X
o
MOMO NT O TMSCI, MeOH g NG
Br
B NHBoc ~ 2M:36% NH,

OH OH
35
37

Compound 35 (0.063 g, 0.052 mmol) was dissolved methanol (1 mL) and
trimethylsilyl chloride (0.10 mL, 0.80 mmol) was added. The reaction was stirred in the
dark and monitored by uHPLC. Upon completion, the reaction was concentrated in
vacuo and purified by HPLC, 10 min gradient from 5% MeCN/95% H,0 (0.1% TFA) to
100% MeCN. Fractions containing only one peak were combined and concentrated in
vacuo to provide 37 as a yellow oil (0.014 g, 0.036 mmol, 36% yield).

'H NMR (600 MHz, methanol-d4) & 8.74 (d, J = 8.1 Hz, 1H), 8.07 (d, J = 8.7 Hz,
1H), 7.75 (d, J = 8.3 Hz, 1H), 7.49 (d, J = 8.9 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 6.82
(d,J = 7.9 Hz, 2H), 5.13 (s, 2H) 4.82 (d, J = 9.5 Hz, 1H), 4.81 (d, J = 9.6 Hz, 1H), 3.12
(t,J = 2.3 Hz, 1H), 3.03 (t, J = 2.1 Hz, 1H).

3C NMR (125 MHz, methanol-d4) & 159.02, 155.44, 152.97, 146.13, 136.07,
134.88,128.71,127.80, 127.44, 119.54, 117.79, 115.93, 100.23, 74.27, 70.76, 48.77.

HRMS-ESI (m/z): [M+H]" calculated for CigH17N,O3Br, 389.0496, 391.0475;

found, 389.04967, 391.04771.
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2-((4-(2-Amino-1-hydroxye thyl)phe noxy)methyl)-7-hydroxyquinoline -8-carbonitrile
(38)
X

X
MOMO N TMSCI, MeOH HO N
18 h, 80%
CN NHBoc ° CN NH,

OH OH

36

Compound 36 (0.025 g, 0.052 mmol) was dissolved in methanol (1 mL) and
trimethylsilyl chloride (0.115 mL, 0.918 mmol) was added. The reaction was stirred in
the dark and monitored by uHPLC. Upon completion, the reaction was concentrated in
vacuo and purified by HPLC, 10 min gradient from 5% MeCN/95% H,0 (0.1% TFA) to
100% MeCN. Fractions containing only one peak were combined and concentrated in
vacuo to provide 38 as a pale yellow solid (0.014 g, 0.042 mmol, 80% yield).

'H NMR (600 MHz, methanol-d4) & 8.27 (d, J = 8.4 Hz, 1H), 8.01 (d, J = 9.1 Hz,
1H), 7.58 (d, J = 8.3 Hz, 1H), 7.26 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 5.03 (s,
2H), 4.81 (d, J = 6.5 Hz, 1H), 4.81 (d, J = 12.7 Hz, 1H), 3.12 (dd, J = 12.6 Hz, 1H) 3.02
(dd, J = 9.8, 12.6 Hz, 1H).

BCNMR (600 MHz, methanol-d4) & 163.6, 157.3, 148.4, 137.0, 133.7, 131.6,
126.8, 121.3,117.7, 116.8, 115.1, 115.0, 94.0, 69.3, 64.7,47.1, 45.9

HRMS-ESI (m/z): [M+H]" calculated for CioHi7N3Os, 336.1343; found,

336.13471
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(S)-Methyl 3-(4-((8-bromo-7-(methoxyme thoxy)quinolin-2-yl)me thoxy)phe nyl)-2-
((tert-butoxycarbonyl)amino)propanoate (39)

N-Boc-L-tyrosine methyl ester, N
X K2COg, refluxing acetone /@\/j\/o
= OMs “
MOMO N oo MOMO N \©\)NHBOC

B .
Br r ‘COMe

33 3

Compound 33 (0.085 g, 0.23 mmol), N-Boc-L-tyrosine methyl ester (0.090 g,
0.31 mmol), and K,CO3 (0.095 g, 0.69 mmaol) were stirred in acetone (2 mL) and heated
to reflux. The reaction was monitored by uHPLC, and upon completion the reaction
mixture was loaded onto celite, dried in vacuo. The crude product was purified via flash
chromatography eluting with EtOAc/hexane (2:3) and dried in vacuo to provide 39 as a
yellow solid (0.089 g 0.16 mmol, 69% yield)

'H NMR (600 MHz, chloroform-d) & 8.13 (d, J = 8.4 Hz, 1H), 7.75 (d, J = 9.0
Hz, 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.50 (d, J = 9.0 Hz, 1H), 7.05 (d, J = 8.2 Hz, 2H), 6.98
(d, J = 8.6 Hz, 2H), 5.42 (d, J = 2.9 Hz, 4H), 5.02 (d, J = 8.3 Hz, 1H), 3.71 (s, 3H), 3.59
(s, 3H), 3.12 — 2.86 (m, 2H), 1.43 (d, J = 3.2 Hz, 9H).

¥c NMR (126 MHz, chloroform-d ) 6 172.4, 159.6, 157.4, 155.2, 145.7, 137.1,
130.9, 128.5, 124.4, 118.0, 117.1, 115.5, 114.9, 112.0, 95.3, 79.9, 71.2, 69.5, 56.6, 54.5,
53.7,52.2,37.4,31.7, 31.5,29.2, 28.3, 22.6

HRMS-ESI (m/z): [M+H]" calculated for C;H3;N,0O;Br, 575.13944, 577.13734;

found, 575.13934, 577.13773
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(S)-methyl 2-((te rt-butoxycarbonyl)amino)-3-(4-((8-cyano-7-
(methoxymethoxy)quinolin-2-yl)methoxy)phenyl)propanoate (40)

N-Boc-L-tyrosine methyl ester, N
K2COg, refluxing acetone o
OMs MOMO N NHBoc
MOMO N 18 h, 67%

CN .
CN ‘CO,Me

\

4
3 40

Compound 34 (0.025 g, 0.067 mmol), N-Boc-L-tyrosine methyl ester (0.025 g,
0.085 mmol), and K,CO3 (0.016 g, 0.12 mmol) were stirred in acetone (2 mL) and heated
to reflux. The reaction was monitored by uHPLC, and upon the crude product was
purified via flash chromatography eluting with EtOAc/hexane (1:2) and dried in vacuo to
provide 40 as a yellow solid (0.031 g, 0.059 mmol, 67% yield)

'H NMR (600 MHz, chloroform-d) & 8.17 (d,J = 7.6 Hz, 1H), 7.99 (d,J = 8.3
Hz, 1H), 7.69 (d,J = 7.5 Hz, 1H), 7.55 (d, J = 8.5 Hz, 1H), 7.05 (d,J = 5.7 Hz, 1H),
6.97(d, J = 5.7Hz, 2H), 5.46 (s, 2H), 5.41 (s, 2H), 4.54 (m, 1H), 3.82 (s, 3H), 3.60 (s,
3H), 3.03 (M, 2H), 1.42 (s, 9H).

3C NMR (126 MHz, chloroform-d) & 172.3, 162.1, 161.1, 157.3, 155.3, 155.1,
148.1, 136.9, 133.6,130.4, 128.7, 122.7, 118.7, 115.5, 114.9, 99.5, 95.0, 79.9, 70.9, 69.5,
56.9,54.4,53.7,52.2, 37.4,31.7,29.2,28.2

HRMS-ESI (m/z): [M+H]" calculated for CygH3N3O;, 522.2234; found,

522.22302
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(S)-2-Amino-3-(4-((8-bromo-7-hydroxyquinolin-2-yl) me thoxy)phe nyl)propanoic
acid (41)

X X
4.5N HCI, 65 °C
Pz (o) — (o)
MOMO N NHBoc — & [O) N NH,
1h, 46% Br

B .
r 'CO,Me

39 4

Compound 39 (0.045 g, 0.078 mmol) was stirred in 4.5N HCl,, (2 mL) heated to
an internal temperature of 65 °C. The reaction was monitored by uHPLC and upon
completion was concentrated in vacuo. The crude product was purified via flash
chromatography eluting with EtOAc/hexane (1:4) and dried in vacuo to yield 41 as a
light orange solid (0.015 g, 0.036 mmol, 46% yield).

'H NMR (600 MHz, methanol-d4) § 9.10 (d, J = 8.4 Hz, 1H), 8.27 (d, J = 9.0 Hz,
1H), 8.07 (d, J = 8.3 Hz, 1H), 7.65 (d, J = 9.0 Hz, 1H), 7.40 — 7.34 (m, 2H), 7.25 — 7.18
(m, 2H), 5.81 (s, 2H), 4.27 (dd, J = 7.4, 5.7 Hz, 1H), 3.33 — 3.11 (m, 2H).

¥C NMR (126 MHz, methanol-d4) & 169.74, 161.55, 157.00, 156.13, 147.32,
138.42, 130.83, 130.77, 130.73, 130.44, 130.17, 128.17, 124.52, 121.26, 117.19, 115.48,
115.27,96.89, 66.02, 53.76, 35.10.

