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Abstract

Opioids are a class of alkaloid that have been used since pre-history for the treatment and
control of pain. Morphine and codeine, the active ingredients in the opium latex from the
plant Papaver somniferum, have been known since the 19th century. Although their use in the
clinic is widespread, they suffer from various adverse effects, including euphoria, constipation,
respiratory depression, tolerance, dependence. These last two side effects are of note, as they
are responsible for increasing opioid addiction and related deaths in the United States, as well
as in other parts of the world.

These drugs act at the p-opioid receptor (MOR), a G protein-coupled receptor (GPCR)
thought to be the primary target of all opioid analgesics. Classically, it was viewed that GPCRs
acted as single units, with an active and inactive state. This simplistic view of GPCR activation
fails to explain the varying pharmacological profiles of different opioid drugs. More recently,
a new paradigm has emerged in which GPCRs may act as heterodimers, forming functional
units with different GPCRs. The MOR has been demonstrated to form heterodimers with
various receptors. These include the d-opioid receptor (DOR), the neurokinin 1 receptor and
the cannabinoid 1 receptor just to name a few. Knock-out animal models demonstrate the
therapeutic possibilities of targeting these heterodimers.

Studying the MOR has historically been hindered by a lack of useful tool compounds.
Previous attempts utilized peptide agonists conjugated to fluorescent tags. Attempts at produ-
cing small molecule probes have typically resulted in antagonists, and therefore there is a need
to develop novel small molecule opioid agonist probes for the MOR. Furthermore, there is a
need to develop new systems in order to study GPCR heterodimers. Of particular interest here
is the MOR-DOR heterodimer, as various literature has shown the therapeutic potential of this
dimer. For this purpose, we envisioned a nanoparticle-based system to allow for conjugation of
multiple congeners to produce a multidentate system.

During the synthesis of these probes, the N-demethylation of alkaloids was of particular

importance. Opioids, like many other alkaloids, contain N-methyl moieties. Replacement of
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this methyl group allows for attachment of other alkyl groups that may give varying and clini-
cally useful pharmacologies. Several historical methods are available, including the von Braun
reaction, the Polonovski reaction and the use of chloroformates. These all suffer from various
drawbacks that limit their use. The more recent development of a non-classical Polonovski
reaction enables direct access to the N-nor product from the N-oxide, which is advantageous
compared to the historical methods. These reactions utilize various iron species, from iron
salts to organometallic complexes. During this is work, new conditions for the non-classical
Polonovski reaction were found and optimized. Here, we explored the use of Fe;(CO),y, a
metallo-carbonyl complex that has previously not been described as a catalyst. In addition,
we explored the effect of its catalytic activity in various solvents, as well as on a variety of

biologically interesting alkaloids.
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1.1 Opioid Receptors, Structure, Function, Use and Abuse

1.1 Opioid Receptors, Structure, Function, Use and Abuse

G protein-coupled receptors (GPCRs) are a superfamily of membrane-bound proteins involved
in cell signalling, and are an important class of therapeutic target.” About 670 genes have been
found to encode for GPCRs. Typically, these bind to small molecule neurotransmitters such as
dopamine or acetylcholine, or small peptides such as substance P.* GPCRs are characterized
by their seven transmembrane (7TM) a-helix domain, featuring an extracellular N-terminus
and intracellular C-terminus. Coupling of various G,, Gz and G, subunits at the intracellular
domain forms the functional unit. Binding of an agonist to GPCRs typically results in disso-
ciation of this complex, with the G protein subunits binding to secondary messenger proteins,
giving rise to the observed pharmacological outcomes.

Within the GPCR superfamily, the opioid receptors are of particular interest, as they
are the primary target of many analgesic drugs such as morphine and codeine.*? Three clas-
sical opioid receptors are known. These are the u, 6 and s opioid receptors (MOR, DOR
and KOR respectively). More recently, a fourth opioid receptor has been discovered, the no-
ciception /orphinan FQ receptor (NOPr).# Although this receptor is known to not bind to the
commonly used opiate drugs, it is thought to modulate many of the same functions as the
classical opioid receptors, including pain, anxiety, food intake, intestinal motility, learning and
memory.#° These functions may be modified upon binding of the native nociception/orphinan
FQ peptide (N/OFQ).

The three classical opioid receptors are highly conserved, sharing 65 - 70% sequence
homology. Endogenously, opioid peptides activate these receptors and have varying roles in ho-
meostasis and normal signalling processes. Endorphins and endomorphins targeting the MOR,
dynorphins targeting the DOR and enkephalins targeting the KOR have all been studied for
their roles in regulation of stress, eating and drinking, self-administration, as well as cardiovas-
cular, respiratory, digestive and hepatic function.® Opioid receptors are found throughout the
body, with their function dictated by the tissue in which they are found. Receptors found in the

brain and CNS are typically associated with euphoria and analgesia, whilst those found in the
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1.1 Opioid Receptors, Structure, Function, Use and Abuse

gastro-intestinal tract are thought to play a role in gastric motility. Receptors in the airways
play a major role in breathing and respiratory function. Clearly, this family of receptors plays
a significant role in maintenance of normal function. Modulation of these functions by external
drug administration will obviously interfere with homeostatic functions, and therefore lead to
the observed side effects.

More recently the x-ray crystal structures of all opioid receptors have been solved, ena-
bling in-depth study of their structural properties and binding pockets. The MOR has been
solved by the Kobilka group bound to both an antagonist,” as well as to an agonist.® Similarly,
the DOR has been crystallized by Granier et al.,’ the KOR by Wu et al.? and the NOPr by
Thompson et al.” Although all opioid receptors are structurally similar, they differ in some
important aspects from other GPCRs. Compared to small-molecule binding GPCRs such as
the muscarinic receptors, the opioid receptors have large, solvent-exposed binding pockets.” In
the case of the M3 muscarinic acetylcholine receptors, the ligand binds in a buried pocket, with
the transmembrane helices and extracellular loops folding over the binding pocket (Figure 1).
In comparison, the MOR was not found to have this folded structure upon ligand binding. This
has been hypothesized to be responsible for the fast ks, rate observed for opioid drugs.” Even
more interestingly, compared to other peptide-binding GPCRs such as the C-X-C chemokine
receptor 4 (CXCR,), the opioid receptors have deeper binding pockets.”

Producing subtype selective drugs has proven to be difficult, but has been achieved. The
prototypical natural product morphine (Figure 2), extracted from the poppy plant Papaver
somniferum, selectively binds to the MOR. This drug has formed the backbone of clinically
used treatments for pain, with an estimtated 8700 tons of opium and poppy straw concentrate
being produced worldwide in the year 2000.7 Despite their wide usage, morphine and other
opioids suffer from various side effects such as respiratory depression, sedation, constipation,
tolerance and dependence. These last two side effects are of particular interest, as they are
thought to be mediated by signal transduction mechanisms.?%1?

The use of opiates as analgesics has been known since early history, with some of the

earliest written records coming from the Greek poet Homer. Even in those early days, its "lethal
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1.1 Opioid Receptors, Structure, Function, Use and Abuse

M3 receptor

Figure 1. A comparison of the MOR bound to the antagonist B-FNA with the Ms muscarinic ace-
tylcholine receptor bound to the antagonist tiotropium. Note the larger, more solvent-exposed binding
pocket of the opioid receptor, as compared to the Ms receptor, where the transmenbrane helices and
extracellular loops fold over the binding pocket upon ligand binding. Adapted from Manglik et al.”

Figure 2. The prototypical opiate morphine, with the numbering positioning numbering convention.

The analgesic effects of this drug have been known since early history, and its use documented by
various civilizations.

1 INTRODUCTION 4



1.1 Opioid Receptors, Structure, Function, Use and Abuse

slumber" was noted in his epic The Odyssey around the 8th century BCE. Even further back,
archaeological evidence suggests the ancient Sumerians cultivated the poppy plant around 3000
BCE, and its use has been documented throughout history by various cultures and civilizati-
ons.?’ The analgesic properties of morphine, historically used as the plant extract opium, or as
the 16th century concoction Laudanum, has widely been exploited for the treatment of pain.
Identification of morphine as the active ingredient was not achieved until 1806, when it was
isolated from opium by Sertiirner.?’ This has allowed for more effective treatment of pain, and
its use proliferated with the invention of the hypodermic needle in 1853.17

However, the addictive property of opiates have led to them being abused, both by
individuals and by empires. The Chinese addiction to opium during the 19th century was
exploited by the British Empire, who fought two wars with the Qing Dynasty in order to
maintain the opium trade in China despite the objections of the Chinese monarchy, as well
as to grant extraterritoriality in of the British Empire in China. This enabled the British
trade of Chinese goods, effectively in exchange for opium instead of gold or silver, and hence
maintain control over the Chinese economy. Even today, conflicts over opiates continue. Prior
to the United States led invasion of Afghanistan, the Taliban had banned the cultivation of
the poppy plant in 2000. However, since the overthrow of the regime, Afghanistan has become
the world’s leading supplier of illegal opiates, with some 6,400 tons of opium thought to be
produced in 2014.7% Former Afghan President Hamid Karzai recognized that the illegal trade
in opium represented a significant portion of the gross domestic product, and refused to allow
the United States Drug Enforcement Agency to destroy the poppy fields. Consequently, the
number of opium poppy fields being eradicated has dropped significantly, with a 90% drop in
the number of eradications between 2015 and 2016.%4

The ready availability of Afghan-produced opium, and the relative ease of smuggling
these drugs through the "Balkans' route (Figure 3), has led to a direct rise in opioid addiction
and related deaths in Europe.’’ In 2017, it was reported that 38% of all requests for illicit drug-
related treatments in this region were due to heroin or other opioid use, numbering around

630,000. It is noteworthy that 79% of patients requesting opioid substitution treatment are
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repeat patients, highlighting the difficulty patients have with fully abstaining from opioid use.
Furthermore, 81% of drug-related deaths in this region, numbering around 8,500, are due to
opioids, giving a perspective on the magnitude of issues associated with this single class of
drug. This is in spite of the fact that opioids are not the most readily available or common
illicit drugs available in Europe, a title which is shared by amphetamines and cocaine. This
is, perhaps, perpetuated by the relatively low cost of heroin compared to other illicit drugs.

Again, this highlights the danger associated with illicit opioid use.
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Figure 3. Trafficking routes of Afghan-produced opium to the global black market. The ease of
trafficking drugs through the "Balkans" route has led to a direct rise in heroin addiction in Furope.
Adapted from United Nations World Drug Report 2016.16

In the United States, opioid addiction and related deaths are also becoming more fre-
quent. The picture here is more complex, as it seems to be driven primarily by the over-
prescription of opioid analgesics, but also by an increase in heroin usage.!” Between 2014 and
2015, the Center for Disease Prevention reported that death rates from semi-synthetic and synt-
hetic opioids other than methadone increased by 72.2%.17 Heroin related deaths alone increased

by 20.6%. Furthermore, amongst the 47,055 drug related deaths in 2014, 61% involved an opi-
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oid, with the majority being prescription opioids given for the control of pain. Despite this,
opioids continue to be widely prescribed. Although overprescription of these drugs continues
to be one of the leading issues in the United States, changes in legislation and the increasing
availability of naloxone, a drug used to assist in opioid detoxification, may enable better control
of opioid addiction levels. Still, there is a need to monitor the situation closely, as the rate of
opioid prescription has not slowed.

In Australia, the numbers are far lower, but data suggests that opioid addiction and
related deaths are increasing.’® The Victorian Coronor’s Office reported that of the 420 drug-
related deaths reported in Victoria in 2015, more than 40% were due to legally prescribed
opioids.?Y Furthermore, most of these involved over-the-counter opioids, primarily codeine,
methadone, oxycodone and tramadol. In addition to this, 40% of the drug-related deaths
were due to heroin. In all, this means that in the state of Victoria alone, more than 80% of

drug-related deaths were due in part to opioids.

Ry~
R; = R, = -H = Hydromorphone
R; =-H, R, = -CH3 = Hydrocodone
R; =-OH, R, = -H = Oxymorphone
R; =-OH, R, = -CH3 = Oxycodone

Tramadol Fentanyl

Figure 4. Some of the synthetic and semi-synthetic opioids responsible for the increasing rates of
opioid-related deaths worldwide. Drugs such as oxycodone are widely prescribed for the control and
treatment of pain.

Treatment options for opioid dependence is generally limited to two drugs; methadone
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and buprenorphine.?’ While both have shown success in the clinic, issues have arisen with both
drugs in patients. Methadone, the front-line in opioid-dependence treatment in Australia, allows
patients to function at a basal level. Its long half-life enables patients to take a once-daily dose,
and is typically administered by a pharmacist. However, patients report that the withdrawal
symptoms of methadone are often worse than those of heroin. To combat this, buprenorphine
is often given to assist with the withdrawal of methadone, or used as the primary treatment for
opioid dependence. The initial dose can be gradually lowered to reduce the patient’s reliance

on the drug.

Methadone Buprenorphine

Figure 5. Methadone and buprenorphine, the two primary drugs used in the treatment opioid depen-
dence.

1.1.1 ;-Opioid Receptor Pharmacology

The MOR is thought to be the primary opioid receptor responsible for the analgesic effects
of opioids.? Knockout animal models have shown that loss of the MOR results in a complete
loss of morphine-induced analgesia. Analgesics are therefore typically designed to act at this
receptor. Because of this, great interest in MOR pharmacology has historically fuelled study
into this receptor.

Classically, it was thought that activation of MOR by an agonist resulted in dissociation
of the G;/, protein complex. The G, subunit then binds to and inhibits the activity of adenylate
cyclase (AC).?% The resulting drop in cyclic adenosinte monophosphate (cAMP) enables influx

of K™ via G protein mediated K™ channels, causing hyperpolarization and blockade of voltage-
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gated Ca?*.7% This increased membrane potential reduces firing potential, and therefore inhibits
signalling. This cascade gives opioids their analgesic effects, blocking pain singalling. Following
MOR activation, GPCR kinases (GRKs) phosphorylate the receptor, promoting [-arrestin
recruitment, resulting in signal termination and inducing internalization of the receptor via
clathrin-coated pits.?!

Recently, this classical view of MOR pharmacology has been disputed, as it assumes
equilibrium between only the active and inactive states. This two-state model fails to explain
various agonist-specific side effects and observed pharmacologies. Agonists such as DAMGO,
fentanyl, etorphine and methadone are able to strongly induce receptor internalization.?*??
However, other agonists such as morphine and oxycodone do not promote receptor internaliza-
tion. The ability of a drug to induce internalization is not enough to explain the development
of tolerance and dependence in patients. Herkinorin, a semi-synthetic derivative of the natural
product KOR agonist Salvinorin A, fails to demonstrate robust internalization of the MOR
while able to provide analgesia without the tolerance or dependence liabilities in rats.®* On
the other hand, it is well known that morphine similarly does not induce internalization of the
receptor, but does suffer from causing tolerance and dependence in patients.®?

As discussed, GPCR deactivation is typically mediated by phosphorylation of the C-
terminal tail, allowing S-arrestin recruitment and internalization into endosomes for recycling.
However, for morphine the situation is rather perplexing. It is known that morphine only results
in weak phosphorylation of the receptor population, and therefore only very weakly promotes
[-arrestin 2 recruitment to the cell membrane.’? This effect may be reversed by overexpression
of GRK2, where an enhanced response to both morphine and DAMGO are observed in genetic
mouse models. This would lead one to think that natively expressed (-arrestin 2 plays little
part in morphine-induced receptor pharmacology, but this is not the case. As Bohn et al. have
demonstrated, S-arrestin 2 knock-out mice show significantly different pharmacologies to native
mice. These mice can still develop a dependence towards morphine, but lack the usual tolerance
(i.e. the same dose may be given repeatedly to provide analgesia).’! This is counter-intuitive, as

one would think that a lack of association would lead to a lack of pharmacological significance,
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but this is clearly not the case and warrants further investigation. However, what this does
suggest is that the tolerance and dependence pathways are not linked, but are induced via two
separate signalling pathways.