HRMS-ESI (m/z): [M+H]" calculated for CigH17N,O4Br, 417.0445, 419.0424;

found, 417.0446, 419.0427
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(S)-2-Amino-3-(4-((8-cyano-7-hydroxyquinolin-2-yl) me thoxy)phe nyl)propanoic acid
(42)
D 45N HCI, 65 °C D
G e S e
40 a2
Compound 40 (0.015g, 0.029 mmol) was stirred in 4.5N HCl,, (2 mL) and heated
to an internal temperature of 65 °C. Reaction progress was monitored b uHPLC and
upon completion was concentrated in vacuo and purified by reverse phase flash
chromatography on C-18 capped silica MeCN/water (1:4) to yield a 42 as a light orange
solid (0.008 g, 0.021 mmol, 77% vyield)
'H NMR (600 MHz, methanol-d4) & 8.42 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 9.1 Hz,
1H), 7.72 (d, J = 8.4 Hz, 1H), 7.35 (d, J = 9.1 Hz, 2H), 7.27 (d, J = 8.7 Hz, 2H), 5.46 (s,
2H), 4.23 (m, 1H), 3.14 (m, 2H).
3C NMR (126 MHz, methanol-d4) & 172.37, 162.19, 161.18, 157.31, 148.15,
136.96, 133.68, 130.46, 130.34, 128.70, 122.75, 118.71, 115.55, 115.50, 114.93, 114.75,
99.51, 95.08, 52.17, 28.30.
HRMS-ESI (m/z): [M+H]" calculated for CyHi7N304 364.1292; found,

364.1330

85



o)
80€
are
ore
e
ETE
PTE
e
€E
SZ'E
aT'E
e

[P

!
nm.mﬁ
87'e
=184
5154
'y
o4
[t 4
[ 4
[ 4
Py

S —

e
java
[a¥3
ETL
[4%4

L
mNNW
Vel
beL
E3 hw
oL
22
oT'8~,
zrs”
'8
ers”

CN

HO

Fooz

Feo1

oot

¥sre
PoE]
060
=140
Feot

Foot

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

1.5

cese —

16'65—

@EeL—

8056
15'66—
SLPTT

EEPIT
0s m:N

SSSIT
T4 m:*
SL'ZTT

96 SET
ST8pT—

TELST~
8T T9T~
612917

LETUT—

ogQrz—

wgig

T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10

-10

f1 (ppm)

210 200 190 180

86



(8S,9R,13S,14S,17S)-3-((8-B romo-7-(me thoxyme thoxy)quinolin-2-yl) methoxy)-13-

methyl-7,8,9,11,12,13,14,15,16,17-de cahydro-6H-cyclope nta[a]phe nanthren-17-ol

X
pZ (0]
N estradiol, Cs,CO3, acetone MOMO N

MOMO NZ S -OMs Br
1S 18 h, 48%

(43)

43
33

Compound 33 (0.030 g, 0.079 mmol) and estradiol (0.022 g, 0.079 mmol) were
stirred in acetone (1 mL) and Cs,CO3 (0.051 g, 0.16 mmol) was added. The reaction was
monitored by uHPLC, and upon completion was dried onto silica gel and the crude
product was purified via flash chromatography eluting with EtOAc/hexane (1:3). The
purified sample was dried in vacuo to provide 43 as a yellow solid (0.025 g, 0.45 mmol,
48% yield)

'H NMR (600 MHz, chloroform-d) & 8.21 — 8.17 (m, 1H), 7.89 — 7.76 (m, 1H),
7.58 (d,J = 7.5 Hz, 1H), 7.37 (d, J = 7.5 Hz, 1H), 7.17 — 7.11 (m, 2H), 7.04 (dd, J = 7.6,
2.0 Hz, 1H), 5.77 (s, 2H), 5.64 (s, 2H), 4.01 (t, J = 6.8 Hz, 1H), 3.30 (s, 3H), 2.84 (dt, J =
11.9, 3.8 Hz, 2H), 2.19 (dd, J = 13.1, 6.8 Hz, 1H), 2.02 (d, J = 7.2 Hz, 1H), 1.87 (g, J =
6.4 Hz, 1H), 1.72 (ddt, J = 32.6, 13.7, 6.6 Hz, 2H), 1.62 — 1.39 (m, 3H), 1.35— 1.13 (m,
4H), 1.09 (t, J = 7.0 Hz, 1H), 0.63 (s, 3H).

BCNMR (125 MHz, chloroform-d ) & 156.43, 155.51, 155.35, 146.27, 138.91,
134.91, 134.50, 128.26, 127.92, 126.48, 119.63, 115.68, 115.03, 112.58, 101.50, 95.78,
81.37,70.62, 56.35, 49.92, 44.38, 43.98, 36.89, 36.09, 32.61, 31.07, 27.49, 26.94, 23.64,

12.50.

87



HRMS-ESI (m/z): [M+H]" calculated for CzgH34N104Br, 552.1744, 554.1724;

found, 552.17438, 554.17251.
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2-((((8S,9R,13S,14S,17S)-17-Hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclope nta[a]phe nanthre n-3-yl)oxy)methyl)-7-

(methoxymethoxy)quinoline-8-carbonitrile (44)

CN

A
Z O
N estradiol, Cs,CO3, acetone MOMO N
MOMO N7 S OMs

18 h, 57%
CN

44
34

Compound 34 (0.045 g, 0.14 mmol) and estradiol (0.038 g, 0.14 mmol) were
stirred in acetone (1 mL) and Cs,CO3 (0.091 g, 0.28 mmol) was added. The reaction was
monitored by uHPLC, and upon completion was dried onto silica gel and the crude
product was purified via flash chromatography eluting with EtOAc/hexane (1:4). The
purified sample was dried in vacuo to provide 44 as a yellow solid (0.038 g, 0.076 mmol,
57% yield)

'H NMR (600 MHz, chloroform-d) & 8.15 (d, J = 8.4 Hz, 1H), 7.97 (d, J = 9.1
Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.52 (d, J = 9.1 Hz, 1H), 7.19 (d, J = 8.5 Hz, 1H), 6.80
(d, J = 8.3 Hz, 1H), 6.76 (s, 1H), 5.45 (s, 2H), 5.36 (s, 2H) 3.69 (t, J = 8.4 Hz, 1H), 3.58
(s, 3H) 2.82 (d, J = 5.1 Hz, 2H), 2.56 (s, 1H) 2.28 (d, J = 10.9 Hz, 1H), 2.16 (t, J = 18.0
Hz, 1H), 2.08 (h, J = 18.7 Hz, 1H), 1.93 (d, J = 12.4 Hz, 1H), 1.87 (dd, J = 2.5 Hz, 1H),
1.68 (g, J = 3.8 Hz, 1H), 1.50-1.10 (m, 7H), 0.75 (s, 3H).

BCNMR (600 MHz, chloroform-d) & 162.2, 161.6, 156.0, 148.0, 138.2, 136.9,
133.8, 133.3, 126.4, 122.7, 118.7, 115.4, 114.7, 112.2, 99.2, 95.0, 81.5, 70.8, 56.8, 49.9,
49.3,43.9,43.1,38.7, 36.6, 30.1, 29.7, 27.1.

HRMS-ESI (m/z): [M+H]" calculated for CsH3sN,O4 499.2591; found,

499.25291.
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8-B romo-2-((((8S,9R,13S,14S,17S)-17-hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

de cahydro-6H-cyclope nta[a]phe nanthre n-3-yl)oxy)methyl)quinolin-7-ol (45)

TFA, DCM HO N

. Br

2 h, 80%

45

43

Compound 45 (0.038 g, 0.069 mmol) was stirred in dichloromethane (2 mL) and
trifluoroacetic acid (0.026 mL, 0.34 mmol) was added. The reaction was monitored by
UHPLC. Upon completion the reaction was concentrated in vacuo and purified through
reverse phase chromatography Water/MeCN (2:3), fractions containing product were
concentrated in vacuo to provide 45 as a pale yellow oil. (.028 g, 0.055 mmol, 80%yie Id)

'H NMR (600 MHz, chloroform-d) & 8.13 (dd, J = 8.5, 1.9 Hz, 1H), 7.72 (dd, J =
8.9, 1.9 Hz, 1H), 7.64 (d, J = 8.7 Hz, 1H), 7.34 (dd, J = 8.9, 2.0 Hz, 1H), 7.23 (d, J = 8.7
Hz, 1H), 6.88 — 6.84 (m, 1H), 6.82 (s, 1H), 5.42 (d, J = 1.9 Hz, 2H), 3.01 — 2.80 (m, 4H),
2.33(d,J =13.4 Hz, 2H), 2.26 — 2.07 (m, 3H), 1.96 (d, J = 12.7 Hz, 1H), 1.92 — 1.87 (m,
1H), 1.72 (d, J = 9.9 Hz, 1H), 1.55 — 1.15 (m, 12H), 0.80 (d, J = 1.9 Hz, 3H).

3C NMR (151 MHz, chloroform-d) & 159.86, 156.28, 154.15, 145.28, 138.19,
137.13, 133.22, 128.31, 126.45, 123.66, 117.64, 117.48, 114.86, 112.31, 81.82, 71.10,
50.04, 49.89, 49.75, 43.97, 43.25, 38.80, 36.71, 30.53, 29.80, 27.22, 26.30, 23.12, 14.70,
11.06, 8.59.

HRMS-ESI (m/z): [M+H]" calculated for CysH3oN103Br, 508.1482, 510.1462;

found, 508.14873, 510.14653
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7-Hydroxy-2-((((8S,9R,13S,14S,17S)-17-hydroxy-13-methyl-
7,89,11,12,13,14,15,16,17-de cahydro-6H-cyclope nta[a]phe nanthre n-3-
yl)oxy)methyl)quinoline-8-carbonitrile (46)

TFA, DCM

> CN

2h,81%

46

44

Compound 44 (0.050 g, 0.10 mmol) was stirred in dichloromethane (2 mL) and
trifluoroacetic acid (0.023 mL, 0.30 mmol) was added. The reaction was monitored by
UHPLC. Upon completion reaction the was concentrated in vacuo to provide 46 as a pale
yellow oil. (0.037 g, 0.081 mmol, 81 %yield)

'H NMR (600 MHz, chloroform-d) & 8.76 (d, J = 7.9 Hz, 1H), 8.23 — 7.56 (m,
3H),7.22 (t, J = 8.6 Hz, 1H), 6.99 — 6.54 (m, 2H), 5.63 (s, 2H), 3.84 (d, J = 27.3 Hz, OH),
2.97 — 2.66 (m, 2H), 2.42 — 2.26 (m, 1H), 2.19 (ddd, J = 19.5, 11.9, 4.4 Hz, 1H), 2.01 —
1.83 (m, 1H), 1.83 — 1.69 (m, 1H), 1.65 — 1.17 (m, 4H), 1.00 — 0.65 (m, 3H).

CNMR: (151 MHz, chloroform-d) 6 169.5, 156.9, 154.5, 146.3, 138.6, 135.2,
134.4,126.8, 122.8, 122.7, 117.7, 114.7, 112.0, 95.7, 86.7, 82.4, 66.9, 65.6, 55.0, 43.6,
43.3,38.2, 36.5, 27.1, 26.9, 25.9, 23.1, 11.8, 11.0

HRMS-ESI (m/z): [M+H]" calculated for CyoHsoN,Os, 455.2329; found,

455.23283

94



080
€80
050
871
et
€T
ET
EET
beT
SE'TY ﬁ
SE'T

LET

e
E38
621
65T
OF T
o1
ia
ia
L
T
bi T
i T
o
8K T
8k T
05T
05T
15T
5T
ELT
ELT
b1
081
051
16T
81
81
81
bET
ST
17
677
ez
CET
167
zET
zeT
€8z
v8zT
S8z
o8z
87
(82
95
o]
519
mw&
189}
ezt
bt

Bi
£9¢

%

62

Xy

ST'8

o8]
48

_—

/

/

)/

sl J

/

HO

z
o

Fesz

= %mv El
Wmhq

B 06'1
257

L3

Wmm 1

\J ot

Foen
Feen

Wmoq
S6'0
Woo 1

— e
-

Fro1

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

9.5

80L—

&5'18—

S0'S6—
vZ'66—

43 0N
LLPTT~
mvm:%
(8rt

crzzrs
spozt”
BEEETN
0BEET
(69T
vzeer

808pPT—

E095T—
o191
om,mwﬁV

-10

% 80 70 60 50 40 30 20 10

f1 (ppm)

140 130 120 110 100

160 150

170

210 200 190 180

95



N-(4-((8-Cyano-7-(methoxymethoxy)quinolin-2-yl) me thoxy)-3-

methoxybe nzyl)ace tamide (47)

X
= Cs,CO3 VAA, acetone _ 0
1 oms MOMO N H
MOMO N N 71/

18 h, 24% CN
CN ‘|3

o
34 a7

Compound 34 (0.045 g, 0.14 mmol) was dissolved in acetone (1 mL) and N-
vanillyl acetamide (0.095 g, 0.32 mmol) and Cs,CO3 (0.091 g, 0.28 mmol) were added.
The reaction was then stirred. The mixture was concentrated and the residue dissolved in
CHCL. The solution washed with water and brine, dried over MgSQ,, filtered, and
concentrated in vacuo. The crude product was purified via flash chromatography eluting
with EtOAc/hexane (2:3). The solvent was removed in vacuo to provide MOM-CyHQ-
VNA (0.014 g, 0.033 mmol, 24% yield):

'HNMR: (400 MHz, chloroform-d) & 8.14 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 9.2
Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.54 (d, J = 9.2 Hz, 1H), 7.05 — 6.83 (m, 2H), 6.77 —
6.61 (m, 1H), 5.50 (s, 2H), 5.46 (s, 2H), 4.36 (d, J = 5.7 Hz, 2H), 3.93 (s, 3H), 3.59 (s,
2H).

BCNMR: (151 MHz, methanol-d4) & 167.46, 162.10, 146.99, 145.35, 145.11,
144.20, 141.16, 135.44, 127.70, 122.56, 119.91, 119.61, 117.53, 115.36, 115.31, 111.99,
97.05, 89.08, 85.03, 60.92, 53.89, 40.84, 32.58, 26.18.

HRMS-ESI (m/z): [M+H]" calculated for Ca3HN3Os, 422.1710; found,

422.1716
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N-(4-((8-Cyano-7-(methoxymethoxy)quinolin-2-yl) me thoxy)-3-
methoxybe nzyl)nonanamide (48)

X
X
1 ome _TMKOH. VNA THE MOMomO
MOMO N

H
18 h, 32% CN :[::L\/erA\/f\v/\w/“\

CN 0
| o)

34 48

Compound 34 (0.10 g, 0.30 mmol) was dissolved in THF. N-vanillyl nonanamide
(0.095 g, 0.32 mmol) and 1 M KOH (0.40 mL) were added and the reaction stirred
overnight. The mixture was concentrated and the residue dissolved in CHCIl;. The
solution washed with water and brine, dried over MgSQOy, filtered, and concentrated in
vacuo. the crude product was purified via flash chromatography eluting with
EtOAc/hexane (1:3). The solvent was removed in vacuo to provide 34 as a pale yellow
0il (0.055 g, 0.11 mmol, 32% yield):

'H NMR (400 MHz, chloroform-d) & 8.14 (d, 1H), 7.97 (d, 1H), 7.71 (d, 1H),
7.54 (d, 1H), 6.88 (m, 2H), 6.72 (m, 1H), 5.78 (broad, 1H), 5.46 (s, 2H), 5.50 (s, 2H),
4.36 (d, 2H), 3.90 (s, 3H), 3.59 (s, 3H), 2.20 (t, 2H), 1.60 (m, 2H), 1.4 — 1.2 (m, 10 H),
0.84 (t, 3H);

BC NMR (126 MHz, chloroform-d) & 172.92, 162.18, 161.28, 149.63, 148.16,
147.06, 136.99, 133.67, 120.06, 118.75, 115.54, 113.87, 111.73, 95.10, 71.97, 67.97,
56.92,56.04, 43.23, 36.81, 31.81, 29.33, 29.31, 29.15, 25.79, 25.62, 22.64, 14.08.

HRMS-ESI (m/z): [M+H]" calculated for CsyH3;N3Os, 520.2806; found,

520.28064
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(E)-N-(4-((8-Cyano-7-(me thoxymethoxy)quinolin-2-yl) me thoxy)-3-me thoxybe nzyl)-

8-methylnon-6-enamide (49)

A
AN .
K2COg3,capsaicin, THF (0]
L __oms - MOMOK;(NJV H
MOMO N 18 h, 37% CN N AN
o 0

O

34 49

Compound 34 (0.092 g, 0.25 mmol) was dissolved in THF. Capsaicin (0.076 g,
0.25 mmol) and 1 M KOH (0.35 mL) were added and the reaction stirred overnight. The
mixture was concentrated and the residue dissolved in CHCI;. The solution washed with
water and brine, dried over MgSQy,, filtered, and concentrated in vacuo. the crude
product was purified via flash chromatography eluting with EtOAc/hexane (1:3). The
solvent was removed in vacuo to provide MOM-CyHQ-capsaicin (0.054 g, 0.10 mmol,
37% yield):

'H NMR (400 MHz, chloroform-d) & 8.14 (d, 1H), 7.97 (d, 1H), 7.71 (d, 1H),
7.54 (d, 1H), 6.88 (d, 2H), 6.72 (d, 1H), 5.74 (broad, 1H), 5.49 (s, 2H), 5.46 (s, 2H), 5.33
(m, 1H), 4.36 (s, 2H), 3.92 (s, 3H), 3.59 (s, 3H), 2.20 (t, 2H), 1.65 (m, 2H), 1.4 — 1.2 (m,
8H), 0.94 (d, 3H), 0.85 (d, 3H);
B3C NMR ¥C NMR (126 MHz, methanol-d4) § 159.60, 158.69, 147.05, 145.59, 144.47,
135.50, 134.40, 131.09, 129.47, 129.45, 123.90, 120.19, 117.48, 116.16, 112.97, 112.18,
111.27, 109.13, 92.52, 69.41, 54.35, 53.46, 40.64, 34.08, 29.65, 28.39, 26.72, 22.69,
20.08, 20.06.