Further mystifying the mechanism is what happens when the MOR does get phosphory-
lated in the presence of morphine. Yu et al. have demonstrated that the low levels of receptor
phosphorylation observed with morphine may be reversed by addition of the inverse agonist
naloxone.? Exactly how this occurs is a mystery, as it clearly does not undergo the typical
recycling pathway of internalization, dephosphorylation, followed by recycling back to the cell

surface.

1.1.2 ;-Opioid Receptor Heterodimers

A more recent paradigm in GPCR pharmacology is the ability of these receptors to operate as
dimers or oligomers rather than as single units. Homodimers are known, as well as the more
interesting heterodimers. These functional units exhibit unique pharmacologies that may assist
in explaining the various MOR pharmacologies observed. For clarity, it is known that these
receptors tend to form oligomers, rather than discreet dimers. However, for the purposes of
this discussion, we will herein refer to them as heterodimers, and generally to the association
between two different GPCR, units, rather than between two discreet receptors.

Various MOR heterodimers have been described in literature. These have all been re-
viewed by Lee et al.®> KOR, DOR, NOPr, cannabinoid 1 (CB;R), neurokinin 1 (NK;R) and
metabatropic glutamate receptor 5 (mGluR5) have all been shown to form heterodimers with
MOR. Association of MOR, with these receptors modulates its phosphorylation, internaliza-
tion and recycling, therefore altering the pharmacological outcomes in terms of tolerance and
dependence.

MOR-NK;R dimers have been shown to form via a proximity assay known as biolu-
minescence resonance energy transfer (BRET).? Being co-expressed in the nucleus accubens,
knock-out of NK;R in mice demonstrate a loss of MOR associated tolerance and dependence.

This lack of addictive behaviour is strictly limited to morphine, as these NK;R knock-out mice
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can still develop a dependence for cocaine. Cross phosphorylation of these receptors has also
been observed. Stimulation of the heterodimer with DAMGO induces NK;R phosphorylation,
while stimulation of NK;R with substance P (Figure 6) does the same to the MOR. This in-
dicates significant cross-talk between the two monomeric units, and therefore the potential to

use this heterodimer as a therapeutic target.
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Figure 6. DAMGO, substance P and tetrahydrocannabinol (THC) are some of the ligands that have
been assessed for their ability to activate various MOR heterodimers. When administered with a MOR
agonist such as DAMGO or morphine, substance P and THC give differing pharmacologies compared
to when a MOR agonist is administered by itself. These give some insight into the potential of targeting
MOR heterodimers as drug targets for more specific treatment of various conditions.

In the presence of CB;R, morphine shows increased affinity for MOR when co-administered
with the selective CB;R agonist tetrahydrocannabinol (THC) (Figure 6).*° Again, BRET and
fluorescence resonance energy transfer (FRET) experiments suggest close association of these
receptors, and are known to be co-expressed in the caudate putamen and dorsal horn of the
spinal cord. This effect is particularly interesting, as it suggests the possible synergistic effects
of administering two drugs rather than a single active agent for the treatment of pain.

The MOR-DOR heterodimer is of particular interest and has been extensively studied.?”
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These receptors are expressed together in dorsal root ganglion neurons, and have been shown
to associate using a number of techniques including BRET and co-immunoprecipitation. Furt-
hermore, knock-out of DOR in mice enable morphine induced analgesia without the associated
tolerance and dependence. This same effect is also observed on co-administration of DOR anta-
gonists with morphine. More importantly, many clinically and experimentally used agents for
the MOR such as morphine, methadone, fentanyl and DAMGO have all been shown to target
this heterodimer.?” This bias in both the clinic and in the lab may be due to the search for
agents that behave similarly to the prototypical opiate morphine. This will be further discussed
in Chapter 1.1.4.

Further evidence of MOR heterodimerization was described by Manglik et al. following
the crystallization of the MOR (Figure 7).” Crystal packing of the MOR revealed close associ-
ation between TM1, TM2 and helix 8 of the receptor, with a buried surface area of 615 A. An
even more significant association interface was found to form between TM5 and TM6, with a
surface area of 1492 A, again highlighting the potential of close interplay between two monome-
ric receptors. However, a more recent crystallographic study where the MOR was crystallized
bound to an agonist suggested that displacement of TM6 helix may preclude the association be-
tween two GPCR subunits at this interface.® The significance of this has yet to be understood,

but may suggest changes in dimer formation upon binding of an agonist.

1.1.3 Bivalent ;-Opioid Receptor Ligands

In order to target these MOR heterodimers, various bivalent ligands containing two separate
pharmacophores have been synthesized, separated by an appropriately sized linker. One of
the most notable examples was described by the Portoghese group.?®?? They describe a ligand
containining a MOR agonist pharmacophore oxymorphone, conjugated to the DOR antagonist
pharmacophore naltrindole. These were separated by a spacer of 21 heavy atoms, hence the
designation MDAN-21 (Figure 8). Their results show that administration of this molecule to
30

morphine dependent Rhesus monkeys suppressed withdrawl symptoms, even at low doses.

They suggest that such a approach could be useful in the treatment of opioid dependence.
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Figure 7. Crystal packing of the MOR as described by Manglik et al.” Note the close association
between TM5 and TM6 of the monomers, as well as the interaction between TM1, TM2 and heliz 8.

Further in vitro analysis of this ligand gave interesting results. Yekkirala et al. demon-
strated that the activity of their bivalent ligands was dependent on the length of the spacer.??
Administration of MDAN-21 to HEK-293 cells expressing both MOR and DOR. showed a lack
of internalization of this heterodimer. However, MDAN-16, a similar ligand with a shorter spa-
cer, was able to induce internalization. Similarly, when the pharmacophores were administered
as separate units with a model spacer, internalization of the heterodimer was also observed.
This effect was thought to be due to the optimal spacer length of MDAN-21 preventing in-
ternalization by holding the dimer in place. In the case of MDAN-16, the authors suggested
that the shorter linker may preclude the ligand from binding both pharmacophores simultane-
ously, behaving as if the two pharmacophoric units had been administered as separate drugs.
Pre-treatment of cells with naltrindole, followed by MDAN-21 rescued heterodimer internaliza-
tion. These results suggest that it is not enough to target the heterodimer, but control of its
internalization behavior may also be critical in determining clinical outcomes.

Similarly, Le Naour et al. described a bivalent ligand again based on oxymorphone as the

MOR agonist pharmacophore, but utilizing SR-141716 as the CB;R antagonist pharmacophore
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(Figure 8).97 Tt was demonstrated in mice that these bivalent ligands lacked any tolerance
liabilities that are typical of the classical monovalent morphinan opioids. Again, it was noted
that spacer length played a significant role in the pharmacology of these ligands. This again
suggests the possibility of specifically targeting MOR heterodimers as therapeutic targets for

the treatment of pain.
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Figure 8. The bivalent ligands MDAN-21 and bivalent compound 5, designed to target the MOR-DOR
and MOR-CBi R heterodimers respectively.’’?? Both incorporate oxymorphone as the MOR agonist
conjugated to the appropriate antagonist pharmacophore for targeting the second GPCR monomer.

1.1.4 Monovalent ;-Opioid Receptor Biased Ligands

Developing specific bivalent ligands is not the only way to target these heterodimers. There
are difficulties in that the individual pharmacophores may possess their own signalling biases,
and as such when integrated into a bivalent ligand may elicit behaviors specific to that ligand.
Substitution of the pharmacophore is not always feasible due to a lack of a reasonable linkage
point, so the designs are limited by what ligands can be linked to the secondary pharmacophore.
Due to this, a simpler, and more drug-like approach may be to develop monovalent ligands

which are biased towards binding to a specific heterodimeric pair. Although designing these
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sorts of ligands may be difficult using the current drug development paradigm, examples of these
biased ligands are known for the MOR. Although not all these ligands have a desirable side-
effect profile, they do demonstrate the possibility of developing heterodimer specific monovalent
ligands.

Morphine has been demonstrated to bind selectively to the MOR-DOR heterodimer.*
Morphine actually demonstrates higher affinity for the MOR when in the presence of DOR,
despite having relatively low affinity for the DOR. Disruption of this binding can be achieved
by pre-treatment with a DOR-specific antagonist such as naltrindole.*# Furthermore, morphine
does not induce robust internalization of the MOR-DOR heterodimer via -arrestin 2 mediated
endocytosis. Morphine only activates a few of the second messenger systems known to be
activated by peptide agonists.*>?% This suggests that the analgesic effects may be mediated by
a distinct set of processes from the development of tolerance and dependence to clinical opioids.

Similarly, DAMGO is also known to bind to the MOR-DOR heterodimer, but is known
to have differing pharmacology.?” Unlike morphine, DAMGO exhibits fewer tolerance and de-
pendence liabilities. This may be due to the robust internalization of the heterodimer via
p-arrestin 2 recruitment, an effect that can be inhibited by pre-treatment with DOR anta-
gonists. Furthermore, compared to morphine, DAMGO activates a wider variety of second
messenger pathways.?>% This suggests that a "rounded" activation of the MOR may result in
reduced tolerance and dependence liabilities.

Even more perplexingly, herkinorin, a derivaitve of the natural product Salvinorin A
lacking the usual nitrogenous centre, has also been shown to bind to the MOR.?” Unlike
DAMGO, it does not induce internalization of the MOR upon binding, but behaves more
like morphine. However, animal models suggest that herkinorin lacks the tolerance and de-
pendence liabilities that plague morphine, suggesting that internalization is not the sole factor
in determining opioid tolerance and dependence.?” Furthermore, Lamb et al. have also shown
that herkinorin is able to induce analgesia in morphine-tolerant mice.?”* Why this is the case is
unclear, but suggests multiple second messenger pathways leading to analgesia may be involved.

Clearly, this is not simply a case of receptor turnover explaining these deleterious effects, as
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has previously been suggested.*®

From these three examples, it is clear that not only is heterodimer bias involved in
determining the pharmacological outcome of various agents, but there is also a secondary bias
in the signalling cascade that results from the binding event. Taken together, it is clear that
developing opioid agents for the treatment of pain and opioid dependence requires detailed
understanding of the second messenger biases that lead to the desired pharmacological outcomes
without inducing the undesired side-effects.

More recent work by Manglik et al. has resulted in the discovery of PZM21, an opi-
oid agonist that appears to provide analgesia while lacking the classical opioid side effects of
respiratory depression and constipation.?® Although its heterodimer binding profile was not
characterized, it was found to favor exclusively the G; pathway, with no secondary signalling
via the p-arrestin 2 pathway. Interestingly, it was found to perform well in mice under the
hotplate analgesia assay, but not the tail-flick analgesia assay. The authors suggest this is due
to the separation of CNS mediated and reflexive pain responses. This is unique to PZM21
and has yet to be understood fully. This again reveals the complexity of the opioid signalling

cascade, and how simplistic assays are not sufficient to elucidate pharmacological outcomes.
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Figure 9. Various biased ligands that all bind to the MOR, but have distinctly different pharmacolo-
gical outcomes. Fach ligand potentially represents a different active conformer of the receptor, giving
rise to the various signalling cascades observed.
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1.2 Opioid-Fluorophore Conjugates

Studying GPCRs is typically achieved using labelled receptors or labelled ligands. GPCRs
may simply be labelled by conjugating fluorescent proteins such as green fluorescent protein
(GFP) to the C-terminal of the receptor. Other associated proteins may also be labelled using
orthogonal fluorescent moities in order to study their function in relation to the receptor of
interest. More recently, SNAP domain tagged receptors have gained increased use as fluorescent
tags for GPCRs, as this technique allows for specific labelling of cell surface receptor populations
without labelling internal populations. This allows for determination of what happens to cell
surface populations without the background of global labelling.

Although these approaches have allowed for intimate study of various receptor systems,
including the opioid receptors, this system is not perfect. Conjugating a large protein such as
GFP or any fluorescent moiety to the receptor will inevitably affect its pharmacology, receptor
kinetics and ability of accessory proteins to associate with the receptor and elicit their effects.
Rather than modifying the receptor, an alternative approach is to modify the ligand. Attaching
fluorescent tags such as Cy5, BODIPY or rhodamines allow for imaging of the ligand trafficking,
rather than receptor trafficking. Together, these data offer complementary views of receptor
pharmacology, where neither data set provides a "complete" picture on its own. Even so,
these fluorescently tagged ligands aren’t perfect, as modification of their structure may affect
pharmacological bias, and therefore the observed results. Given the lack of any "ideal" system,

however, these pieces of data form the evidence with which future research is based.

1.2.1 Peptide-Fluorophore Conjugates

Fluorescent probes for the opioid receptors have long been desired. Compared to other receptor
systems, such as the adenosinergic system, few fluorescent ligands have been designed, and even
fewer have been utilized productively in the literature. For the most part, the most successful
class of fluorescently tagged ligands for the opioid receptors has been the peptide-fluorophore

conjugates. The earliest of these examples was described by Fournie-Zaluski et al., where en-
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kephalins were conjugated to a 1-(5-dimethylaminonaphthalene) sulfonyl (dansyl) group as the
fluorescent tag.#’ At the time of its synthesis in 1978, the distinction between the opioid recep-
tors were unclear, and hence no receptor subtype specific binding was given. However, using
homogenized mice striatum, displacement of radio-labelled Leu-enkephalin, binding was mea-
sured. Furthermore, functional activity was determined using guinea-pig ileum, measuring the
inhibition of electrical contractions upon administration of the peptide-fluorophore conjugate.
These showed that conjugation via the C-terminal of the Met-enkephalin gave a fluorescent
derivative with only moderately lowered affinity and activity. Despite this, the dansyl group is
not amenable to modern imaging techniques, as the high energy 270 nm UV light needed to
excite the fluorophore isn’t compatible with most modern techniques as well as damaging the
cells. These factors in combination have resulted in this probe seeing few uses in literature.

Following this, Mihara et al. similarly describe fluorescent enkephalins, this time conju-
gated to the fluorescent amino acid L-1-pyrenylalanine (Pya).#! Here, binding was measured by
displacement of opioid receptor specific radio-labelled peptides. For this purpose, radio-labelled
DADLE and DAMGO were used for the DOR and MOR receptors respectively. Again, their
results show minimal to no loss in binding. However, no functional assays were conducted.
Again, the optical properties of the Pya group aren’t amenable to modern imaging techniques,
as it absorbs at around 380 nm, still within the UV wavelengths.

Perhaps the most successful peptide-fluorophore conjugates have been described by Art-
tamangkul et al.#’* Here, subtype selective peptides were conjugated to modern fluorophores,
including Alexa Fluor and BODIPY dyes. Again, a moderate loss of binding in a radioligand
displacement assay was observed. However, with the attachment of these specific fluorophores,
imaging via modern confocal microscopy becomes possible. As a result, these types of peptide-
fluorophore conjugates have seen wider use in the literature, with several follow-up studies

detailing their use as tools in studying opioid receptor pharmacology.4%4°
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1.2.2 Small Molecule-Fluorophore Conjugates

Although peptide-fluorophore conjugates have allowed for the study of opioid receptors using
fluorescence techniques, they lack direct clinical relevance, as these peptides are not used as
therapeutics. Therefore, there is continued interest in producing fluorescent tools using clini-
cally relevant targeting pharmacophores. One of the earliest attempts was described by Kolb
et al. in 1983, where various opioid drugs were conjugated directly to the fluorescent tag flu-
orescein via a minimal thiosemicarbazone linker.#® These included the antagonists naltrexone
and naloxone, as well as the agonist oxymorphone. As with the peptide-fluorophore conjugates,
attachment of the fluorescent tag reduces the binding of the drug to the target. Again, the
distinction between the various opioid receptors were unclear during this period of study, and
hence no subtype selectivity was described. Although the agonist oxymorphone was used as
one of the ligands, no activity other than binding data was given.