HRMS-ESI (m/z): [M+H]" calculated for CasH3N3Os, 532.2806; found,

532.28058
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N-(4-((8-Cyano-7-hydroxyquinolin-2-yl)me thoxy)-3-me thoxybe nzyl)ace tamide (50)

X X
MOMO N? ODV TFA, DM HO N OI)\/H
CN N
o
T | T

2h,57%

o 50

Compound 47 (0.020 g, 0.047 mmol) was dissolved in methylene chloride.
Trifluoroacetic acid was added and the reaction stirred at rt for 2 h. The solvent was
removed in vacuo and the residue purified by HPLC with 50% CH3CN/50% H,0 (w/ 0.1
% TFA). Fractions containing only one peak were combined and concentrated to provide
CyHQ-VNA (1 0.011 g, 0.029 mmol, 57% vyield).

'H NMR (600 MHz, DMSO-dg) & 8.36 (d, J = 8.4 Hz, 1H), 8.09 (d, J = 9.1 Hz,
1H), 7.60 (d, J = 8.4 Hz, 1H), 7.42 (d, J = 9.0 Hz, 1H), 7.16 (d, J = 2.0 Hz, 1H), 6.86 (dd,
J=8.1,2.0Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 4.73 (s, 2H), 3.89 (g, J = 5.8 Hz, 2H), 3.78
(s, 2H), 1.92 (s, 3H).

BC NMR (151 MHz, DMSO-dg) & 172.48, 165.20, 164.60, 148.23, 147.96,
147.25, 137.70, 134.58, 125.06, 122.18, 121.32, 118.19, 117.82, 116.01, 115.72, 113.82,
94.08, 65.12, 56.13, 42.67, 21.54.

HRMS-ESI (m/z): [M+H]" calculated for CyHigN3O4 378.1448; found,

378.14475.
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N-(4-((8-Cyano-7-hydroxyquinolin-2-yl)me thoxy)-3-me thoxybe nzyl)nonanamide
(51)
MOMO/©\/NJ\/OI>VH TFA DC:" HO N OQH
CN o Ng/\/\/\/\ 3h,57% CN o NW

‘ o}

48 51

Compound 48 (0.055 g, 0.096 mmol) was dissolved in methylene chloride.
Trifluoroacetic acid was added and the reaction stirred at rt for 2 h. The solvent was
removed in vacuo and the crude product was purified via flash chromatography eluting
with EtOAc/hexane (2:1) and dried in vacuo to provide 51 as a yellow solid. (0.029 g,
0.061 mmol, 57% yield).:

'H NMR (400 MHz, methanol-d4) & 8.25 (d, 1H), 8.00 (d, 1H), 7.65 (d, 1H), 7.25
(d, 1H), 6.96 (m, 2H), 6.77 (d, 1H), 5.36 (s, 2H), 4.28 (m, 2H), 3.88 (s, 3H), 2.19 (t, 2H),
1.60 (m, 2H), 1.4 — 1.2 (m, 10 H), 0.84 (t, 3H);

BC NMR (125 MHz, methanol-d4) § 174.94, 161.98, 154.09, 149.01, 148.21,
144.35, 135.23, 133.30, 130.86, 129.70, 120.37, 119.76, 119.18, 116.51, 115.56, 112.77,
92.40, 69.54, 55.87, 43.73, 36.97, 31.64, 29.61, 29.42, 29.36, 28.93, 26.90, 22.80, 14.13.

HRMS-ESI (m/z): [M+H]" calculated for CygH33N304 476.2544; found,

476.25430
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(E)-N-(4-((8-Cyano-7-hydroxyquinolin-2-yl)me thoxy)-3-me thoxybe nzyl)-8-

methylnon-6-enamide (52)

ool cr
Ao TFA J_ o
Moo CN " ]@\/H DCM " CN " D\/H

o x o \

' ) ‘ )

49 52

Compound 48 (0.054 g, 0.10 mmol) was dissolved in methylene chloride.
Trifluoroacetic acid was added and the reaction stirred at rt for 1 h. The solvent was
removed in vacuo and the residue purified by HPLC with 50% CH3CN/50% H,0 (w/ 0.1
% TFA) to separate isomers. Fractions containing only one peak corresponding to
CyHQ-capsaicin were combined and concentrated to provide CyHQ-capsaicin (0.08 g,
0.16 mmol, 17% yield).:

'H NMR (400 MHz, methanol-d4) § 8.34 (d, 1H), 8.07 (d, 1H), 7.70 (d, 1H),
7.45 (d, 1H), 7.03 (d, 1H), 6.98 (s, 1H), 6.80 (d, 1H), 5.34 (d, 3H), 4.36 (d, 2H), 3.85 (s,
3H), 1.96 (t, 2H), 1.63 (m, 2H), 1.4 — 1.2 (m, 8 H), 0.92 (d, 3H), 0.84 (d, 3H);

3C NMR(126 MHz, chloroform-d) & 162.50, 157.05, 149.60, 137.49, 133.68,
133.42, 131.59, 128.08, 123.09, 118.99, 116.28, 115.42, 114.62, 114.54, 112.46, 111.99,
111.78, 103.34, 95.10, 71.59, 56.98, 56.91, 56.85, 40.70, 38.46, 29.70, 28.44, 27.79,
25.88, 25.67.

HRMS-ESI (m/z): [M+H]" calculated for CyoHs3N3O, 488.2544; found,

488.2579
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tert-Butyl (2-(5-((8-cyano-7-(methoxymethoxy)quinolin-2-yl) me thoxy)-1H-indol-3-
yl)ethyl)carbamate (53)

NHBoc

X AN
N-Boc-serotonin,Cs,CO3, Acetone
MOMO N OMs N0
18 h, 57% MOMO N N

CN CN

34
53

Compound 34 (0.036 g, 0.11 mmol) was dissolved in Acetone (1mL) and N-Boc-
serotonin (0.046 g, 0.17 mmol), and Cs,CO;3; (0.072 g, 0.22 mmol) were added. The
reaction was stirred overnight and then concentrated in vacuo and the crude product was
purified via flash chromatography eluting with EtOAc/hexane (1:2). The solvent was
removed in vacuo to provvide 53 as a yellow oil (0.035 g, 0.069 mmol, 63% yield).:

'H NMR (600 MHz, chloroform-d) & 8.42 (d, 1H), 8.25 (d, 1H), 7.85 (d, 1H),
7.71 (d, 1H), 7.38 (s, 1H), 7.34 (d, 1H), 6.97 (d, 1H), 5.59 (s, 2h), 5.45 (s, 2H), 3.59 (s,
3H), 3.38 (t, 2H), 2.93 (t, 3H), 1.41 (s, 9H)

3C NMR (151 MHz, acetone-dg) & 162.33, 161.83, 152.43, 147.98, 137.28,
134.07, 132.21, 128.16, 123.25, 122.86, 118.99, 115.82, 114.11, 112.52, 112.00, 111.95,
111.78, 102.33, 99.06, 95.15, 77.50, 71.59, 59.64, 56.06, 40.95, 40.66, 27.80, 25.82

HRMS-ESI (m/z): [M+H]" calculated for CygH3N4Os, 503.2289; found,

503.2296
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2-(((3-(2-Aminoe thyl)-1H-indol-5-yl)oxy)methyl)-7-hydroxyquinoline -8-carbonitrile
(54)

NH»

NHBoc x
A P o
A_ o TMSCI, MeOH ~ HO N A
MOMO N N\ —_— N
1h, 63% N
N H

CN

H
54

53

Compound 53 (0.038 g, 0.075 mmol) was dissolved in methanol.
Trimethylsilylchloride titrated in until the reaction was complete by uHPLC. The
solvent was removed in vacuo and the residue purified by HPLC with a 10 min gradient
from 10% MeCN/water (w/ 0.1% TFA) to 100% MeCN. Fractions containing only one
peak were combined and concentrated to provide 54 was a yellow oil (0.017g, 0.047
mmol, 63% yield).:

'H NMR (600 MHz, methanol-d4) & 8.53 (d, 1H), 8.15 (d, 1H), 7.85 (d, 1H), 7.39
(d, 1H), 7.34 (m, 2H), 7.18 (s, 1H), 7.03 (d, 1H), 5.54 (s, 2H), 3.25 (t, 2H), 3.12 (t, 2H)

B¢ NMR(151 MHz, methanol-d4) & 160.65, 160.25, 150.07, 145.99, 137.39,
131.78, 129.99, 127.43, 123.72, 123.67, 120.69, 116.05, 111.60, 111.40, 108.02, 101.71,
97.35, 60.07, 39.69, 23.19.

HRMS-ESI (m/z): [M+H]" calculated for CyH:gN4O,, 359.1503; found,

359.15045
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tert-Butyl 3-((8-bromo-7-(methoxymethoxy)quinolin-2-yl)methoxy)-4-
hydroxyphenethylcarbamate and tert-butyl 4-((8-bromo-7-

(methoxymethoxy)quinolin-2-yl)methoxy)-3-hydroxyphe ne thylcarbamate (54)

N-Boc-dopamine,
N K,CO3, acetone
OMs

/
MOMO N
Br

34
X
MOMO/©\/NJ\/O]©\/\
Br HO

62a

18 h, 49%

X
0 NHB
+  MOMO N j@/v oc
B
r HO

62b

NHBoc

Compound (34) (0.396 g, 1.06 mmol) was dissolved in acetone. N-Boc-dopamine
(0.269 g, 1.06 mmol) and potassium carbonate (0.293 g, 2.13 mmol) were added and the
reaction stirred at rt for 3 d. The reaction was concentrated in vacuo and the crude
product was purified via flash chromatography eluting with EtOAc/hexane (1/2) and
dried in vacuo to yield the product as a yellow oil (0.176 g, 0.331 mmol, 49% yield):

'H NMR (400 MHz, methanol-d4) & 8.44 — 8.25 (d, J = 8.3 Hz, 1H), 8.05 — 7.84
(d, J = 9.0 Hz, 1H), 7.65 — 7.41 (dd, J = 12.3, 8.8 Hz, 2H), 6.76 — 6.57 (m, 3H), 5.63 —
5.48 (s, 2H), 5.50 — 5.36 (s, 2H), 3.59 — 3.44 (s, 3H), 3.19 — 3.10 (t, J = 6.9 Hz, 2H), 2.64
— 247 (t,J =7.5Hz, 2H), 1.50 — 1.35 (s, 9H).

BC NMR (126 MHz, methanol-d4) & 159.11, 159.04, 156.17, 147.31, 146.78,
146.09, 137.37, 137.34, 127.93, 127.89, 123.32, 121.99, 119.54, 118.42, 117.11, 117.00,
115.98, 115.89, 115.38, 114.87, 114.77, 105.95, 72.06, 71.90, 40.71, 40.62, 33.97, 32.66,
32.54.

HRMS-ESI (m/z): [M+H]" calculated for CygH,oN,O¢Br, 533.1282, 535.1262;

found, 533.1287, 535.1263
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2-((4-(2-Aminoethyl)-2-hydroxyphe noxy)methyl)-8-bromoquinolin-7-ol (64) and 2-
((5-(2-aminoethyl)-2-hydroxyphe noxy)methyl)-8-bromoquinolin-7-ol (65)

= X
o
MOMO N7 MOMO/@(NJ\/O NHBoc
Br B TMSCI, MeOH
HO ' HO

NHBoc - =
35%

62a
62b

A X
o
HO Nig m * HO N O:@/VNHz
B
' HO NH; Br HO

64
65

A mixture of 62a and 62b (0.180 g, 0.33 mmol) was dissolved in methanol and
trimethylsilyl chloride (0.13 mL, 0.99 mmol) was added and the reaction stirred at rt for
18 h. The reaction was concentrated in vacuo and the residue was purified over C18
capped silica gel eluting with 100% H-O, the product was collected as a yellow oil (0.048
g, 0.116 mmol, 35% yield):

'H NMR (400 MHz, methanol-d4) & 8.20 (d, 1H), 7.64 (d, 1H), 7.41 (d, 1H), 7.16
(d, 1H), 6.87 (s, 1H), 6.80 (d, 2H), 6.71 (d, 2H), 3.06 (g, 2H), 2.73 (t, 2H);

¥C NMR (125 MHz, methanol-d4) & 161.94, 154.09, 146.29, 146.09, 144.35,
135.23, 131.39, 130.86, 129.70, 121.22, 119.76, 119.18, 116.51, 115.48, 112.96, 92.40,
69.54, 43.46, 38.50.

HRMS-ESI (m/z): [M+H]" calculated for CigH17N,O3Br, 389.0496, 391.0475;

found, 389.0495, 391.0478
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te rt-Butyl 4-((8-cyano-7-(methoxymethoxy)quinolin-2-yl)methoxy)-3-
hydroxyphe nethylcarbamate (66)

N-Boc-dopamine,

N K,CO3, acetone

OMs

/
MOMO N
CN

34
X
s
CN HO

66a

18 h, 49%

X
o) NHB
+ MOMOQ\/NJ\/ ¢
CN HO

66b

NHBoc

Compound (34) (0.050 g, 0.15 mmol) was dissolved in 2 mL acetone. Boc-
dopamine (0.039 g, 0.15 mmol) and cesium carbonate (0.100 g 0.308 mmol) were added
and the reaction was monitored by uHPLC. Upon completion, the reaction was
concentrated in vacuo and the residue purified over silica gel eluting with EtOAc/hexanes
(2:3) to yield 66 as a yellow oil (0.038 g, 0.079 mmol, 49% yield):

'H NMR (600 MHz, chloroform-d) & 8.23 — 8.10 (m, 1H), 7.99 (d, J = 9.2 Hz,
1H), 7.73 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 9.2 Hz, 1H), 7.15 — 6.67 (m, 3H), 5.73 — 5.23
(m, 4H), 3.61 (d, J = 0.9 Hz, 3H), 3.38-3.29 (m, 2H), 2.83 — 2.60 (M, 2H), 1.45 (s, 9H).

B3C NMR?™ (151 MHz, methanol-d4) & 167.46, 162.10, 146.99, 145.35, 145.11,
144.20, 141.16, 135.44, 127.70, 122.56, 119.91, 119.61, 117.53, 115.36, 115.31, 111.99,
97.05, 89.08, 85.03, 60.92, 53.89, 40.84, 32.58, 26.18.

HRMS-ESI (m/z): [M+H]" calculated for CysHgN3Os, 480.2129; found,

480.2130
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2-((4-(2-Aminoe thyl)-2-hyd roxyphe noxy)methyl)-7-hydroxyquinoline -8-carbonitrile
(67) and 2-((5-(2-aminoe thyl)-2-hydroxyphe noxy)methyl)-7-hydroxyquinoline -8-
carbonitrile (68)

X
J o = TMSCI, MeOH
_ TVIRRL MV
CN
HO HO
66a
66b

NHBoc

ISNN
_ (o) X
HO N N
CN :@w Ho/@(ruj\/ © NH.
HO NH N
HO
67

68

A mixture of 66a and 66b (0.038 g, 0.079 mmol) was dissolved in methanol and
TMSCI (0.041 mL, 0.32 mmol) was added and the reaction stirred at rt for 18 h. The
reaction was concentrated in vacuo and the residue was purified over C18 capped silica
gel eluting with MeCN/H,0 (3:2). The fractions containing product were concentrated in
vacuo to provide 67 and 68 as a pale yellow solid (0.022 g, 0.065mmol, 83% vyield):

'H NMR (600 MHz, deuterium oxide) 8.42 (d, J = 8.3 Hz, 1H), 7.94 (d, J = 9.0
Hz, 1H), 7.69 (dd, J = 12.3, 8.8 Hz, 1H), 7.28 (d J = 9.0 Hz, 1H) 6.90 (s, 1H), 6.80 (d, 8.5
Hz, 1H), 6.73 (d, 8.5 Hz, 1H) 5.73 (s, 2H), 3.03 (t, J = 6.9 Hz, 2H), 2.70 (t, J = 7.5 Hz,
2H).

3C NMR (151 MHz, methanol-d4) & 164.24, 163.76, 147.92, 145.37, 144.22,
137.43, 133.96, 127.68, 121.55, 119.61, 117.40, 117.13, 115.36, 115.32, 114.77, 93.92,
64.55, 40.84, 32.58.

HRMS-ESI (m/z): [M+H]" calculated for CjoHi7N303;, 336.1343; found,

336.1347
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(R)-7-Hydroxy-2-((2-hydroxy-4-(1-hydroxy-2-

(methylamino)e thyl)phe noxy)methyl)quinoline -8-carbonitrile (70)

Cs,CO3, Acetone
N N-Boc-epinephrine MOMom
|v|oMo/E;\/Nj\/OMS . D\A
CN : Boc
34 _

TMSCI MeOH /©\/j\/ D\/\

1h17%

Compound 34 (0.040 g, 0.12 mmol) and N-Boc-epinephrine (0.035 g, 0.12
mmol) and were stirred in 2 mL acetone and Cs,CO3 (0.080 g, 0.25 mmol) was added.
The reaction was monitored by uHPLC and upon completion was filtered over celite and
concentrated in vacuo. The crude material was dissolved in methanol (1 mL) and
trimethylsilyl chloride was titrated in aliquots (15 uL) until the reaction was complete by
UHPLC. Upon completion, the reaction was concentrated in vacuo and purified by
HPLC, 10 min gradient from 5% MeCN/95% H,0 (0.1% TFA) to 100% MeCN.
Fractions containing only one peak were combined and concentrated in vacuo to provide
70 as a yellow film (0.008 g, 0.022 mmol, 17% yield)

'H NMR (600 MHz, DMSO-dg) & 8.01 (d, J = 8.4 Hz, 1H), 7.66 (d, J = 9.4 Hz,
1H), 7.23 (d, J = 8.4 Hz, 1H), 6.86 (d, J = 9.4 Hz, 1H), 6.78 (s, 1H), 6.72 (d, J = 8.0 Hz,
1H), 6.61 (d, J = 8.0 Hz, 1H), 4.64 (s, 2H), 4.59 (dd, J = 9.8, 3.3 Hz, 1H), 3.00 — 2.84 (m,
1H), 2.84 — 2.64 (m, 1H), 2.51 (s, 3H).