Further development of small molecule-fluorophore conjugates were described by Archer
et al. in 1992, where naltrexamine, a close analogue of naltrexone, was conjugated to the
fluorescent tag 7-nitrobenzo-2-oxa-1,3-diazole (NBD) to give the probe compound ASM-5-10.47
Here, a short linker was employed to distance the active pharmacophore from the fluorescent
tag, one of the first examples of this method being implemented in opioid-fluorophore probes.
Again, this conjugate lost activity compared to the native compound. One interesting aspect
found was that the introduction of a short linker enabled the probe to be selective for the
MOR over the other classical opioid receptors, whilst removal of the linker abolished subtype
selectivity. This highlights the importance of a spacer between the active ligand and the
fluorophore.

The lack of useful small molecule-fluorophore probes prompted Emmerson et al. to
continue the development of these conjugates.® Here, nitrocinnamoylaminocodeinone was con-
jugated to a BODIPY tag to give the probe compound WA-III-62. Here, a short linker was
again used, enabling moderate subtype selectivity. The use of the BODIPY probe here was one

of the first small molecule-fluorophore probes to utilize a fluorophore compatible with modern
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confocal microscopy. The affinity of these probes enabled low concentrations of the conjugate
to be used, where previous probes required higher concentrations, potentially obscuring results.
However, the probe described was an antagonist, limiting its use.

The most recent attempt was described by Schembri et al. in 2015, where opioids
based on the orvinol core were conjugated to various fluorescent tags, including Cy5, BODIPY,
tetrazine and rhodamine dyes.#’ Of all these, it was found that the Cy5 conjugated compound
was optimal, as it possessed optimal optical properties without binding non-specifically to the
cell surface. Although these probes were again determined to be antagonists, they were assessed
for their utility as reference compounds in determining affinity constants for a variety of other
drugs. Using a fluorescence displacement method, it was found that affinity constants were in
good agreement with radioligand based method, suggesting a safer method for determining the

screening of new drug candidates.

N7 NO,
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Figure 10. Various small molecule fluorescent probes that have been described in literature. ASM-
5-10 utilized naltrexamine as the active pharmacophore with an NBD fluorescent tag.*” WA-III-62
utilized nitrocinnamoylaminocodeinone as the active pharmacophore, whilst BODIPY was used as the
fluorescent tag.*® This was one of the first examples of small molecule probes where a red-emitting
fluorophore was used, making it more compatible with modern imaging techniques. Schembri et al.
described the synthesis of fluorescent compound 3, utilizing an orvinol targeting pharmacophore with
Cy5 as the fluorescent tag.#?
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1.3 Nanoparticles, an Overview

The examples given thus far have all utilized organic fluorophores. However, an increasingly
common approach is to utilize nanoparticles as the fluorescent tag. These provide an alter-
native method of imaging which may provide differing data. Nanoparticles are generally sub-
micrometer sized particles, typically ranging anywhere from 5 to 500 nm in diameter. These
particles can be made from a variety of materials, ranging from inorganic metals, or from orga-
nic polymeric subunits. Nanoparticles can have various properties depending on the materials
with which they are made. Some are fluorescent, others may be readily conjugated to as drug-
delivery vehicles, and yet others are pH sensitive. The varied properties of nanoparticles have
led to the development of various nanoparticle-based systems, both for clinical and experimental

use.

1.3.1 Overview of Commonly Used Nanoparticle Probes in Bioimaging

One of the more recent uses for nanoparticles has been for bioimgaing. Various fluorescent
nanoparticles have been described in the literature, with some finding quite regular use as part of
imaging systems. The earliest and most commonly used nanoparticle probes are quantum dots
(QDs), with their initial synthesis dating back to 1982 by Russian scientist Alexey Ekimov.??
These systems typically consist of a cadmium-based alloy, with a secondary component such as
lead or selenium. The most common QDs consist of a cadmium-selenide core. These types of
nanoparticles may fluoresce under incident radiation, as electrons are promoted from the ground
state to a higher energy level, the difference between the two being termed the band-gap. This
band-gap can be tuned simply by tuning the nanoparticle size. Further enhancement in their
fluorescent properties can be achieved by coating this cadmium-selenide core with a secondary
layer in a cord@shell type structure. This shell increases the band-gap of the system, allowing
for better control of the fluorescent properties and increasing the Stoke’s shift, enabling better
imaging of these types of probes.”’ Again, these shells may be made of a variety of materials

such as zinc sulfide.
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One of the earliest examples of imaging using QQDs was described by Rosenthal et al.
in 2002, where CdSe@ZnS QDs were decorated using serotonin in order to visualize serotonin
transporter protein in HeLa cells.”” A notable development of this technique was described by
Fichter et al., where QDs conjugated to anti 5-HT; 4 antibodies via a biotin-streptavidin method
were used to study the kinetics of 5-HT 4 receptor trafficking.’® Their results indicate that there
are two pathways through which the receptor is recycled. Trafficking through early endosomes
followed by recycling to the cell surface could be differentiated from a longer pathway in which
some of the early endosomal populations were first trafficked into recycling endosomes before
returning to the cell surface. This detail was enabled by the ability to image single QDs, giving
higher resolution data than organic fluorophores. However, Schieber et al. suggested that the
QD may be responsible for the slower kinetics observed, as their transferrin conjugated QDs
exhibited slower uptake via endocytosis compared to transferrin conjugated to small-molecule
organic fluorophores.” This suggests that the QDs may alter the kinetics of the biological
process due to its bulk. However, it is still unclear if the slower kinetics are inherent in the
system, or absolutely due to the QDs themselves.

The disadvantage of these systems is that they tend to be toxic. The use of toxic heavy
metals such as cadmium and lead limit their use, as these metals can leach out of the nano-
particle, causing cell death. This specific issue may be overcome using more modern quantum
dots that do not involve the use of cadmium, such as the zinc selenide QDs.?” However, their
relatively poor optical properties must be enhanced by doping with materials such as chromium
or cobalt, again reintroducing a toxic substance into the cell. Furthermore, functionalization
of quantum dots tends to be relatively difficult. Although various standardized methods have
been described, these still tend to be relatively difficult, in part due to the synthesis of QDs re-
sulting in nanoparticles coated in a hydrophobic trioctylphosphine oxide (TOPO) layer.?%%3¢
For biological use, these must be exchanged for something hydrophilic and biocompatible.
Functionalization of QDs is done using 2 general methods. The first is direct displacement of
the hydrophobic TOPO coating. One such method is described by Liu et al., where TOPO

coated Ds were functionalized with a radical addition-fragmentation chain transfer (RAFT)
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polymer consisting of PEG and imidazole units, directly displacing the TOPO coating with a
hydrophilic one.’® The second approach is to simply wrap the TOPO layer with a more bio-
compatible polymer. An example of this was described by Schieber et al., where TOPO coated
QDs were simply wrapped with a polystyrene-co-maleic anhydride polymer.? These could then
be treated with amino-PEG chains to ring-open the maleic anhydride moieties to introduce a
water-solubilizing group.

Spherical gold nanoparticles (AuNPs) have also been utilized as imaging tools in the
past. Their ease of synthesis, their non-toxic nature, and their ease of functionalization are
all attractive features. Synthesis of these AuNPs is simply achieved by refluxing aqueous gold
salts in a solution of sodium citrate, and was first described by John Turkevich in 1951.°7
This enables both the reduction of the gold salts, as well as the coating of nanoparticle in a
citrate layer. Although optimizations to his original procedure have been described, such as the

% or the more recent morphology and dispersity control

early size control described by Frens,
described by Schulz et al.,?” the "Turkevich synthesis" has remained much the same. Gold, being
an inert element, shows no toxicity in cells, and hence is useful from a biological standpoint.
Furthermore, the AuNP-citrate chemistry is well known, enabling easy displacement using a
variety of ligands. Finally, gold exhibits a behavior known as surface plasmon resonance (SPR),
essentially the oscillation of electrons on the surface of the material.®” This enables AuNPs to
fluoresce, allowing them to be used as imaging agents. Like QDs, the optical properties of
these nanoparticles are size-dependant. Although the physical properties of AuNPs have long
been known, it wasn’t until 2003 when Sokolov et al. described the use of these nanoparticles
as imaging agents.’” Here, AuNPs were conjugated to anti-epidermal growth factor receptor
(EGFR) antibodies and used as imaging agents for tissue biopsies. More recent examples have
demonstrated the multimodal capabilities of AuNPs, where rather than using their fluorescence
properties, their SPR behavior was used for surface enhanced Raman spectroscopy (SERS)
whilst simultaneously being used for photothermal therapy in cancer cells.??

Rather than using the intrinsically fluorescent nanoparticles, another method that has

been adopted is to add small molecule organic fluorophores to a nanoparticle to give it fluo-
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rescent properties. This can be accomplished using a variety of nanoparticle cores, but one
example of this has been demonstrated by Mader et al., in which inert silica nanoparticles were
modified such that fluorophores could be attached via amide linkage or click chemistries.?’
Various organic fluorophores were used, including BODIPY, rhodamine and dansyl based dyes.

These have been suggested as an alternative to using single organic fluorophores, allowing for

biotin-streptavidin binding of biological molecules to be used as probes for bioassays.

1.3.2 Advantages of Nanoparticle Conjugates in Bioimaging

Although various examples of nanoparticle-targeting moiety conjugates have been described in
the past, only a few notable examples have been discussed here. Nanoparticles offer several
advantages as imaging agents compared to traditional organic fluorescent tags. They tend to
be much brighter, and hence can be more easily detected.® Because of this, it is possible to
detect a single nanoparticle, whereas it is difficult to detect a single organic fluorophore using
conventional techniques.?” Although methods are available for the imaging of single molecules,
such as total internal reflection fluorescence microscopy (TIRFM), the penetration of such
imaging methods is poor, thus limiting images to the cell membrane.%

Although their quantum yields are generally lower compared to organic fluorophores,
their large surface area compensates by enabling the absorption of far more photons compared
to the relatively small cross-sections of organic fluorophores.’” Furthermore, their Stoke’s Shifts
tend to be larger compared to organic fluorophore.’” This has several advantages depending
on their intended use. In addition to this, the use of multiple organic fluorophores is often
not possible, as they can potentially cross-excite, obscuring data and giving misleading results.
This is, perhaps, due to modern fluorophores all being designed to excite and fluoresce at
lower wavelengths to avoid damaging the cells. Cross-excitation may occur if the emission of
one fluorophore overlaps with the excitation wavelengths of another, allowing the energy to be
transferred in a process known as FRET. Although this effect is desirable in certain assays, it is

undesirable where two separate fluorophores need to be imaged individually. In addition, metal-

based nanoparticle fluorophores are completely photostable and can be continually imaged
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without photodegradation.®®

Perhaps one of the biggest advantages of nanoparticles is the ability to functionalize
the surface. Their large surface area enables large biomolecules to be conjugated. This has
been done in various literature examples using antibodies targeting specific cell surface pro-
teins.?*%4%9 Furthermore, it enables the development of complex multivalent systems that sim-
ply isn’t possible using a small molecule approach. The individual components needed to make
up the whole nanoparticle system may be individually synthesized, then combined in a concer-
ted approach to give the decorated nanoparticles. With small molecules, this approach is not

always feasible.

1.3.3 Gold Nanorods

Gold nanorods (AuNRs) are a more recent addition to the family of fluorescent nanoparticles,
with their wet chemical synthesis only dating back to 2001 when it was first described by

70,71 These methods described the use of gold nanoseeds to act as

Catherine Murphy’s group.
nucleation sites, allowing the gold nanoparticle to grow within a micellar tube of cetrimonium
bromide (CTAB) as the template. Use of excess silver nitrate was found to assist in the
formation of nanorods, as without it spherical particles tended to form. However, these methods
would often result in the formation of imperfect nanorods, often giving needle-like and ¢-shaped
particles in addition to spherical impurities. Since then, active development and optimization
have led to the refinement in AuNR synthesis. The first real practical synthesis was described
by the El-Sayed group, where rather than adjusting the concentration of gold salts and gold
nanoseeds used in the synthesis, the amount of silver nitrate added was adjusted, allowing for
far better shape control to give true nanorods, as well as a significant reduction in the number
of spherical particles formed.” This method has become known as the "Nikoobakht synthesis".
Even more recently, aromatic derivatives such as salicylic acid have been shown to improve the
monodispersity and morphology control of gold nanorod growth, as well as enabling significant

reductions in the concentration of CTAB used in the synthesis.” These developments have

enabled AuNRs to be studied for their potential utility in a variety of applications, in areas as
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diverse as bioimaging, drug delivery,” and even in photovoltaic systems.””

AuNRs have unique geometric properties. Geometric shape can be described using the
Miller Index system, or the Bravais-Miller Index system for more complex, non-Platonic or
Archimedean shapes. AuNRs, being anisotropic (or non-dimensionally symmetrical) parti-
cles, have two general parts that can be described in this way; the main "cylinder" and the
semi-spherical caps. Recent high-resolution transmission electron microscopy (TEM) shows
these cylindrical bodies are composed of {250} facets elongated along the <001> vector (Fi-
gure 11).7 These are terminated by the semi-spherical caps, which have been shown to be
semiregular polyhedral prisms with an octahedral cross-section, composed of {111} and {110}
facets. This unique geometry is responsible for the optical properties observed. Unlike AuNPs,
which display a single SPR band, AuNRs have two bands.”” These two resonance bands, ter-
med the longitudinal surface plasmon resonance (LSPR) and the transverse surface plasmon
resonance (TSPR) are mediated by the different types of facets present. The LSPR. is mediated

by the {250} facets, while the TSPR is mediated by the {111} and {110} facets.

<110>

Figure 11. Recent high-resolutoin TEM image of AuNRs down the axis of the particle have revealed
{250} facets. This has lead to a new proposed model for the structure of AuNRs, forming an octagonal
cross-section rather than the previously accepted hexagonal geometry. Figure adapted from Carbo-
Argibay et al.”®

Unlike other nanoparticles, the optical properties of AuNRs don’t vary with absolute
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size. Rather, aspect ratio (AR) determines their absorbance bands. As discussed, AuNRs
have two SPR bands, and each exhibits absorbance bands of their own. The TSPR typically
occurs around 510 nm and does not vary significantly. This is primarily due to the synthesis
limiting the possible diameter of the nanorod, and hence the size of the terminal facets, as
CTAB can only form micelles of a particular size. On the other hand, the LSPR can vary
significantly. However, rather than varying with absolute size, the LSPR absorbance varies
according to the particle AR. The greater the AR, the more red-shifted the absorbance band.
For the Nikoobakht synthesis, a maximum absorbance of around 850 nm is typically observed
due to the silver limiting growth to a maximum AR of 4.5.” Examples of AuNR colloids and

their absorbance spectra are shown in Figure 12.