BC NMR: (151 MHz, DMSO-dg) 161.98, 154.09, 147.18, 146.23, 144.35,
135.23, 134.56, 130.86, 129.70, 119.76, 119.49, 119.18, 116.51, 113.02, 92.40, 69.95,

69.54, 57.60, 33.99
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HRMS-ESI (m/z): [M+H]" calculated for CyHigN3O4, 366.1448; found,

366.1447
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(R)-2-((4-(2-Amino-1-hydroxyethyl)-2-hydroxyphe noxy)methyl)-7-

hydroxyquinoline-8-carbonitrile (71)

N-Boc-norepinephrine N
N O
Cs,C0;3, Acetone MOMO N m
pZ OMs CN
MOMO N HO Y NHBoc
OH

18 h
CN

34

1h, 1%

X
P O
TMSCI, MeOH HO N D\/\
T .
CN
HO Y NH,
OH
70

Compound 34 (0.043 g, 0.13 mmol) and N-Boc-norepinephrine (0.035 g, 0.13
mmol) and were stirred in 2 mL acetone and Cs,CO3 (0.086 g, 0.262 mmol) was added.
The reaction was monitored by uHPLC and upon completion was filtered over celite and
concentrated in vacuo. The crude material was dissolved in 1 mL methanol and
trimethylsilyl chloride was titrated in aliquots (15-uL) until the reaction was complete by
UHPLC. Upon completion, the reaction was concentrated in vacuo and purified by
HPLC, 10 min gradient from 5% MeCN/95% H,0O (0.1% TFA) to 100% MeCN.
Fractions containing only one peak were combined and concentrated in vacuo to provide
71 as a yellow film (0.005 g, 0.014 mmol, 11% yield):

'H NMR (600 MHz, methanol-d4) & 8.23 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 9.4 Hz,
1H), 7.38 (d, J = 8.4 Hz, 1H), 7.20 (d, J = 9.4 Hz, 1H), 7.00 (s, 1H), 6.98 (d, J = 8.0 Hz,
1H), 6.82 (d, J = 8.0 Hz, 1H), 5.63 (s, 2H), 5.04 (t, J = 9.8, Hz, 1H), 3.00 (m, 1H), 2.89

(m, 1H)
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3C NMR (151 MHz, methanol-d4) & 164.24, 163.76, 147.92, 145.37,

144,22, 137.43, 133.96, 127.68, 121.55, 119.61, 117.40, 117.13, 115.36, 115.32, 114.77,
93.92, 64.55, 40.84, 32.58.

HRMS-ESI (m/z): [M+H]" calculated for CioH:7N304 352.1292; found,

352.12934
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Determination of Quantum Efficiency for One-Photon Photolysis

Solutions (100 uM) of the relevant substrate in KMOPS 7.2 pH were irradiated in
quartz cuvettes (21-Q-10, Starna, Atascadero, CA) with an LED (Cairn Optoled L ite) set
to 365 + 10 nm. Aliquots (25 uL) were removed at various timepoints and analyzed by
UHPLC (MeCN/H,0 0.1% TFA: 6 minute gradient 5% MeCN to 100% MeCN, 2 minute
gradient 100% MeCN to 5% MeCN), using external standard curves to determine
concentrations. Reaction progress was plotted and the data fit to a single exponential

curve. ™ Quantum efficiencies (Q.) were calculated using the following equation:

Qu= (10t90%)_1

[ intensity (ein-cm2-s)
o: decadic extinction coefficient (mol-1-cm?)
tooy: time at which 90% of the starting material has been consumed

The intensity of the LED | was measured by potassium ferrioxalate actinometry*®* and

calculated according to the following equation:

Vi
10005510]/2 @Fet

V3: volume of dilution (25 mL)

ADs;9: change in absorption at 510 nm

es10; extinction coefficient of actinometry solution (1.11x10* M™* cm™)

V,: volume of potassium ferrioxalate taken for analysis (2 mL)

Dre: quantum yield for the production of ferrous ions from potassium ferrioxalate
at 365 nm (1.26)

t: irradiation time (30 s)
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Compound | Intensity | Extinction Single Exponential | tgo (S) | Quantum | Retention
(ein-cm- | Coefficient Decay Fit Efficiency | time of
2:5) (M*cm™) starting
(e)ath = material
370 nm
CyHQ- 7.28E-9 5400 Y = 100(-312E7%x) | 74 0.34 2.9 min
octopamine
38
BHQ- 1.55E-8 2700 Y = 100(-324E7%x) | 67 0.36 3.0 min
octopamine
37
CyHQ- 8.96E-9 4900 Y = 100(-383E7%x) | 60 0.38 2.7min
tyrosine
42
BHQ- 1.36E-8 2600 Y = 100(-262E7%x) | 87 0.32 2.8 min
tyrosine
41
CyHQ- 7.03E-9 6200 Y = 100(~296E72X) 78 0.29 5.7 min
estradiol
46
BHQ- 3100 Y = 100(-324E72%) | N/A N/A 5.9 min
estradiol
45
CyHQ- 6.95E-9 5700 Y = 100(-353E7%x) | 65 0.39 2.4 min
serotonin
54
CyHQ-VAA | 8.75E-9 6100 Y = 100(-505E7%x) | 46 0.41 2.5min
50
CyHQ- 4.18E-9 5200 Y = 100(-207E73x) | 254 0.18 2.6 min
dopamine
66, 67
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Determination of Dark Hydrolysis Rates

dark at room temperature.

analyzed periodically as described for one-photon photolysis.

Substrates were dissolved in KMOPS (approximately 100 M) and stored in the

Samples (5 ulL) for uHPLC analysis were removed and

None of the compounds

synthesized displayed measurable dark hydrolysis over ~100-h timeframe.

Percent Remaining

Dark Hydrolysis of synthesized compounds

Q5s;;EEs=::;;;;;;;EEE;EEEEEEE==:=EEEE;;;=—_

0 50

100 150
Time (hours)
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Determination of Molar Absorptivity Coefficient

UV-Vis spectra were acquired by analyzing 100-uM solutions of the relevant
substrate prepared as described for one-photon photolysis with a spectral window
measuring from 240 nm to 400 nm. A blank sample of KMOPS 7.2 pH was also
prepared for a baseline. This method was repeated three times and the three absorbencies
were averaged and the molar absorptivity (¢) at A = 370 nm was calculated according to

Beer-Lambert Law.

UV-Vis spectra of photoactivatible compounds pH

7.2 KMOPS
3
i} —— CyHQ-Tyrosine
i ——  BHQ-tyrosine
2.5 —— CyHQ-octopamine
] —— BHQ-octopamine
i CyHQ-estradiol
2 CyHQ-VAA
: —— CyHQ-dopamine
o ] —— CyHQ-serotonin
E 4
5 1.5
2]
2 |
<
1,
0.5
1 \
O T T ‘ T T ‘ T T ‘
240 290 340 390

Wavelength (nm)
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Determination of fluorescence emission intensity

Solutions (25 uM) of BHQ-OAc and BHQ-Dopamine in KMOPS 7.2 pH were
prepared analogously to the procedure for one-photon photolysis. A blank sample of
KMOPS 7.2 pH was also prepared for a baseline. The three samples were analyzed by a
Cary Eclipse Fluorescence Spectrophotometer, and the baseline measurement was
subtracted from both BHQ samples providing BHQ-OAc with 1.4E7 RFU (relative

fluorescence units) ™" and BHQ-Dopamine 1.0E7 RFU.'%

XMt Dye to significant technical limitations standardized fluorescence emission spectra
are difficult and time consuming to attain. Thus most spectra are recorded relative to one

another
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Determination of two-photon uncaging cross-section

Solutions (100 uM) of the substrates in KMOPS 7.2 pH were prepared and stored
in the dark. 25 pL aliquots of this solution were placed in a microcuvette (10x1x1 mm
illuminated dimensions, 25 ulL) and irradiated with a fs-pulsed and mode-locked
Ti:Sapphire laser (Chameleon Ultra Il, Coherent) with 740 nm light at an average power
of 220 - 300 mW. Three samples of each substrate were irradiated for various time
periods and analyzed by uHPLC as described for one-photon experiments.

A solution of fluorescein at pH 9.0 was prepared to act as a standard because of
its well-characterized 2PE cross-section (daF = 30 GM at 740 nm) and quantum Yyield
(QF2 = 0.9). UV-Vis absorption spectroscopy was used to verify concentration. 25 pL
aliquots of fluorescein solution were placed in the microcuvette and irradiated by the
laser under the same conditions used for the caged compound. The fluorescence output of
the solution was measured with a radiometer before and after the caged compound
samples were irradiated and the two values were averaged.