[ 524nm 526nm 530nm 580nm 613nm 640nm 660nm 684nm 729nm
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Figure 12. FEzxamples of AuNR colloids and AuNR UV-Vis absorbance spectra. Note the change
in color of the colloid as the mazximal absorbance increases. The LSPR of the sample increases with
increasing AR and varies between 600 - 800 nm depending on the sample, whereas the TSPR (at
approximately 510 nm) remains relatively consistent. This is due to the TSPR being correlated with
the diameter of the nanoparticle, which does not vary significantly due to the restraints of CTAB
template. Also note that the LSPR peak gives a far stronger signal compared to the TSPR, which
appears as a minor peak. Figure adapted from Vigderman et al.”®

Absorbance

" 400 600 800 1000
Wavelength (nm)

AuNRs are interesting in that they can be utilized in different modes of imaging. As
with traditional organic fluorophores, they are able to fluoresce when excited by incident ra-
diation. This fluorescence varies with two factors; the wavelength of the incident radiation

and the nanorod AR. Varying either will produce differing emission wavelengths which may be
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theoretically calculated.” However, in all cases an emission band at approximately 740 nm is
always observed. This emission is also observed in all gold-based nanoparticles and nanoclus-
ters. Various suggestions have been put forth as to the origins of this emission, however none
have been conclusively proven thus far. Eustis and El-Sayed suggest that since this Raman
emission band is observed in all gold nanoparticle types, it may be an inherent property of the
material, where electronic recombination causes a band-edge emission which is enhanced by
SPR effects.” This effect would therefore be enhanced in AuNRs as their rod-like morphology
enhances SPR effects, and the evidence to date support this hypothesis. Although the quantum
yield of AuNR fluorescence is relatively low compared to QDs and traditional small molecules,
somewhere in the range of 1074, they are still sufficiently bright to be observed at the single
molecule level.””

Apart from simple fluorescence, AuNRs are also able to undergo a process known as
two-photon luminescence (TPL). More generally, this effect can be termed multi-photon lumi-
nescence (MPL), where the precise number of absorbed photons is irrelevant. The efficiency
of this process can be measured in Goeppert-Mayer units (GM). Organic fluorophores tend to
have quite low efficiencies for this process, with molecules designed specifically for this purpose
reaching a maximum of 300 GM.% AuNRs have been measured to have efficiencies around
2000 GM.%% Although QDs tend to have higher efficiencies for MPL, varying between 2000 to
47,000 GM, this value is inconsistent and varies according to QD size, material, coating and
core@shell structure. For AuNRs, this tends to be more consistent, as it is thought to be an
inherent property of the material. Wang et al. have further shown that AuNRs may be excited
using various wavelengths, with the intensity of the emission dependent on both the incident
radiation and the AR.%! Furthermore, they showed that the emission intensity of AuNRs with

lower ARs tended to be brighter compared to those with larger ARs.

1.3.4 Synthesis of Gold Nanorods

The most commonly used synthesis of gold nanorods is known as the "Nikoobahkt synthesis",

as described by the El-Sayed group.” This has been depicted in Figure 13. In this method,
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gold nanoseeds are first generated from chloroauric acid in the presence of CTAB using sodium
borohydride. The solution is rapidly stirred to ensure formation of 4 - 6 nm sized nanoseeds,
which occurs over 5 minutes. Ageing of this seed solution allows the excess sodium borohydride
to degrade so as to not interfere with the actual nanorod growth. A growth solution of chlo-
roauric acid, silver nitrate and CTAB are then combined and initially reduced using ascorbic
acid. This reduces the gold from a +3 oxidation state to a +1 state. This is due to the ascorbic
acid not having a high enough reduction potential to fully reduce the gold to the elemental
state. Introduction of the gold nanoseeds provides a catalytic surface that reduces the reduction
potential required for the reduction of Au(I) to elemental gold. This allows the nanorod to grow

within the CTAB micelle, creating new surfaces on which new growth can occur.

125 puL 10 mM HAuCl,, CTAB coated gold
5mL0.1 M CTAB nanoseeds (4 — 6 nm)

300 pL 10 mM NaBH,

v

750 pL 10 mM HAuCl,,
15 muL 0.1 M CTAB, ! \18 uL seed solution CTIﬁB coatgd
Varying 4 mM AgNO; ‘ gold nanrods

105 uL 78.8 Grow with slow
deAscorblc stirring over 2.5 h
Cl

[
L

Figure 13. An adaptation of the Nikoobahkt synthesis used during this work. Although the concen-
trations and volumes of reagents depicted here vary somewhat from the literature procedure, the final
concentrations in the "active" solutions remain the same.

With this synthesis, the role of most of the components are known. The chloroauric acid
acts as the gold source, CTAB provides the soft micellar template in which the nanorod grows as
well as complexing to the particle surface to act as a stabilizing agent, sodium borohydride and
ascorbic acid both act as reducing agents, while the nanoseeds act as the catalyst for nanorod

growth. The exception here is the precise role of silver nitrate. It is known that addition
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of a silver source enables better control of the aspect ratio, however its exact mechanism is
unknown. There is evidence to show that silver is present on the surface of the AuNRs, but
the reason for this and how it controls nanorod formation is unclear.®? It has been suggested
that the silver coating allows the nanorod to grow longer. This is generally true for shorter
nanorods, as increased titrations of silver nitrate lead to longer nanorods. However, this effect
is only true up to an AR of 4.5.7° Further addition of silver does not lead to increased rod
length, but instead begins to produce shorter nanorods.

Alternative syntheses of AuNRs have been described. One of the more recent methods
has been to use a radical reductant that can be induced via UV radiation.®’ In this method
described by Ahmed and Narain, chloroauric acid, CTAB and silver nitrate are mixed to give
the growth solution. Rather than using nanoseeds, the nanorods are grown directly using
the photoinitiator known commercially as Irgacure-2959, or 1-2959. Addition of this reagent,
followed by UV radiation enabled rapid growth of nanorods in 30 min. This method was based
on previously published methods, where UV activated acetone was used as the radical reductant.
However, 1-2959 was far more easily activated by UV radiation, and therefore allowed for easy
and rapid reduction. In this synthesis, the role of organic solvents was also explored, and it
was found that addition of organic solvents to the bulk aqueous phase enabled better control
of nanorod diameter. The effects of acetone and cyclohexane were explored, and were found to
reduce nanorod diameter. It was hypothesized that addition of these organic solvents increased
the flexibility of the CTAB tubular micelle, hence reducing the nanorod diameter.

More recently, an improvement on the Nikoobahkt synthesis was described, where instead
of using ascorbic acid as the reducing agent, dopamine was used.® This enabled synthesis of
nanorods with reduced CTAB concentrations, as well as more consistent morphology and size.
It was hypothesized that the lower reduction potential of dopamine compared to ascorbic acid
prolonged the reaction time. In general, the slower the nanorod growth, the better formed the
particles. Furthermore, the use of dopamine gave nanorods of smaller diameter, roughly 9 nm
instead of the usual 15 nm as in the normal Nikoobahkt synthesis. It was suggested that this

was due to dopamine acting in a similar manner to salicylic acid, increasing the flexibility of
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the CTAB micelle and allow for better size control.”®

1.3.5 Gold Nanorods in Bioimaging

Despite the promise of AuNRs, few examples of their use as bioimaging agents have been
described, owing to their relatively recent development. Perhaps one of the earliest attempts
at using AuNRs for the imaging of biological systems was described by Wang et al.,*’ where
AuNRs were used to image tissue using their TPL properties. Here, unfunctionalized AuNRs
were simply injected into mouse ears and visualized using TPL imaging in order to observe
the blood vessels present. Although a relatively simple proof-of-concept experiment, it was
early evidence that AuNRs could be used not only in bioimaging, but also in living systems
and visualized through tissue. However, it should be noted that in this example the AuNRs
used did not conform to a true rod-like morphology. Rather, they were more akin to ¢-shaped

particles (Figure 14).

Figure 14. ¢-shaped AuNRs used by Wang et al. Note the slightly wider diameter of the terminal
ends of the AuNR, instead of a perfectly cylindrical body. Figure adapted from Wang et al.8?

Following this, Huang et al. demonstrated the specificity of anti-EGFR coated AuNRs
binding to malignant cells of various types.5’ Here, the cytotoxic CTAB bilayer was first dis-

placed using poly(sodium 4-styrenesulfonate) (PSS), a negatively charged polymer on which

1 INTRODUCTION 31



1.3 Nanoparticles, an Overview

the anti-EGFR antibodies could be electrostatically anchored. Rather than utilizing their flu-
orescent or MPL properties, light scattering microscopy was used, highlighting the multiple
imaging methods possible using these types of systems. Furthermore, they demonstrated the
ability of these systems in killing the malignant cells through photothermal therapy. Although
this has previously been shown to be possible using AuNPs, the wavelength of light required
is too high for it to be viable, as the incident radiation would not penetrate into deep tissue.%
Here, longer wavelengths of light could be used to achieve this effect, which would enable bet-
ter tissue penetration. This highlights the potential of AuNRs as "theranostics', nanoparticle
systems which may act both as a diagnostic tool, as well as a therapeutic treatment. Use of
theranostics enables both the diagnosis and treatment phases to be completed in a single step,
therefore requiring shorter treatment times and potentially improving patient outcomes.

Durr et al. took another step forward, taking the system Huang et al. had designed
into a bioimaging setting.?? In addition to the functionalization steps previously described
using a PSS coating followed by attachment of anti-EGFR antibodies, the decorated AuNRs
were further mixed with PEG (MW 15 kDa) in order to further enhance their stability. Skin
cancer cell line A431 treated with these coated AuNRs could be imaged using TPL microscopy,
with no non-specific binding observed. Although background signal could be observed with
TPL imaging, the laser power required for this was more than an order of magnitude higher
than the laser power required to image the AuNRs. What this suggests is that under the
right conditions, AuNRs can be used for bioimaging using TPL microscopy without significant
background signal.

TPL microscopy of AuNRs on cells was further refined by Hutter et al., where vari-
ous cell lines were treated with a variety of gold-based nanomaterials coated with different
stabilizing agents.®® Of particular note was when mouse hippocampal neurons were treated
with unfunctionalized AuNRs. The neurons were stained with MitoTracker green dye, a mi-
tochondrial specific dye, and treated with AuNR@QCTAB. Both components could be imaged
separately without any interference from the other. Although the point of this experiment was

to observe the non-specific binding of the cationic CTAB coated AuNRs on the anionic cell
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surface, it still demonstrates the potential of AuNRs as imaging agents. Furthermore, when
coated with PEG, the AuNRs failed to "stick" to the cell surface, suggesting that an appropriate
biocompatible coating prevents non-specific adhesion to the cell surface. This example is one
of the first where AuNRs were imaged with a second fluorescent moiety in the same frame. It
demonstrates the potential of being able to image without any background fluorescence.
Apart from the antibody conjugated system described earlier, small molecule conjugated
AuNRs have also been described. Yao et al. described the functionalization of AuNRs first
using cystamine to displace the cytotoxic CTAB, followed by amide coupling of folic acid to
the free amine.®” This gave AuNRs with a surface decorated by folic acid, which were then
used to image HepG2 carcinoma cells. Several important characterizations were carried out in
this study. First, that not all cationic coats are cytotoxic, as demonstrated by the difference
between AuUNR@QCTAB and AuNR@cystamine. CTAB reduces the viability of cells in a dose-
dependent manner, with up to 80% cell death at 100 ug/mL AuNR in media. In comparison,
cystamine coated AuNRs, which are still cationic, do not cause any significant cell death. This
is likely due to the cystamine being strongly bound to the AuNR surface, whereas CTAB
is only a week binder, readily desorbing from the surface and having a cytotoxic effect as a
single chemical entity. Imaging of cells coated with AuNRs were conducted using two different
excitation wavelengths, and the results recorded at the corresponding emission wavelengths. As
discussed, it is known that AuNRs will emit at different wavelengths depending on the incident
radiation. This suggests the capability to simply capture the image using different excitation

wavelengths if cross-excitation is an issue.

1.3.6 Functionalization of Gold Nanorods for Biocompatibility

For other classes of nanoparticles, the functionalization of the surface has become a relatively
standardized, straightforward process. Depending on the desired coat, different protocols may
be employed, but most follow the same general principles. However, in the case of AuNRs,
this is not the case, as there is currently no standardized method. This is, in part, due to

the instability of AuNRs in the absence of CTAB in solution, as this relatively weakly bound
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ligand will dissociate from the particle surface if the concentration of free CTAB drops below
the critical micelle concentration (CMC) of 1 mM.%

Direct functionalization methods enable direct displacement of the CTAB coat from the
AuNR surface. Bogliotti et al. have shown that it is possible to directly coat AuNRs using
various PEG-thiol surfactants.®? Simply titrating a solution of the desired PEG-thiol into pre-
washed AuNRs and allowing them to simply rest for 48 h resulted in stable PEG coated AuNRs,
which can then be further washed to remove excess reagents. Although this method is useful, it
is strictly limited to PEG-thiol surfactants, limiting its usefulness if other types of surface coats
are desired. An improvement of this method enabled much faster loading of the PEG-thiol
onto AuNRs. Zhang et al. describe a method in which rather than simply using water, these
surfactants are mixed with pre-washed AuNRs in acidic Tris buffer and gently stirred.?” This
enabled the AuNRs to be coated in 30 min. These could then be resuspended in phosphate
buffer following centrifugation to remove excess reagents.

As Huang and Durr have both demonstrated, AuNRs may also be directly coated using
PSS, on which targeting moieties may be electrostatically attached.?”%> Although these systems
are have been shown to be more biocompatible, the exact mechanism of of this was unclear.
Whether the PSS simply electrostatically coated the CTAB layer or actually displaced the
CTAB altogether was unclear. This was clarified by Leonov et al., where it was shown that PSS
was able to displace the CTAB layer by its removal as a PSS-CTAB complex.?! Simultaneously,
PSS forms a weakly bound coating on the AuNR surface, keeping it in a meta-stable state.
Huang et al. have shown that AuNRs functionalized in such a way are only stable for a few
days if stored at 4°C.5%% Such transient stability is useful if samples need to be freshly prepared,
but is unsuitable for long-term storage or use.

An extension of this method was described by Mehtala et al., where rather than simply
leaving the AuNRs coated in PSS, this was used as a stepping stone to a more stable system.”?
After detoxifying CTAB coated AuNRs by washing with several rounds of PSS, they could
then be incubated with sodium citrate to replace the PSS coat with a citrate one. This then

enables the AuNRs to be stored for longer periods of time. In addition to this, it enables the
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use of well-established gold-citrate chemistry developed for the functionalization of citrated
coated AuNPs. In both works described by Leonov and Mehtala, it was suggested that various

non-ionic surfactants may be used to further increase the stability and biocompatibility.

1.4 Need for Pharmacological Tools
1.4.1 Aims

Although great strides have been made in the study of opioid receptors, significant gaps in
knowledge have prevented the development of analgesics devoid of side-effects, as well as better
treatments for opioid dependence. With other receptor systems, chemical probes have been a

93-98 and we envisioned that a similar approach could

great aid in studying their pharmacology,
be used to study the MOR. Further, we envisioned a nanoparticle-based system that could be
used to study opioid receptor heterodimers, allowing more detailed study of their trafficking
that isn’t possible using conventional small-molecule probes.

The aim of this project was to produce fluorescent probes that can be used to study

1OR heterodimers. These probes will be achieved in four stages:

1. Functionalization of the selected targeting ligands to allow for conjugation to the fluores-

cent tags.

2. Conjugation of functionalized ligands to organic fluorescent tags as tool compounds and

as a reference for nanoparticle-based systems.

3. Synthesis and functionalization of the desired nanoparticles for colloidal stability and

biocompatibility.
4. Conjugation of the targeting ligand to the nanoparticles.

At each stage, the products will be validated in the appropriate assays in order to
ensure each component works as expected. This cycle will be repeated for every targeting
ligand used throughout. The final nanoparticle conjugates may then be used to study GPCR

heterodimerization.
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1.4.2 Hypothesis

These opioid agonist fluorescent probes will assist in the study of the signal transduction and

recycling pathways of MOR, heterodimers.

1.5 The Monash-Nottingham Joint Doctoral Training Program Rotations

As this PhD was completed as part of the new Monash-Nottingham Joint Doctoral Training
Program, "lab rotations" were required to be completed. This involved working in different labs
within the faculty for a period of six weeks each. The objective of each rotation was to learn
varying skill sets that may be utilized throughout the project. Each of the rotations have been
covered in the relevant chapters, as the work done integrates into the primary objectives of the

project. For this purpose, the three rotations were as follows:

1. Dr David Chalmer’s lab doing computational chemistry, performing some preliminary

docking and molecular dynamics simulations.

2. A/Prof. Bim Graham’s lab exploring nanoparticle chemistry, beginning the synthesis of

gold nanorods and exploring various coats for the particles.

3. Prof. Peter J. Scammells’ lab beginning the synthesis of opiate congeners for elaboration

into fluorescent probes.

1 INTRODUCTION 36



REFERENCES

References

(1)

Granier, S., Manglik, A., Kruse, A. C., Kobilka, T. S., Thian, F. S., Weis, W. 1., and
Kobilka, B. K., (2012). Structure of the §-opioid receptor bound to naltrindole. Nature

485, 400-404.

Spetea, M., Asim, M. F., Wolber, G., and Schmidhammer, H., (2013). The opioid
receptor and ligands acting at the p opioid receptor, as therapeutics and potential ther-

apeutics. Curr. Pharm. Des. 19, T415-7434.

Matthes, H. W. D., Maldonado, R., Simonin, F., Valverde, O., Slowe, S., Kitchen,
I., Befort, K., Dierich, A., Le Meur, M., Dollé, P., Tzavara, E., Hanoune, J., Roques,
B. P., and Kieffer, B. L., (1996). Loss of morphine-induced analgesia, reward effect and

withdrawal symptoms in mice lacking the p-opioid-receptor gene. Nature 383, 819-823.

Mollereau, C., Parmentier, M., Mailleux, P., Butour, J.-L., Moisand, C., Chalon, P.,
Caput, D., Vassart, G., and Meunier, J.-C., (1994). ORL1, a novel member of the opioid
receptor family: Cloning, functional expression and localization. FEBS Lett. 341, 33-38.

Thompson, A. A., Liu, W., Chun, E., Katritch, V., Wu, H., Vardy, E., Huang, X.-P.,
Trapella, C., Guerrini, R., Calo, G., Roth, B. L., Cherezov, V., and Stevens, R. C.,

(2012). Structure of the nociceptin/orphanin FQ receptor in complex with a peptide
mimetic. Nature 485, 395-399.

Bodnar, R. J., (2013). Endogenous opiates and behavior: 2012. Peptides 50, 55-95.

Manglik, A., Kruse, A. C., Kobilka, T. S., Thian, F. S., Mathiesen, J. M., Sunahara,
R. K., Pardo, L., Weis, W. 1., Kobilka, B. K., and Granier, S., (2012). Crystal structure

of the p-opioid receptor bound to a morphinan antagonist. Nature 485, 321-326.

Huang, W., Manglik, A., Venkatakrishnan, A. J., Laeremans, T., Feinberg, E. N., San-
born, A. L., Kato, H. E., Livingston, K. E., Thorsen, T. S., Kling, R. C., Granier, S.,
Gmeiner, P., Husbands, S. M., Traynor, J. R., Weis, W. 1., Steyaert, J., Dror, R. O.,

REFERENCES 37



REFERENCES

(10)

(11)

(12)

and Kobilka, B. K., (2015). Structural insights into u-opioid receptor activation. Nature
524, 315-321.

Wu, H., Wacker, D., Mileni, M., Katritch, V., Han, G. W., Vardy, E., Liu, W., Thompson,
A. A., Huang, X.-P., Carroll, F. 1., Mascarella, S. W., Westkaemper, R. B., Mosier, P. D.,
Roth, B. L., Cherezov, V., and Stevens, R. C., (2012). Structure of the human x-opioid

receptor in complex with JDTic. Nature 485, 327-332.

Blakemore, P. R., and White, J. D., (2002). Morphine, the Proteus of organic molecules.
Chem. Commun. 1159-1168.

Bohn, L. M., Gainetdinov, R. R., Lin, F. T., Lefkowitz, R. J., and Caron, M. G., (2000).
1-Opioid receptor desensitization by S-arrestin-2 determines morphine tolerance but not

dependence. Nature 408, 720-723.

Bohn, L. M., Dykstra, L. A., Lefkowitz, R. J., Caron, M. G., and Barak, L. S., (2004).
Relative opioid efficacy is determined by the complements of the G protein-coupled

receptor desensitization machinery. Mol. Pharmacol. 66, 106-112.

United Nations Office on Drugs and Crime, Afghanistan Opium Survey 2014 - Cultiva-

tion and Production., 2014, p 67.

United Nations Office on Drugs and Crime, Afghanistan Opium Survey 2016 - Cultiva-

tion and Production., December, 2016, p 65.

European Monitoring Centre for Drugs and Drug Addiction, European Drug Report

2017: Trends and Developments., Luxembourg, 2017, p 90.
United Nations Office on Drugs and Crime, World Drug Report 2016., 2016, p 174.

Rudd, R. A., Aleshire, N., Zibbell, J. E., and Gladden, R. M., (2016). Increases in drug
and opioid overdose deaths - United States, 2000-2015. Cent. Dis. Prev. - Morb. Mortal.

Wkly. Rep. 65, 2010-2015.

Monheit, B., Pietrzak, D., and Hocking, S., (2016). Prescription drug abuse - a timely
update. Focus (Madison). 45, 862-866.

REFERENCES 38



REFERENCES

(25)

(26)

(27)

(28)

Jamieson, A., Finding without inquest into the death of Frank Edward Frood., tech.

rep., Melbourne: Coronors Court of Victoria, 2016.
Australian Medicines Handbook 2017; AMH Pty Ltd: Adelaide, 2017.

Binyaminy, B., Gafni, M., Shapira, M., and Sarne, Y., (2008). Agonist-specific down
regulation of mu-opioid receptors: Different cellular pathways are activated by different

opioid agonists. Life Sci. 82, 831-839.

Lamb, K., Tidgewell, K., Simpson, D. S., Bohn, L. M., and Prisinzano, T. E., (2012).
Antinociceptive effects of herkinorin, a MOP receptor agonist derived from salvinorin
A in the formalin test in rats: new concepts in mu opioid receptor pharmacology: from
a symposium on new concepts in mu-opioid pharmacology. Drug Alcohol Depend. 121,

181-188.

Connor, M., Osborne, P. B., and Christie, M. J., (2004). u-Opioid receptor desensitiza-
tion: is morphine different? Br. J. Pharmacol. 143, 685-696.

Yu, Y., Zhang, L., Yin, X., Sun, H., Uhl, G. R., and Bei, J., (1997). x Opioid receptor

phosphorylation, desensitization, and ligand efficacy. J. Biol. Chem. 272, 28869-28874.

Lee, C., and Ho, I.-K., (2013). Pharmacological profiles of oligomerized p-opioid recep-
tors. Cells 2, 689-714.

Pfeiffer, M., Kirscht, S., Stumm, R., Koch, T., Wu, D., Laugsch, M., Schréder, H., Hollt,
V., and Schulz, S., (2003). Heterodimerization of substance P and p-opioid receptors

regulates receptor trafficking and resensitization. J. Biol. Chem. 278, 51630-51637.

Fujita, W., Gomes, 1., and Devi, L. A., (2015). Heteromers of p-é opioid receptors: new

pharmacology and novel therapeutic possibilities. Br. J. Pharmacol. 172, 375-387.

Daniels, D. J., Lenard, N. R., Etienne, C. L., Law, P.-Y., Roerig, S. C., and Portoghese,
P. S., (2005). Opioid-induced tolerance and dependence in mice is modulated by the

distance between pharmacophores in a bivalent ligand series. Proc. Natl. Acad. Sci. U.

S. A. 102, 19208-19213.

REFERENCES 39



REFERENCES

(29)

(30)

(31)

(32)

(33)

(35)

Yekkirala, A. S., Kalyuzhny, A. E., and Portoghese, P. S., (2013). An immunocytochemical-
derived correlate for evaluating the bridging of heteromeric mu-delta opioid protomers

by bivalent ligands. ACS Chem. Biol. 8, 1412-1416.

Aceto, M. D., Harris, L. S., Negus, S. S., Banks, M. L., Hughes, L. D., Akgiin, E., and
Portoghese, P. S., (2012). MDAN-21: A bivalent opioid ligand containing mu-agonist and
delta-antagonist pharmacophores and its effects in rhesus monkeys. Int. J. Med. Chem.
2012, 1-6.

Le Naour, M., Akgiin, E., Yekkirala, A., Lunzer, M. M., Powers, M. D., Kalyuzhny,
A. E., and Portoghese, P. S.; (2013). Bivalent ligands that target p opioid (MOP) and

cannabinoidl (CB1) receptors are potent analgesics devoid of tolerance. J. Med. Chem.

56, 5505-5513.

Portoghese, P. S., Nelson, W. L., and Takemoris, A. E., (1992). § Opioid antagonist
activity and binding studies of regioisomeric isothiocyanate derivatives of naltrindole:

evidence for ¢ receptor subtypes. J. Med. Chem. 35, 4086—4091.

Golebiewska, U., Johnston, J. M., Devi, L., Filizola, M., and Scarlata, S., (2011). Dif-
ferential response to morphine of the oligomeric state of p-opioid in the presence of

0-opioid receptors. Biochemistry 50, 2829-2837.

Yekkirala, A. S., Banks, M. L., Lunzer, M. M., Negus, S. S., Rice, K. C., and Portoghese,
P. S., (2012). Clinically employed opioid analgesics produce antinociception via yu-d opioid
receptor heteromers in Rhesus monkeys. ACS Chem. Neurosci. 3, 720-727.

Thompson, G. L., Lane, J. R., Coudrat, T., Sexton, P. M., Christopoulos, A., and Canals,

M., (2015). Biased agonism of endogenous opioid peptides at the p-opioid receptor. Mol.
Pharmacol. 88, 335-346.

Thompson, G. L., Lane, J. R., Coudrat, T., Sexton, P. M., Christopoulos, A., and Canals,
M., (2016). Systematic analysis of factors influencing observations of biased agonism at

the mu-opioid receptor. Biochem. Pharmacol. 1153, 70-87.

REFERENCES 40



REFERENCES

(38)

(39)

Tidgewell, K., Groer, C. K., Harding, W. W., Lozama, A., Schmidt, M., Marquam, A.,
Hiemstra, J., Partilla, J. S., Dersch, C. M., Rothman, R. B., Bonn, L. M., and Prisinzano,
T. E., (2008). Herkinorin analogues with differential S-arrestin-2 interactions. J. Med.

Chem. 51, 2421-2431.

Kim, J. A., Bartlett, S., He, L., Nielsen, C. K., Chang, A. M., Waldhoer, M., Ou, C. J.,
Taylor, S., Ferwerda, M., and Whistler, J. L., (2008). Morphine-induced endocytosis
of the mu opioid receptor in a novel knock in mouse enhances analgesia and reduces

tolerance and dependence. Curr. Biol. 18, 129-135.

Manglik, A., Lin, H., Aryal, D. K., McCorvy, J. D., Dengler, D., Corder, G., Levit,
A., Kling, R. C., Bernat, V., Hiibner, H., Huang, X.-P., Sassano, M. F., Giguere, P. M.,
Lober, S., Duan, D., Scherrer, G., Kobilka, B. K., Gmeiner, P., Roth, B. L., and Shoichet,
B. K., (2016). Structure-based discovery of opioid analgesics with reduced side effects.
Nature 537, 185-190.

Fournie-Zaluski, M. C., Gacel, G., Roques, B. P., Senault, B., Lecomte, J. M., Malfroy,
B., Swerts, J. P., and Schwartz, J. C.; (1978). Fluorescent enkephalin derivatives with
biological activity. Biochem. Biophys. Res. Commun. 83, 300-305.

Mihara, H., Lee, S., Shimohigashi, Y., Aoyagi, H., Kato, T., Izumiya, N., and Costa,
T., (1985). 6 And p opiate receptor probes: fluorescent enkephalins with high receptor
affinity and specificity. FEBS Lett. 193, 35-38.

Arttamangkul, S., Alvarez-Maubecin, V., Thomas, G., Williams, J. T., and Grandy,
D. K., (2000). Binding and internalization of fluorescent opioid peptide conjugates in
living cells. Mol. Pharmacol. 58, 1570-1580.

Arttamangkul, S., Torrecilla, M., Kobayashi, K., Okano, H., and Williams, J. T., (2006).
Separation of p-opioid receptor desensitization and internalization: endogenous receptors

in primary neuronal cultures. J. Neurosci. 26, 4118-4125.

REFERENCES 41



REFERENCES

(51)

(52)

Macey, T. A., Ingram, S. L., Bobeck, E. N., Hegarty, D. M., Aicher, S. A., Artta-
mangkul, S.; and Morgan, M. M., (2010). Opioid receptor internalization contributes to

dermorphin-mediated antinociception. Neuroscience 168, 543-550.

Macey, T. A., Bobeck, E. N., Suchland, K. L., Morgan, M. M., and Ingram, S. L., (2015).
Change in functional selectivity of morphine with the development of antinociceptive

tolerance. Br. J. Pharmacol. 172, 549-561.

Kolb, V. M., Koman, A., and Terenius, L., (1983). Fluorescent probes for opioid recep-
tors. Life Sci. 33, 423-426.

Archer, S., Medzihradsky, F., Seyed-Mozaffari, A., and Emmerson, P. J., (1992). Synt-
hesis and characterization of 7-nitrobenzo-2-oxa-1,3-diazole (NBD)-labeled fluorescent

opioids. Biochem. Pharmacol. 43, 301-306.

Emmerson, P. J., Archer, S., El-Hamouly, W., Mansour, A., Akil, H., and Medzihradsky,
F., (1997). Synthesis and characterization of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)-labeled fluorescent ligands for the mu opioid receptor. Biochem. Pharmacol.
54, 1315-1322.

Schembri, L. S., Stoddart, L. A., Briddon, S. J., Kellam, B., Canals, M., Graham, B.,
and Scammells, P. J., (2015). Synthesis, biological evaluation, and utility of fluorescent

ligands targeting the p-opioid receptor. J. Med. Chem. 58, 9754-9767.

Ekimov, A., and Onushchenko, A.; (1982). Quantum size effect in the optical-spectra

of semiconductor micro-crystals. Sov. Phys. Semicond. 16, 775-T78.

Deerinck, T. J., (2008). The application of fluorescent quantum dots to confocal, mul-

tiphoton, and electron microscopic imaging. Tozicol. Pathol. 36, 112-116.

Rosenthal, S. J., Tomlinson, 1., Adkins, E. M., Schroeter, S., Adams, S., Swafford, L.,
McBride, J., Wang, Y., DeFelice, L. J., and Blakely, R. D., (2002). Targeting cell surface

receptors with ligand-conjugated nanocrystals. J. Am. Chem. Soc. 124, 4586-4594.

REFERENCES 42



REFERENCES

(96)

(57)

(58)

(60)

(61)

Fichter, K. M., Flajolet, M., Greengard, P., and Vu, T. Q., (2010). Kinetics of G-protein-
coupled receptor endosomal trafficking pathways revealed by single quantum dots. Proc.

Natl. Acad. Sci. U. S. A. 107, 18658-18663.