The following equation was used to calculate the two-photon action cross-section

for each compound:

_ Np Q)QFZSaFCF
YO <F(t)>Cs

Np: number of product molecules formed per unit time (molecules/s) determined
by uHPLC

@: is the collection efficiency of the detector (8.77x10)

Qr2: is the quantum yield of fluorescein at pH 9.0 (0.9)

0ar: 2PE cross section of fluorescein at 740 nm (30 GM)

Cr: concentration of fluorescein (M)

<F(t)>: time averaged fluorescent photon flux (photon/s)

Cs: concentration of substrate (uM)
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The collection efficiency of the detector is calculated by the following equation

_ Ay
~ 4mR?%n?

?

A: area of detector (0.38 cm?)

y: fraction of integrated emission spectrum transmitted by interference filter (0.465)
R: distance from the center of the cuvette to the detector (2.25 cm)

n: refractive index of water (1.33)

The number of product molecules formed per unit time N, was calculated by the

following equation

C VA — HC VA’
N, = .

Cs: concentration of substrate (uM)
Vs: volume of substrate (25 uL)

A’: 6.022x10%® molecules/mol

H: fraction of substrate remaining
t: time (s)

The time averaged photon flux <F(t)> was calculated by the following equation

F =—
< F(t) > he

F: fluorescence reading (A)

A: area of detector (0.38 cm?)

A wavelength (535 x 10°%)

r: spectral response of the detector (0.09385 at 535 nm)
h: Plank’s constante (6.63 x 10 34 J-s)

c: speed of light (3.00 x 10° m/s)
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Decay Curve Np Cs(UM) [ Cs(uM) | <F()> | GM
Compound Equation
BHQ-octopamine | y — 100(-11567%x) | 1.3E12 98 12 7.37E9 | 0.49
37
CyHQ-octopamine | y — 1090(-19967%x) | 2.41E11 | 105 12 3.46E9 |[0.18
38
CyHQ-tyrosine | y — 100(-44967%x) | 5,29E11 | 102 14 4.62E9 | 0.36
42
BHQ-tyrosine Y = 100(-19367%x) | 2.14E12 96 14 1.16E10 | 0.61
41
CyHQ-estradiol | y — 190(-33667%x) | 3.88E11 100 14 5.24E9 |0.24
46
CyHQ-serotonin | y — 100(-866E%x) | 1.00E12 | 100 10 9.85E9 |[0.23
54
CyHQ-VAA Y = 100(—4.54-E_3X) 5.03E11 96 15 7.54E9 |0.24
50
CyHQ-dopamine | y — 1090(-31767%x) | 3.81E11 | 104 12 6.65E9 | 0.15

66, 67
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Appendix A: Synthesis of a Warhead Free Acyloxy Methyl Ketone (AOMK)

Post-translational modification is a process of enzyme maturation where a protein
is translated from RNA in an inactive form and further modifications render it
biologically active. In some cases the modification serves to remove some inhibitory
functionality, and in others it enables proper cellular localization.' In situations where
directly targeting a protein of interest is unfeasible, these post-translational modification
steps may be considered as potential targets for drug development.?

One particular target is the Ras GTPase, a membrane bound signaling protein,
found on the cytosolic side of the cell membrane.® Ras function has been observed to
modulate the MEK/ERK pathway,® MAP kinase cascades,” mTOR 1 signaling,® and
cyclin dependent kinases.” When regarding the wide variety of signaling pathways Ras is
involved in, it is no surprise that modulation of Ras activity is an intriguing target for
cancer therapy. In fact mutations in any one of the three isoforms of Ras, H-Ras, N-Ras,
and K-Ras, have been implicated in 20% - 30% of all human cancers.®  Unfortunately
efforts to target the active site of Ras have been complicated by the high concentration of
its endogenous ligands GTP and GDP.°

Since direct targeting of Ras is unlikely to be successful, research shifted to
indirectly modulating Ras activity. One potential indirect target is the Ras GTPase
activating protein (GAP), which increases the rate of GTP hydrolysis and
correspondingly decreases Ras activity.’® Another potential series of targets are the three
proteins involved in Ras maturation: farnesyl transferase, which appends a lipid onto a

cysteine located on the C-terminal end of Ras, Ras converting enzyme (Rcelp), which
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cleaves off the last three amino acids of the C-termini, and isoprenylated cysteine methyl
transferase (ICMT) which methylates the new C-terminal cyste ine.’

Farnesyl transferase is a cytosolic protein with a solved crystal structure,™* and as
such has received the most interest as a potential drug target.” Farnesyl transferase
inhibitors (FTIs) have shown some success in treating H-Ras related cancers,® N-Ras
and K-Ras related cancers have shown to be resistant due to an alternative isoprenylation
enzyme geranylgeranayl transferase.** ICMT is another potential therapeutic target, with
ICMT inhibition slowly growing in interest.'

Rcelp is the final potential target on the Ras maturation pathway and was chosen
for its selectivity toward Ras over other members of the small GTPase family of proteins,
such as Rho or Rheb,? and for its demonstrated ability to modulate Ras activity.®

AOMKSs have demonstrated an ability to inhibit Rcelp.’” So to probe the efficacy
of this system, a series of AOMKSs were synthesized in the Dore lab (Figure 51), and
tested in a fluorescence based proteolysis assay. The most potent contained the —OBn
protected phenylalanine — arginine dipeptide sequence.

O O

J\ .Phe-Arg )J\
BnO” "N jO]Ao Ph

Figure 51 Representitive AOMK

To determine whether the AOMK moiety was being displaced and inhibition was
occurring through irreversible inactivation of Rcelp, a “warhead free” analogue 3 lacking
the AOMK functionality was synthesized (Figure 52). Compound 1 was synthesized in

two steps, first coupling the phenethylamine functionality with HOBt and HBTU in DCM
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to provide 2, followed by deprotection of the Pbf group with TFA in water and HPLC

purification to provide the desired compound 3.

Ph
0 y O Ph
0 0
N
BnOJ\ H \;)kOH J\ /Lﬂ/ H \)J\ /\/@
: BnO” "N - N
S ab H & 2 H
‘t
HN
? A HN
0 S—-N"NH A
3 H R-N" " NH
H
1 2R = Pbf
3R=H

Reagents and Conditions: (a)HOBt, HBTU, DIPEA, CH,Cl,, 0 °C, then rt overnight, 39%;
(b) TFA/H,0, 0°C, 2 h, 33%

Figure 52 Synthesis of warhead free AOMK

The synthesized compound 3 was tested in the same fluorescence based

proteolysis assay and exhibited similar levels of inhibition against Rcelp indicating that

the inhibition observed was not due to an irreversible binding of the AOMKSs to Rcelp.™
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Appendix B: Toward the Optimization of the Synthesis of CyHQ
Optimization of HQ
Due to import restrictions on certain chemicals in the United Arab Emirates, our

xlix

lab was missing one of the key reagents™” necessary to begin synthesis of the quinoline

scaffold 1 (Figure 53). So to address this issue alternative reagents were investigated.
IPON
HO N7
1

Figure 53 Caging Scaffold

The condensation of pyruvic acid, 3-aminophenol, and acetaldehyde provided the

desired 4-carboxy intermediate 2, but thermal decarboxylation ultimately failed (Figure

54).
o NH, 0 EtOH, heat GOH N
P + )H(OH - N | T - /@\/j\
P heat HO N
OH 0 HO N

Figure 54 Alternative HQ atte mpts

Acetaldehyde can undergo a self condensation reaction to form crotonaldehyde,
so forming 1 with in situ generation of crotonaldehyde was investigated using traditional
Skraup quinoline synthesis conditions (Figure 55). The material generated contained a

significant number of impurities, most prominently what is likely a polyphenolic

“*Crotonaldehyde has a greater than 6 month lead time for shipping, and there have been recurrent
problems with various suppliers in delivering on time
' Compound verified by LCMS
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species," however it was deemed pure enough for the moment for downstream

chemistry. "

NH
o 2 conc. HCI, 4-NO,-toluene, 75C N
) * m
4h, 28% yield HO N

OH

60% pure by uHPLC

Figure 55 HQ formation from acetalde hyde

4-Nitrotoluene was removed from the reaction conditions in an effort to reduce
the impurity profile," and due to a pronounced exotherm" upon the addition of
acetaldehyde to the reaction mixture, catalytic HCI was used. These changes slightly
increased the overall purity of the product mixture (~50% purity) and reduced difficulty
of workup. After a six month delay work could resume with crotonaldehyde," and in the
hands of a coworker, the synthesis of 1 was solved. "’

Optimization of CyHQ

According to established protocols at the time, synthesis of CyHQ was a four step
process(Figure 56):"’ii first a Reimer-Tiemann reaction formylated C-8 of 1 provided
intermediate 3, next condensation with hydroxylamine gave intermediate 4, followed by

the activation with acetic anhydride gave intermediate 5, and elimination of the acetate

with base gave the desired compound 6 in very poor overall yield.""™

" Based on broad peaks in both LCMS and uHPLC as well as in H NMR

" Anything of greater than 40% purity by uUHPLC was at the time deemed sufficient, due to the
requirements of generating the desired final targets

" 4-Nitrotoluene acts as an oxidant ofthe intermediate dihydroxyquinoline, but in my hands didn’t oxidize
sufficiently quickly to be considered useful

' Exotherm increase from 25°C to 57°C upon addition of acetaldehyde to a stirred solution of 3-
aminophenol in conc. HCI

'V_Crotonaldehyde is preferable due to the decreased reactivity relative to acetaldehyde

™ Magnus Widegren put forth considerable effort optimizing the reaction conditions and considerably more
effort in optimizing the isolation of pure HQ

"' Matt O’Conner was primarily responsible forthe optimization of this one-pot protocol.

i In my hands the four step process resulted in less than 1% of the desired CyHQ
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Figure 56 Original CyHQ formation

The Reimer-Tiemann reaction involved extensive gas formation, and the reaction
had a tendency to explode out of the top of the condenser, so an alternative reaction
would be desirable. The Duff reaction"™ is an alternative formylation reaction that uses
hexamethyltetraamine (HMTA) as the formyl source. However, regardless of the acid
used,”™ no conversion to product was observed. There was an initial investigation into
potential metal-mediated cross-coupling of BHQ with a cyanide source to generate
CyHQ directly, however these investigations were undertaken in DMF and only
debromination of the starting material was observed.