Schieber, C., Bestetti, A., Lim, J. P., Ryan, A. D., Nguyen, T. L., Eldridge, R., White,
A. R., Gleeson, P. A., Donnelly, P. S., Williams, S. J., and Mulvaney, P., (2012). Conjuga-
tion of transferrin to azide-modified CdSe/ZnS core-shell quantum dots using cyclooctyne

click chemistry. Angew. Chemie - Int. Ed. 51, 10523-10527.

Huy, B. T., Seo, M.-H., Kumar, A. P., Jeong, H., and Lee, Y.-I., (2014). Synthesis and
photoluminescence of Cr-, Ni-, Co-, and Ti-doped ZnSe nanoparticles. J. Alloys Compd.
588, 127-132.

Liu, W., Greytak, A. B., Lee, J., Wong, C. R., Park, J., Marshall, L. F., Jiang, W.,
Curtin, P. N., Ting, A. Y., Nocera, D. G., Fukumura, D., Jain, R. K., and Bawendi,
M. G., (2010). Compact biocompatible quantum dots via RAFT-mediated synthesis of

imidazole-based random copolymer ligand. J. Am. Chem. Soc. 132, 472-483.

Turkevich, J., Stevenson, P. C., and Hillier, J., (1951). A study of the nucleation and

growth processes in the synthesis of colloidal gold. Discuss. Faraday Soc. 11, 55-75.

Frens, G., (1973). Controlled nucleation for the regulation of the particle size in mono-

disperse gold suspensions. Nat. Phys. Sci. 241, 20-22.

Schulz, F., Homolka, T., Bastus, N. G., Puntes, V. F., Weller, H., and Vossmeyer, T.,
(2014). Little adjustments significantly improve the turkevich synthesis of gold nanopar-
ticles. Langmuir 30, 10779-10784.

Amendola, V., Pilot, R., Frasconi, M., Marago, O. M., and Iati, M. A., (2017). Surface
plasmon resonance in gold nanoparticles: a review. J. Phys. Condens. Matter 29, 203002—

203050.

Sokolov, K., Follen, M., Aaron, J., Pavlova, 1., Malpica, A., Lotan, R., and Richards-

kortum, R., (2003). Real-time vital optical imaging of precancer using anti-epidermal

REFERENCES 43



REFERENCES

(62)

(65)

(67)

(68)

(69)

(70)

growth factor receptor antibodies conjugated to gold nanoparticles. Cancer Res. 63,

1999-2004.

Aioub, M. S.; and El-Sayed, M. A., (2016). A real-time surface enhanced Raman
spectroscopy study of plasmonic photothermal cell death using targeted gold nanoparti-

cles. J. Am. Chem. Soc. 138, 1258-1264.

Mader, H., Li, X., Saleh, S., Link, M., Kele, P., and Wolfbeis, O. S., (2008). Fluorescent

silica nanoparticles. Ann. N. Y. Acad. Sci. 1130, 218-223.

El-Sayed, I. H., Huang, X., and El-Sayed, M. A., (2006). Selective laser photo-thermal
therapy of epithelial carcinoma using anti-EGFR antibody conjugated gold nanoparti-
cles. Cancer Lett. 239, 129-135.

Chang, J. C., and Rosenthal, S. J., (2012). Visualization of lipid raft membrane com-
partmentalization in living RN46A neuronal cells using single quantum dot tracking.

ACS Chem. Neurosci. 3, T37-743.

Hutter, E., and Maysinger, D., (2011). Gold nanoparticles and quantum dots for bioi-
maging. Microsc. Res. Tech. 74, 592-604.

Yorulmaz, M., Khatua, S., Zijlstra, P., Gaiduk, A., and Orrit, M., (2012). Luminescence

quantum yield of single gold nanorods. Nano Lett. 12, 4385-4391.

Dreaden, E. C., Alkilany, A. M., Huang, X., Murphy, C. J., and El-Sayed, M. A., (2012).

The golden age: gold nanoparticles for biomedicine. Chem. Soc. Rev. 41, 2740-2779.

Durr, N. J., Larson, T., Smith, D. K., Korgel, B. A., Sokolov, K., and Ben-Yakar, A.,
(2007). Two-photon luminescence imaging of cancer cells using molecularly targeted gold

nanorods. Nano Lett. 7, 941-945.

Jana, N. R., Gearheart, L., and Murphy, C. J., (2001). Wet chemical synthesis of high
aspect ratio cylindrical gold nanorods. J. Phys. Chem. B 105, 4065-4067.

REFERENCES 44



REFERENCES

(71)

(72)

(73)

(75)

(76)

(77)

(78)

Jana, N. R., Gearheart, L., and Murphy, C. J., (2001). Seed-mediated growth appro-
ach for shape-controlled synthesis of spheroidal and rod-like gold nanoparticles using a

surfactant template. Adv. Mater. 13, 1389-1393.

Nikoobakht, B., and El-Sayed, M. A., (2003). Preparation and growth mechanism of
gold nanorods (NRs) using seed-mediated growth method. Chem. Mater. 15, 1957-1962.

Ye, X., Jin, L., Caglayan, H., Chen, J., Xing, G., Zheng, C., Doan-Nguyen, V., Kang, Y.,
Engheta, N., Kagan, C. R., and Murray, C. B., (2012). Improved size-tunable synthesis
of monodisperse gold nanorods through the use of aromatic additives. ACS Nano 6,

2804-2817.

Zhong, Y., Wang, C., Cheng, L., Meng, F., Zhong, Z., and Liu, Z., (2013). Gold nanorod-
cored biodegradable micelles as a robust and remotely controllable doxorubicin release
system for potent inhibition of drug-sensitive and resistant cancer cells. Biomacromole-

cules 14, 2411-2419.

Mubeen, S., Lee, J., Lee, W.-R., Singh, N., Stucky, G. D., and Moskovits, M., (2014).
On the plasmonic photovoltaic. ACS Nano 8, 6066-6073.

Carbo-Argibay, E., Rodriguez-Gonzalez, B., Gémez-Grana, S., Guerrero-Martinez, A.,
Pastoriza-Santos, 1., Pérez-Juste, J., and Liz-Marzan, L. M., (2010). The crystalline
structure of gold nanorods revisited: evidence for higher-index lateral facets. Angew.

Chem. Int. Ed. Engl. 49, 9397-9400.

Mohamed, M. B., Volkov, V., Link, S., and El-Sayed, M. A., (2000). The ‘lightning’
gold nanorods: fluorescence enhancement of over a million compared to the gold metal.

Chem. Phys. Lett. 317, 517-523.

Vigderman, L., Khanal, B. P., and Zubarev, E. R., (2012). Functional gold nanorods:

synthesis, self-assembly, and sensing applications. Adv. Mater. 24, 4811-4841.

REFERENCES 45



REFERENCES

(80)

(81)

(82)

(85)

(86)

(87)

Eustis, S., and El-Sayed, M., (2005). Aspect ratio dependence of the enhanced fluores-
cence intensity of gold nanorods: experimental and simulation study. J. Phys. Chem. B

109, 16350-16356.

Wang, H., Huff, T. B., Zweifel, D. A., He, W., Low, P. S.; Wei, A., and Cheng, J.-X.,
(2005). In vitro and in vivo two-photon luminescence imaging of single gold nanorods.

Proc. Natl. Acad. Sci. U. S. A. 102, 15752-15756.

Wang, T., Halaney, D., Ho, D., Feldman, M. D., and Milner, T. E., (2013). Two-photon

luminescence properties of gold nanorods. Biomed. Opt. Express 4, 584-595.

Jackson, S. R., McBride, J. R., Rosenthal, S. J., and Wright, D. W., (2014). Where’s
the silver? Imaging trace silver coverage on the surface of gold nanorods. J. Am. Chem.

Soc. 156, 5261-5263.

Ahmed, M., and Narain, R., (2010). Rapid synthesis of gold nanorods using a one-step

photochemical strategy. Langmuir 26, 18392-18399.

Su, G., Yang, C., and Zhu, J.-J., (2015). Fabrication of gold nanorods with tunable
longitudinal surface plasmon resonance peaks by reductive dopamine. Langmuir 31, 817

823.

Huang, X., El-Sayed, I. H., Qian, W., and El-Sayed, M. A., (2006). Cancer cell imaging
and photothermal therapy in the near-infrared region by using gold nanorods. J. Am.

Chem. Soc. 128, 2115-2120.

Hutter, E., Boridy, S., Labrecque, S., Lalancette-Hébert, M., Kriz, J., Winnik, F. M.,
and Maysinger, D., (2010). Microglial response to gold nanoparticles. ACS Nano 4, 2595—
2606.

Yao, S., Cai, H-H., Liu, M., and Yang, P.-H., (2014). Fluorescent labeling of cellular

targets and multicolor imaging with gold nanorods. Dye. Pigment. 101, 286-294.

REFERENCES 46



REFERENCES

(89)

(90)

(91)

(95)

Burrows, N. D., Lin, W., Hinman, J. G., Dennison, J. M., Vartanian, A. M., Abadeer,
N. S., Grzincic, E. M., Jacob, L. M., Li, J., and Murphy, C. J., (2016). The surface

chemistry of gold nanorods. Langmuir 32, 9905-9921.

Bogliotti, N., Oberleitner, B., Di-Cicco, A., Schmidt, F., Florent, J.-C., and Semetey, V.,
(2011). Optimizing the formation of biocompatible gold nanorods for cancer research:

functionalization, stabilization and purification. J. Colloid Interface Sci. 357, 75-81.

Zhang, Z., and Lin, M., (2014). Fast loading of PEG-SH on CTAB-protected gold
nanorods. RSC Adv. 4, 17760-17767.

Leonov, A. P., Zheng, J., Clogston, J. D., Stern, S. T., Patri, A. K., and Wei, A.,
(2008). Detoxification of gold nanorods by treatment with polystyrenesulfonate. ACS
Nano, 2481-2488.

Mehtala, J. G., Zemlyanov, D. Y., Max, J. P., Kadasala, N., Zhao, S., and Wei, A.,
(2014). Citrate-stabilized gold nanorods. Langmuir 30, 13727-13730.

Stoddart, L. A., Vernall, A. J., Briddon, S. J., Kellam, B., and Hill, S. J., (2015).
Direct visualisation of internalization of the adenosine Aj receptor and localization with

arrestind using a fluorescent agonist. Neuropharmacol. 98, 68-77.

Vernall, A. J., Stoddart, L. A., Briddon, S. J., Ng, H. W., Laughton, C. A., Doughty,
S. W., Hill,; S. J., and Kellam, B., (2013). Conversion of a non-selective adenosine receptor
antagonist into A3-selective high affinity fluorescent probes using peptide-based linkers.

Org. Biomol. Chem. 11, 5673-5682.

Middleton, R. J., Briddon, S. J., Cordeaux, Y., Yates, A. S., Dale, L., George, M. W.,
Baker, J. G., Hill, S. J., and Kellam, B., (2007). New fluorescent adenosine A;-receptor
agonists that allow quantification of ligand - receptor interactions in microdomains of

single living cells. J. Med. Chem. 50, 782-793.

REFERENCES 47



REFERENCES

(96)

(97)

Baker, J. G., Hall, I. P., and Hill, S. J., (2003). Pharmacology and direct visualisa-
tion of BODIPY-TMR-~CGP: a long-acting fluorescent (,-adrenoceptor agonist. Br. J.
Pharmacol. 139, 232-242.

Baker, J. G., Middleton, R., Adams, L., May, L. T., Briddon, S. J., Kellam, B., and
Hill, S. J., (2010). Influence of fluorophore and linker composition on the pharmacology
of fluorescent adenosine A; receptor ligands: themed section: imaging in pharmacology

research paper. Br. J. Pharmacol. 159, 772-786.

Vernall, A. J., Stoddart, L. A., Briddon, S. J., Hill, S. J., and Kellam, B., (2012). Highly
potent and selective fluorescent antagonists of the human adenosine A3 receptor based

on the 1,2,4-triazolo[4,3-a]quinoxalin-1-one scaffold. J. Med. Chem. 55, 1771-1782.

REFERENCES 48



49



2 Molecular Modelling of the Opioid Receptors

2 MOLECULAR MODELLING OF THE OPIOID RECEPTORS 50



2.1 Receptor Subtype Selectivity based on Docking Methods

2.1 Receptor Subtype Selectivity based on Docking Methods

Molecular modelling was first conducted in an attempt to develop a computational model to ena-
ble the design of MOR selective congeners using the molecular modelling package Maestro from
Schrodinger. Due to the availability of the crystal structures of the MOR, DOR and KOR, re-
ceptor subtype selectivity was explored via a docking method.?™* Briefly, the antagonist-bound
crystal structures of all three classical opioid receptors were prepared for docking by removal of
the crystal structure ligand, as well as any lipids, salts and accessory water molecules present.
Those water molecules thought to play an important role in hydrogen-bonding networks were
left in the structure. These three molecules were selected based on the discussion from Manglik
et al. and were thought to participate in a critical water mediated hydrogen-bonding network?.
A boundary box of 10 A around the crystal structure ligand was set to limit poses outside the
binding pocket. Using these prepared structures, a library of literature ligands (both agonists
and antagonists, see Appendix 8.1.1) with known Kp values at all classical opioid receptors
were docked into each receptor using Glide. The results were then manually inspected for reaso-
nably docked poses and the Glide scores were ranked against the Kp ranking (Figure 15). The
MOR showed good Spearman rank correlation with a score of 0.77, indicating good agreement
between the Glide score and the literature Kp value (Figure 15). However, this was not true
of the DOR and KOR, where no correlation was observed.

Many factors may have affected the outcomes observed. The receptors themselves are a
static snapshot of a dynamic system. In addition to this, they are all posed as antagonist-bound
structures, potentially biasing them towards selecting antagonists over agonists. Furthermore,
the type of ligand bound may have affected the specific antagonist structure. In the case of
MOR, -FNA was used, which is an irreversible antagonist, removing it from the clinically used
reversible ligands.? Secondly, the ligand selection may not have been ideal. Generally for these
types of studies, a variety of ligands spanning a wide range of potencies are used, with Kp
ranging between the nanomolar and micromolar ranges. However, quite often this type of data

is not available, as poorly binding novel ligands are not published, which is especially true of
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Figure 15. A comparison of the docking Glide score rank against the literature Kp rank. Note the
lack of any correlation for both the DOR and KOR. A Spearman rank correlation of 0.77 was calculated
for the MOR. Together, these data suggest that subtype selectivity cannot be determined using these
crystal structure models.

the opioid receptors due to the vast body of work already done on this class of ligands. Further
compounding the issue in this particular case is the requirement of having ligands where Kp’s
are known for all the classical opioid receptor subtypes. Again, this data is usually only assessed
if the compounds prove to be promising. This lack of data limits the array of compounds that
can be used for this sort of study. Due to these limitations, compounds of relatively similar
Kp’s were used, potentially limiting the scope of the study.

Various attempts were conducted to optimize this. Varying the boundary box, altering
the presence of the "essential" water molecules, and changing force field conditions all failed to
give better results. Furthermore, when a flexible docking method was attempted, an overall
decrease in Spearman rank correlation was observed. It was thought that a flexible docking
method would allow the amino acid sidechains to move in order to accommodate varying ligands.
Instead, this method allowed the ligands to be packed into the binding pocket in a variety of

poses, rather than adopting more reasonable ones.
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Agonist Homology Structure

At the time of this work, the crystal structure of an agonist-bound MOR had yet to be described.
In an attempt to optimize these models to be more agonist specific, molecular dynamics (MD)
simulations were run in an attempt to generate agonist structure homology models. To begin,
the structure of the receptor had to be completed, as the crystal structure utilized a fusion
protein in order to attain protein crystallization.” This T4 lysozyme fusion protein was removed
and the IL3 loop rebuilt with the correct sequence (UniProtKB P42866) and minimized. The
prototypical opiate morphine was then docked into the MOR using Glide as per the previously
described methodology (Chapter 2.1). This structure was then embedded in a membrane and
solvated using the molecular dynamics (MD) simulation software DESMOND (D. E. Shaw
Research group) (Figure 16). This system was then relaxed using a 1 ns simulation where
the protein and ligand were held stationary, allowing the water and lipids to relax. This was
followed by another 1 ns simulation where only the ligand and protein backbone were held
rigid, allowing the amino acid sidechains to relax. The resulting system was then allowed to
simulate for 70 ns.

Following this simulation, snapshots from every 5 ns were taken. The ligand, lipids
and water were all removed, leaving only those "essential' water molecules participating in
the hydrogen-bonding network. These were then prepared for docking using three different
methods; simple preprocessing using standard precision docking, standard protein preparation
with standard precision docking, or standard protein preparation with extra precision docking.
For the purposes of assessing these snapshots, a training set of compounds was assembled (see
Appendix 8.1.2). Specifically, all ligands selected were known agonists or partial agonists of
the MOR, with known Kp values across all classical opioid receptors. This is obviously a much
stricter set of compounds compared to those used for the initial docking study. However, as
we wished to assess whether we could select an agonist pose, it was important to eliminate any

known antagonists, or where the pharmacological activity was unclear.
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Figure 16. The reconstructed MOR embedded in a membrane ready for an MD simulation. Here,
the water and salt molecules have been removed for clarity.

Table 1: Datasets from MD snapshot frame docking. Three different docking methods were utili-
zed; simply preprocessing the receptor as per standard method then docking using standard precision,
running the receptor structure through the standard preparation wizard then docking using standard pre-
cision, and finally running the structure preparation wizard followed by docking using extra precision.
These results were then analyzed using Spearman rank correlation. These results show that docking
with the 30 ns snapshot using the extra precision method gave the best Spearman rank correlation using

the training set of compounds.

| 4DKL | 5ns | 10 ns | 15ns | 20 ns | 25 ns | 30 ns | 35 ns

Preprocessed 0.50 [0.35| 048 | 0.36 | 0.39 | 0.37 | 0.48 | 0.11
Prepwizard 0.60 | 0.21| 0.55 | 0.34 | 0.45 | 0.41 | 0.67 | 0.39
Prepwizard XP || 0.47 | 0.46 | 0.50 | 0.39 | 0.30 | 0.37 | 0.69 | 0.43
| 40 ns | 45 ns | 50 ns | 55 ns | 60 ns | 65 ns | 70 ns
Preprocessed 0.21 | 0.29 | 0.29 | 042 | 0.31 | 0.49 | 0.38
Prepwizard 0.49 | 0.39 | 0.15 | 0.50 | 0.06 | 0.55 | 0.29
Prepwizard XP || 0.39 | 0.20 | 0.17 | 0.23 | 0.36 | 0.50 | 0.48
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The training compounds were then docked into each receptor using three different pre-
paration methods, after which reasonable poses for each ligand were selected and Spearman
rank correlations calculated for each snapshot. These were all compared to the prepared crystal
structure. The results are summarized in Table 1. As can be seen, the Spearman rank correla-
tions for the native protein were lower compared to the previous docking study where a mix of
antagonists and agonists were used. This may be due to the native antagonist bound structure
docking antagonists better than agonists, hence giving a better rank correlation compared to
here where only agonists have been used. Overall, using the extra precision docking on the 30 ns
model gave the best results, with a Spearman rank correlation of 0.69 (Figure 17). However,
using a test set (see Appendix 8.1.3), these results could not be replicated, giving a Spearman

rank correlation of -0.50 (Figure 18).
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Figure 17. Graphs showing the Kp distribution of the training set compounds (left, Kp’s given in
nM), as well a plot comparing the docking vs literature ranking for the 30 ns model (right). Docking
of this training set into the model gave a Spearman rank correlation of 0.69.

Although this is a negative result, it is not unexpected. As discussed in Chapter 1.1.1,
multiple signalling biases are known for the MOR, giving rise to a variety of pharmacological
outcomes. Different ligands may induce varying conformational changes in the receptor, giving
rise to these biases. Although ligand biases are known for the more well known clinically used
opiates such as morphine,#® for more novel opioids these are not extensively studied and are

therefore unknown. Ideal training and test sets in this case would be composed of compounds
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with known Kp values for all opioid receptors across a range of values, and where the signalling
biases are consistent across all compounds. This type of data is unavailable for a variety of
reasons. As previously discussed, compounds where the binding data is not promising are
generally not further evaluated for binding at other receptor subtypes or for their signalling
biases. For these reason the ideal training and test sets could not be assembled, potentially

resulting in the negative result observed.
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Figure 18. Graphs showing the Kp distribution of the test set compounds (left, Kp’s given in nM),
as well a plot comparing the docking vs literature ranking for the 30 ns model (right). Docking of
this test set into the model gave a Spearman rank correlation of -0.50. These data suggest that the
binding of these ligands to the structures may be highly specific, different ligands may cause a variety
of conformational changes, all of which may be active confomers.

Several limitations were inherent with this study. First, the limited simulation time may
not have given the system sufficient time to adopt an "agonist" pose. The 70 ns simulation
time was chosen as a compromise between giving the system sufficient time to move and a
reasonable computer time (roughly 10 days). Furthermore, snapshots were selected at regular
intervals. Ideally, smaller intervals could be used, or a statistical method could be used to
identify the most diverse range of snapshots that would potentially give the most promising
results. The use of an automated script would also increase the likelihood of finding a homology,
as this would enable searching of a far larger number of structures throughout the duration of

the simulation. However, given the time restraints for this section of the project, these could
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not be done. In addition to this, the agonist pose of a GPCR is typically not as stable as
the inactive conformation,’ and requires accessory proteins to stabilize this conformation. In
whole cells, this is accomplished by the association of the G proteins to the intracellular loops
and tail. The lack of the necessary accessory proteins throughout the simulation may have also
reduced the probability of attaining an agonist pose through this method.

Despite this, several interesting observations were made during MD studies regarding
the interactions between morphine and the MOR. First, it was noted that the 3-OH phenol
was critical for binding, as it participates in a water mediated hydrogen-bonding network with
HIS297, which is similar to the binding observed in the crystal structure. Indeed, it is known
that modification of the 3-OH phenol results in loss of binding affinity, as is observed for codeine
compared to morphine.” Contrary to the crystal structure where this network is mediated by
2 water molecules, only a single molecule was observed to mediate this particular interaction.
While it is unclear why this was the case, it could be that the irreversible antagonist used in
the crystal structure necessitated an additional water to bridge the gap to form the required
interactions, or the smaller size of morphine allowed it to bury itself deeper into the binding
pocket during the MD simulation compared to the static crystal structure. In either case,
this observation suggests that ligand-specific water mediated hydrogen-bonding networks may
form. The second water molecule now appears to mediate hydrogen-bonding between the 6-
OH alcohol, TYR148, and the 3-OH phenol, which was not observed in the crystal structure.
Modification at the C-6 position is known to be tolerated. Indeed, heterocodeine, where the
6-OH is methylated rather than the 3-OH in codeine, actually has a higher affinity for the MOR
compared to morphine,” suggesting the 6-OH acts primarily as a hydrogen-bond acceptor rather
than as a donor. Why this second water molecule has "moved" from the HIS297 hydrogen-
bonding network to form a secondary network with TYR148 is unclear, but may be due to the
unrestrained nature of morphine allowing it to bury itself deeper into the binding pocket.

Throughout the MD simulation, it was observed that the first water molecule mediating
hydrogen-bonds to HIS297 was retained and remained relatively static throughout the simula-

tion time. The second water molecule mediating hydrogen-bonds to TYR148 was observed to
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exchange with the bulk solvent. However, another water molecule would always take the same
position and form the same hydrogen-bonds. These data suggest that although water mediated
hydrogen-bonding is important, second water molecule is exchangeable and may play a lesser
role in holding the ligand in place. The salt bridge between the tertiary amine of morphine and
ASP147 appeared to be a critical interaction. The ligand appeared to rotate around this criti-
cal interaction with the correct bonding geometry being maintained throughout. Indeed, it is
known that modification of this tertiary amine has a significant impact on binding affinity, and

almost all opioids contain an ionizable amine specifically for ionic interactions with ASP147.

Figure 19. Morphine at the 30 ns snapshot of the MD simulation. Distances are given in A. Note
the two water molecules that are involved in the hydrogen-bonding network. The first water molecule
mediating hydrogen-bonding between the 3-OH and HIS297 does not leave the binding pocket throughout
the duration of the MD simulation. The second water molecule mediating hydrogen-bonding between
the 6-OH and TYR148 is more labile and exchanges with the bulk solvent. Also note the salt bridge
formed between the tertiary amine and ASP147, which was observed to be a critical interaction.

2.2.1 Comparison of Generated Agonist Model with Published Structures

Following this work, an agonist-bound crystal structure was published bound to the agonist
BU72, an orvinol-based opioid.® This was achieved by stabilizing the agonist conformation

using antibody fragments derived from immunization of llamas with purified MOR bound to
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the peptide agonist DALDA. Comparison between the antagonist bound structure (4DKL?),
the agonist bound structure (5C1M?) and the 30 ns simulation structure could now be done.
Again, these are imperfect structures due to the artificial nature of protein crystallization. In
the case of the antagonist bound structure 4DKL, a fusion protein had to be used, whilst in
the case of the agonist bound structure 5C1M an antibody fragment was used to artificially
stabilize a selected agonist pose. However, these structures provide an interesting glimpse into
at least one potential active conformation of the receptor.

Overlay of the three structures provides some insight (Figure 20). Many of the com-
parisons between the antagonist and agonist bound structures have already been extensively
discussed by Huang et al. in their publication.’® The intracellular face of TM6 is displaced about
10 A into the membrane compared to the antagonist bound structure. Other subtle deviations
are also observed, however the actual binding pocket appears to be maintained between all
three structures presented. Perhaps the most enlightening observation is that helices of the
MD model are still positioned quite similarly to the antagonist bound structure, reinforcing the
idea that the 70 ns simulation time was insufficient to generate an agonist homology and that

accessory proteins may be required to stabilize the active conformation.

2.3 Conclusion

Throughout this work, it was found that subtype selectivity was difficult to ascertain based
solely on the available crystal structures. The docking studies utilizing the antagonist bound
crystal structures of the MOR, DOR and KOR failed to correctly rank compounds based on
their affinity for each of the receptors. No correlation between the docking rank and literature
Kp rank was observed for the DOR and KOR, while a Spearman rank correlation of 0.77 was
found for the MOR using a mixed set of agonists and antagonists. Further optimization of the
docking method did not improve results.

In addition to this, MD simulations were performed using DESMOND with morphine as
the ligand. Although these simulations failed to generate an agonist homology as hoped, it still

offered some interesting insights into the binding of morphine to the MOR. The critical water
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Figure 20. Owverlay of the antagonist bound (magenta), agonist bound (green) and 30 ns MD models
(yellow). Note the similarity between all three structures in the actual binding pocket. The greatest
change in conformation is observed on transmembrane heliz 6 (TM6). In the agonist bound structure,
the intracellular end of this heliz is displaced 10 A into the membrane compared to the antagonist
bound structure. Subtle changes in the overall structures between all three structures are also evident.

mediated hydrogen-bonding network was maintained throughout the simulation. Furthermore,
it was found that of the two water molecules, only the one mediating hydrogen-bonding bet-
ween the 3-OH phenol and HIS297 was critical and remained stationary. The water mediating
hydrogen-bonding between the 6-OH alcohol and TYR148 was exchangeable with the bulk
solvent.

The data gathered from these modelling studies assisted in the design of our fluorescent
morphine conjugates. All the data gathered suggests that the C-6 position is an ideal position
for functionalization and attachment of synthetic handles for conjugation to fluorescent tags.
Furthermore, the inclusion of a hydrogen-bond accepting group at this position was critical in
order to maintain the water-mediated hydrogen-bonding network observed in the simulations.
No modifications could be made to the C-3 phenol as it disrupted this network. Maintaining
this network was critical, as a probe simulating the behavior of morphine as closely as possible
was desired. The introduction of a linking group at the C-6 position could be achieved by

derivatization of the native secondary alcohol to groups such as esters, amides or ethers, followed
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by an appropriate spacer to distance the active morphine pharmacophore from the fluorescent

tag.
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2.4 Experimental
Docking Procedure

All ligands used were build using the Schrodinger Maestro package and minimized using the
MMFFs forcefield. Reasonable tautomeric and protonated states were generated manually for
each ligand where necessary.

The receptor structures (PDB or generated) were prepared by removing any excess lipids,
accessory proteins, salts and water molecules that were deemed to be unimportant. Those
water molecules deemed to be important for the formation of water-mediated hydrogen-bonding
networks were left in the structure. A Glide grid of 10 A was generated using default settings.
The prepared ligands were docked into the grid, allowing for ring conformations. 20k poses
were calculated for each ligand tautomeric and protonated state, and the top 40 poses were
written. For each ligand, all poses were manually inspected, and the top pose for each ligand
selected, with only one tautomeric/protonated state selected. These were then analyzed using

the required statistical technique.

Molecular Dynamics Simulation

Morphine was docked into the PDB structure 4DKL using the previously described method.?
The loops were rebuilt using the UniProtKB literature sequence P42866 and minimized using
the MMFFs forcefield. The resulting structure was placed into a lipid membrane using the
default settings of the MD software DESMOND (D. E. Shaw Research Group) and solvated
using TIP3P water with a physiological pH salt concentrations. The protein and ligand were
restrained and a 1 ns MD simulation run to relax the lipid and water molecules. The final state
of this simulation was taken, the protein backbone and ligand restrained and again subjected
to a 1 ns MD simulation to relax the amino acid sidechains. The final state of this relaxation
simultaion was taken and a fully unrestrained simulation was run for the requisite time (70 ns).

The structures generated were then used for further analysis.
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3.1 Morphine-based Fluorescent Probes, Paper Context

Although our ultimate goal was to produce nanoparticle-based probes for the MOR, we first
decided to address the lack of small molecule fluorescent agonist probes for the MOR. Not only
would this fill a significant gap in the literature, it would also form the foundation for all further
work in trying to produce the desired nanoparticle-based probe. Furthermore, we envisioned
that these compounds could act as a "control" system, as small molecule fluorescent probes have
been used in the characterization of other receptor systems with success.!® We anticipated
that initial characterization of the MOR could be done using small molecule fluorescent probes,
which we could then follow up with our nanoparticle-based system. The results could then
be compared to reveal any similarities or differences and the validity of our novel imaging
approach.

For our purposes, the partial agonist morphine was selected as our targeting ligand as it’s
pharmacology is of particular interest due to its wide use as a clinical analgesic. Furthermore,
this enabled focus on the design of the conjugation method rather than the ligand itself, as the
structure-activity relationships of morphine are relatively well understood. Using the modelling
data presented in Chapter 2, various conjugation designs based on the proposed ester, amide
and ether linkage methods were synthesized and assessed. The following work describes our
efforts in the design and synthesis of morphine-based fluorescent agonist probes for the MOR,

as well as their initial characterization in MOR~expressing HEK293 cells.
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ABSTRACT: Opioids, like morphine, are the mainstay analgesics for
the treatment and control of pain. Despite this, they often exhibit severe
side effects that limit dose; patients often become tolerant and
dependent on these drugs, which remains a major health concern. The
analgesic actions of opioids are primarily mediated via the p-opioid
receptor, a member of the G protein-coupled receptor superfamily.
Thus far, development of small molecule fluorescent ligands for this
receptor has resulted in antagonists, somewhat limiting the use of these
probes. Herein, we describe our work on the development of a small
molecule fluorescent probe based on the clinically used opiate
morphine and initial characterization of its behavior in cell-based assays.