Our transition to Abu Dhabi brought with it a great increase in synthetic
chemistry experience and access to equipment that hadn’t been readily available at the
University of Georgia.'Xii With these improvements the cross-coupling was investigated

in a microwave reactor with dimethylacetamide as a solvent(Figure 57).*" LCMS

verified that the desired compound 6 was formed, in ~10% vyield.

"™ Proposed by Magnus Widegren

" Acetic acid, trifluoroacetic acid, and triflic acid were all used

" Matt O’Conner was responsble for the mitial investigations as well as the observation of debromination
in all of his experiments.

"' Notably a microwave reactor and quick access to LCMS capabilities

" Boiling point of 165°C vs. the boiling point of DMF 132°C
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Figure 57 Microwave formation of CyHQ

This led to further investigations, and it was found that cyanation occurred
regardless of the cyanide source used,”" however the best results were observed when
CuCN was used.”™ With the base conditions in hand alternative solvents for the
Rosenmund-von Braun reaction were investigated,™ DMAc proved to be the best
choice. It was during these investigations that the isolation of BHQ changed, and the
compound was isolated as a tosylate salt. Fortuitously it was observed that the
temperature required for cyanation was reduced from ~180°C to 150°C. This
temperature reduction proved invaluable for two reason. First, the microwave reactor
limited reactions to ~100 mg of BHQ at a time, and the temperature reduction allowed us
to switch to refluxing DMAc at ambient pressure in a fume hood and increase to 10 g or
larger reactions. The second reason was an observation, supported by attempting the
cyanation reaction on a variety of BHQ substrates protected at the C-7 —OH™'"
decreasing the electron density of the ring system decreased the extent of thermal
debromination observed. This observation eventually led to the development of the
current protocal regarding the synthesis of CyHQ. Compound 8 is cyanated via
Rosenmund-von Braun conditions in good yield and with minimal™" debromination

observed by uHPLC.

¥ NaCN and K[Fe,(CN)s] worked with Cul

" Yield increase from ~25% for catalytic systems and ~50% for CuCN

" pyridine, N-methylmorpholine showed no conversion to product, while THF and xylenes showed less
than 10% conversion to product

il Methoxymethy| ether protection was investigated by me while pivalate, acetate, and benzenesulphonyl
protection were investigated by Magnus Widegren

b | ess than 5%
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Appendix C: Synthesis of BHQ-ATP Sodium Salt

BHQ-ATP 2 was previously synthesized in our lab from the corresponding
phosphate 1 as the ammonium salt (Figure 58).'Xix This compound exhibited some dark
activity due to the ammonium counter-ion having some neuroactivity, so a sodium salt of

2 that did not possess dark activity was desired.

,\1 0—\ OH ADP, Im,CO, HMPA, rt
/
O/F\OH
HO Br —
HO
y/
[e) OH OH
. d},\ /\P/’o OH ﬁzj
4 p-0 OH
O !D N/ o [0} N/\\

Figure 58 Synthesis of BHQ-ATP
Initial attempts at synthesis™* were complicated by difficulty in purifying 2,"* but
eventually HPLC conditions were set utilizing a 100-uM triethylammonium acetate
(TEAA) buffer and methanol. ™" The method comprised a 20 minute isocratic portion
(100% TEAA buffer) followed by a 50 minute ramp to 100% methanol. ™ BHQ-ATP
eluted at ~ 40 minutes,™" followed by 1, and a number of unidentified side products. ™"
Dowex 50WX2 is a strong ion exchange resin that has a higher affinity for greasy

cations than small hard cations. Preloading the resin with Na* ions and then flushing

through 2 as the triethylammonium salt swapped the cations, and gave 2 as the sodium

"* Synthesized by Yue Zhu

" Reported iolated yield is 9.4%, however in my hands yields isolated yields were typically 2-4%

" Several batches of BHQ-ATP were consumed in unsuccessful attempts to purify 2

%4l A full description of appropriate HPLC conditions and gradients came courtesy ofa conversation with
Yue Zhu

bl BHQ-ATP has ashoulder in the HPLC UV absorbance trace at 260 nm, this shoulder is not observed
for any other products of this reaction

"V \/ariation in retention time is due to remaking the TEAA buffer after every run and small discrepancies
in the exact buffer concentration

" presumably BHQ-ADP, BHQ-AMP and other altemative phosphate couplings.
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salt. ™" This was confirmed by comparing the *H NMR spectra of the triethylammonium

salt to that of the sodium salt (Figure 59)

ML}MK JL

\
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I ] \ | i/ .
WWWWW e LT R ——" v
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f1 (ppm)

Figure 59 'HNMR in D,0O of BHQ-ATP TEA Salt (black) Na Salt (red)

The sodium salt of 2 was then utilized with 2PE to map P2X receptors on a
hippocampal pyramidal neuron (Figure 60).""‘Vii A dendritic projection from the
pyramidal neuron is outlined by a grid of red dots (left), each dot corresponds to a 2PE
irradiation point, and to a corresponding electrophysiological readout from the pyramidal
neuron (right). Irradiation only provides an electrophysiological response at two points

on the upper right of the grid, thus providing a putative location for the P2X receptor.

"' 5 mg of BHQ-ATP as the sodium salt represents several months of synthesis and purification
b Work done by Michael Tadross while in Richard Tsien’s lab
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Figure 60 P2X receptor activation with BHQ-ATP, each red dot (left) corresponds to an
electrophysiological response (right)
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Appendix D: Synthesis of Human Ferrochelatase Ligand

Human Ferroche latase (HFc) is the final step on the heme synthesis pathway, and
is involved in metal chelation into protoporphyrin IX.! Studying the mechanism of
ferrochelatase has been complicated due to the fact that the enzyme itself is linked to the
interior membrane of the mitochondria, and is delivered the necessary substrates: ferrous
iron and protoporphyrin IX by chaperone proteins.” This complication has been
demonstrated by in vitro crystallography studies that show HFc to be efficient enough at
chelating metals into the porphyrin ring to include almost all of the first row transition

metals as well as lead and mercury among others.?

The proposed mechanism of HFc is insertion of the porphyrin ring into the active
site of the enzyme, deprotonation of the porphyrin nitrogens followed by chelation of the
metal into the center of the macrocycle, and finally product release.® Crystallographic
studies by Dr. Lanzilotta have shown that it is product release of the heme macrocycle
that is the rate limiting step; this step involves the unwinding of a pi-helix and the

corresponding opening of the active site to enable heme to be removed and transported

elsewhere.*

One of the unresolved issues regarding the mechanism of HFc is which side of the
porphyrin ring does the metal approach from. To address this issue, corrole 9 was

Ixxviii

synthesized according to published protocols (Figure 61). Since the corrole
possesses a smaller macrocyclic structure than the corresponding porphyrin, it was

hypothesized that the chelation mechanistic step would not fully occur. Crystallography

bt | picked up this project on somewhat short notice following a rearrangement of priorities precipitated
by the departure ofthe graduate student that had originally been assigned the project.
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experiments would then be able to determine on which side of the corrole the metal “sits”
and thus an inference about which side of the ferrochelatase enzyme the iron is

chaperoned in from.

H
o o 1)NaNO,, AcOH ~ FBUOL N Ac,0, Pb(OAc), t+BuO,C N oac
)( o o 2)Zn, AcOH | | p-TSA
+ B —_— B —
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COzMe CO,Me

CO,Me
\ (MeO);CH, TFA
tBuO,C N NH
MeO,C CO,tBu

OAc

KE OH Ac,0, DMAP HC. DBU HN_/COatBu
P — /\)\ - . /\)\ + °N _— I
~o ~~">NnO 14% 61% N\
2 NO NO,
2 07 ~Ot-Bu
6
5 7
Hn - COatBu 1) 30% HBr in AcOH MeO,C
NIS T 2) MeOH, Pyridine
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Figure 61 Synthesis of Corrole

Approximately 40 mg of the corrole was eventually synthesized, and | was
offered the opportunity to perform some of the follow up biological experiments. So for
a semester | attempted to co-crystallize the hFC protein with the corrole inside it,

however, all atte mpts were unsuccessful.
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