B INTRODUCTION

Opioids represent a useful class of drugs for the control and
management of pain. Morphine and codeine, the active
ingredients in opium from the plant Papaver somniferum, have
been used for this purpose since early history.' More recently,
semi-synthetic opioids such as oxycodone have also become
important therapeutic agents. Semi-synthetic opioid antagonists
such as naloxone and naltrexone are also important therapeutics
used to treat opioid overdose. Despite their clinical
effectiveness, opioid agonists suffer from significant drawbacks;
dose-limiting side effects such as constipation, sedation, and
respiratory depression are common." In addition to this, opioid
drugs tend to be addictive and require higher doses as the
patient develops a tolerance for them, further compounding the
problem. In the United States alone, the CDC reported that
opioid related deaths accounted for 61% of drug overdose
related deaths between 2010 and 2015.” Furthermore, the
number of incidents has increased dramatically, with death rates
tripling during this period compared to 1999.

Opioids act via the three opioid receptor subtypes, namely
the p, k, and & opioid receptors (MOR, KOR, and DOR
respectively). The more recently discovered nociception/
orphanin FQ peptide receptor (NOPr) is another member of
the opioid receptor family but does not bind these clinically
used morphinan opioids.” Herein, we will only discuss the
MOR, as this receptor is the primary target of the most
commonly used analgesics’ and therefore holds significant
clinical interest for the development of future analgesics.

v ACS Publications @ 2018 American Chemical Society
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Binding of an agonist to MOR typically activates G/,
proteins, resulting in inhibition of adenylate cyclase and
therefore a reduction in cyclic adenosine monophosphate
(cAMP) levels." This results in an influx of K* via G protein-
mediated K* channels, causing neuron hyperpolarization and
blockade of voltage-gated Ca®* channels.” Hyperpolarization
reduces firing potential, and therefore blockade of pain
signaling, giving opioids their analgesic effects. Upon prolonged
activation, f-arrestin 2 recruitment to the MOR terminates
signaling and induces internalization of the receptor.

However, not all opioids recruit arrestin and internalize with
the same efficacy and, indeed, f-arrestin biased ligands have
been discovered which give different pharmacological out-
comes.’ The prototypical opiate morphine causes very little /-
arrestin 2 recruitment following MOR receptor activation while
also inducing significant dependency and tolerance in the
patient.” Herkinorin, like morphine, also provides analgesia
with little f-arrestin 2 recruitment but shows very low
dependence and tolerance liabilities in animal models.®
DAMGO, a peptidic agonist, induces f-arrestin 2 recruitment
while having reduced dependence and tolerance liabilities.”
PZM21, a more recent example, appears to be biased toward G;
signaling, lacking any significant P-arrestin 2 recruitment.’
Analgesia in mice has been demonstrated with fewer side effects
compared to morphine. Just from these few examples, it can be
seen that different agonists have different pharmacological
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Figure 1. Precongeners synthesized for assessing linker suitability. Note preservation of the C-6 stereocenter.

Scheme 1. Synthesis of C-6 Position Amine”

Morphine 6

“Reagents and conditions: (a) 3 M KOH in MeOH, PMB-CI, DMF, RT, 4 h, 46%; (b) (i) benzoic acid, PPh;, DIAD, toluene, 0 °C to RT, 4 h, (ii)
1:1 EtOH/1 M KOH, reflux, 20 min, 78%; (c) (i) phthalimide, PPh;, DIAD, toluene, 0 °C to RT, 4 h, (ii) EtOH, N,H,-H,0, reflux, 1 h, 34%.

outcomes despite all acting at MOR. Furthermore, Bohn et al.
have demonstrated that tolerance and dependence are not
necessarily correlated, as f-arrestin 2 knockout mice still
develop a dependence toward morphine but lack the expected
tolerance.”

Understanding the mechanisms behind the different abilities
of opioid ligands to promote arrestin recruitment and regulate
receptor signaling poses a significant challenge. The develop-
ment of fluorescent ligands to visualize G protein-coupled
receptors (GPCRs) in live cells represents a major advantage
that circumvents the use of recombinant cells and allows the
study of these receptors in natively expressing systems. One of
the earliest examples of a fluorescent opioid is described by
Fournie-Zaluski et al., in which enkephalins were conjugated to
a fluorescent dansyl sulfonyl group.'” This particular ligand has
seen limited use, perhaps due to the UV excitation maximum
and poor quantum yield of the dansyl sulfonyl group not being
particularly suitable to modern live cell imaging techniques.
The same was true of probes described by Mihara et al.,, who
conjugated enkephalins to the fluorophore L-1-pyrenylalanine."*
In both cases, introduction of the fluorescent moiety resulted in
a reduction in binding affinity compared to the native ligand.
More recent variants of these peptidic conjugates have been
described by Arttamangkul et al. using more modern
fluorophores.'” These new fluorescent ligands have been used
to study MOR internalization, desensitization, and recy-
cling. ™"

Small molecule fluorescent opioids have also been described.
Kolb et al. described the synthesis of several fluorescent
antagonists based on naloxone and naltrexone.'® Another
opioid probe bearing a 7-nitrobenzo-2-oxa-1,3-diazole fluo-
rescent label was described by Archer et al,'” quickly followed
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by another example from Emmerson et al.'"® Most recently,
Schembri et al. synthesized a series of orvinols based on the
buprenorphine scaffold and conjugated them to a range of
ﬂuorophores.19 However, in all of these cases, the fluorescent
probes described were antagonists. Although fluorescent
antagonists are still useful to visualize receptors at the plasma
membrane and to assess receptor binding, by definition, they
do not allow the study of events that follow receptor activation.
Herein, we describe our work on the synthesis and evaluation
of small molecule fluorescent opioid partial agonists.

Bl RESULTS

Model Morphine Congeners. Our aim was to develop
fluorescent derivatives of morphine, as this clinically used drug
is of particular interest. The C-6 position was chosen as our
linking point, as the body of prior literature suggests that
modifications at this point have minimal effect on ligand activity
compared to alternative positions.””*" To assess whether our
linking modifications would affect ligand activity, we first
assessed the proposed structural modifications. To this end, we
designed and synthesized model compounds comprising the
targeting ligand with short chain linker modifications. Several
linking methods were proposed, and these model compounds
are illustrated in Figure 1. Importantly, these compounds and
their syntheses were designed such that the C-6 stereocenter
would be preserved as the native S configuration.

Synthesis of our model compounds employed morphine as
the starting material. This approach necessitated initial
protection of the C-3 phenol, for which we chose the para-
methoxybenzyl (PMB) group, and this was installed in modest
yield to afford 6 (Scheme 1). This material formed the basis for
all further synthetic manipulations.
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Scheme 2. Synthesis of C-6 Position Ester and Amide Precongeners”

4 X=NH

“Reagents and conditions: (a) hexanoyl chloride, pyridine, 70 °C, 18 h, 49—80%; (b) triethylsilane, TFA, DCM, RT, 20 min, 16—39%; (c) succinic
anhydride, DMAP, TEA, MeCN, 65 °C, 16 h, 28—77%; (d) EDC-HCIl, HOBt, TEA, methylamine (2 M in THF), MeCN or DMF, RT, 3 h, 63—
84%.

Scheme 3. Synthesis of C-6 Position Ether Precongener”

OPMB
6

“Reagents and conditions: (a) (i) NaH, tert-butyl bromoacetate, THF, 0 °C to RT, 1 h, (ii) triethylsilane, TFA, DCM, RT, 1 h, 58%; (b) HCTU,
TEA, propylamine, DMF, RT, 19 h, 17%.

Table 1. pEC;, of Model Compounds As Assessed in a cAMP CAMYEL BRET Assay against h(MOR
Cpd 6-Substituent PECs0£SEM®  Relative  Epy+ SEM ¢ Relative

potency " efficacy !
Morphine -OH 7.07+0.13 - 35.7+1L7 -
1 o 6.46+£0.11 0.24 37.1+1.9 1.04
;QOW
2 9 H 6.45+0.11 0.24 28.6 1.4 0.80
3{0)1\/\WN\
o
3 o 5.98+0.11 0.08 289+1.9 0.81
SNJ\/\/\
N
4 o H 5.35+0.71 0.02 233£11.7 0.65
JiN)J\/\”/N\
h 0
H
5 ﬁoﬁfN\/\ 6.81+0.14 0.55 37.5+£2.4 1.05
o

“Results presented are the average of 3 independent experiments. bRelative to morphine. Relative potency was calculated by dividing
ECgo(morphine) by ECsy(compound). °E,.,, is the % inhibition of Forskolin-induced cAMP. 9Relative to morphine. Relative efficacy was calculated
by dividing E,,,,(compound) by E,, (morphine).
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Scheme 4. Synthesis of Ester Linked Morphine-CyS Probe 18

X

16 R'=PMB, R2=Boc
17 R'=R2=H

o _

“Reagents and conditions: (a) N-Boc-diaminoethane, HCTU, TEA, DMF, RT, 19 h, 83%; (b) triethylsilane, TFA, DCM, RT, 1 h, 51%; (c) sulfo-

CyS NHS ester (Lumiprobe), HCTU, TEA, DMF, RT, 21 h, 33%.

Scheme S. Synthesis of Ether Linked Morphine-CyS Probe 21“

(@)

“Reagents and conditions: (a) N-Boc-diaminobutane, EDC-HCl, HOBt, TEA, DMF, RT, 17 h, 36%; (b) TFA, CHCl,, RT, 1 h, quantitative; (c)

sulfo-CyS, HCTU, TEA, DMF, RT, 18 h, 40%.

An amine moiety was subsequently introduced into the 6-
position to provide a point of attachment which retains the
capacity to act as a hydrogen bond donor as per the 6-OH of
morphine after the linker has been attached. As we also wished
to maintain the native stereochemistry of the C-6 position, a
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double Mitsunobu approach was employed to install this amine,
noting that the Mitsunobu reaction has previously been
reported to invert this stereocenter in closely related
opiates.””™> Accordingly, 6-OH was first inverted using
benzoic acid under Mitsunobu conditions followed by

DOI: 10.1021/acs.jmedchem.7b01811
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saponification of the resultant ester to give the 6-isomorphine
derivative 7. A comparison of the NMR spectra of compounds
6 and 7 (Supporting Information, Figure S1) demonstrated
stereospecific inversion of this chiral center. Compound 7 was
subsequently converted to the desired S-stereoisomer via a
phthalimide promoted Mitsunobu reaction. Treatment of the
phthalimide group with hydrazine hydrate afforded 8, allowing
for linking and elongation to the desired model compounds
(Scheme 1).

Two different approaches for ester and amide conjugation
were trialed. The first, using an acid chloride, yielded
compounds 1 and 3 following phenolic deprotection (Scheme
2). Fluorophore conjugation via acyl chloride chemistry is not a
viable synthetic strategy, and we therefore designed a method
which would facilitate milder reaction conditions. Ring opening
of succinic anhydride via the C-6 amine or alcohol provided a
convenient handle for further elongation and subsequent
fluorophore conjugation under milder conditions. Methylamine
capping of this handle, followed by phenolic deprotection, gave
model compounds 2 and 4 (Scheme 2).

As an alternative linking method, an ether linker was also
proposed. Using fert-butyl bromoacetate to give the C-6 ether,
followed by global deprotection, gave 15, again possessing a
convenient handle for further linker elongation. This handle
was capped with propylamine to provide the final model amide
5 (Scheme 3).

Model compounds were functionally assessed and compared
to morphine using a bioluminescence resonance energy transfer
(BRET)-based cAMP sensor using YFP-Epac-RLuc assay
(CAMYEL) in HEK293 cells expressing the human MOR
(hMOR) and normalized against forskolin (Table 1). All
compounds were less potent than morphine, however the ester
linked model compounds (1 and 2) maintained potencies in
the mid nM range, while the amide-linked model compounds
(3 and 4) showed a significant loss in potency beyond the uM
range. The ether linked model compound S, however,
maintained the same level of maximum activity and was the
most potent model congener.

Morphine-Cy5 Conjugates. We then proceeded to
synthesize two fluorescent probes based on linker designs 2
and $. Sulfo-CyS was chosen as the fluorescent tag, as previous
work by Schembri et al. suggested that this particular
fluorophore had the least potential for inducing nonspecific
binding to the cell membrane.'” The functional handles on 11
and 15 were elongated with a simple Boc-protected diamine
chain, followed by global deprotection and chemoselective
conjugation to sulfo-CyS to give the final fluorescent morphine
probes 18 and 21 (Schemes 4 and S, respectively). In the case
of 18, the coupling reaction with sulfo-CyS NHS ester failed to
proceed to completion after 7 h. As it was thought this may
have resulted from the hydrolysis of the NHS ester to the
corresponding carboxylic acid, HCTU was added to drive the
reaction to completion (Scheme 4). In the case of 21, sulfo-CyS
free acid was used in place of the NHS ester and was installed
under standard HCTU coupling conditions (Scheme $).

Functional assessment of 18 and 21 was conducted in the
same manner as the model conjugates (Table 2). Although
both sulfo-CyS$ derivatives were still able to activate MOR with
potencies in the nM range, they showed a significant loss of
efficacy (E,,o,)- This loss in activity is consistent with previous
literature compounds, where attachment of a fluorescent tag
typically results in decreased activity.'”*® A comparison with
DAMGO in the same assay revealed that 21 clearly behaves as a
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Table 2. pEC;, Assessment of Morphine-CyS Probes

PECy, + relative e = relative
probe SEM“ potencyb SEM“¢ efficacy’
morphine  7.07 & 0.13 357 £ 1.7
18 7.34 + 037 1.85 10.7 £ 1.2 0.30
21 6.30 + 0.44 0.17 15.0 £ 3.2 0.42

“Results presented are the average of 3 independent experiments.
bRelative to morphine. Relative potency was calculated by dividing
EC;y(morphine) by ECsy(compound). °E,,, is the % inhibition of
Forskolin-induced cAMP. “Relative to morphine. Relative efficacy was
calculated by dividing E,,,,(compound) by E,,,,(morphine).

partial agonist, albeit with a lower efficacy compared to the
parent compound morphine (Figure 2).

& 50q
2 -~ DAMGO
£ 401 -= Morphine
£ 301 ~- Cpd 21
3
§ 20
S 104
©°
£ >: ,
Z o »u B
= T T T T T T 1
-10 -8 -8 -7 6 -5 -4

Log[ligand], M

Figure 2. CAMYEL assay comparing DAMGO, morphine and 21. The
probe compound 21 is clearly a partial agonist compared to the full
agonist DAMGO. Morphine is known to be a partial agonist but may
give differing levels of efficacy depending on the assay used. Results for
DAMGO and morphine are consistent with those previously
reported.””® Results presented are an average of 3 independent
experiments, with error bars representing SEM.

We then assessed whether compounds 18 and 21 were
suitable for receptor visualization using confocal microscopy.
Initial experiments were conducted to determine whether 18
and 21 bound specifically to the MOR. HEK293 stably
expressing SNAP-tagged hMOR (SNAP-hMOR) were pre-
incubated with cell impermeable SNAP-Surface 488 (BG-488,
New England BioLabs, Figure 3) to label the cell surface

Figure 3. SNAP-Surface 488 (New England BioLabs), a cell
impermeable dye targeted to the SNAP domain of SNAP-tagged
receptors. This dye enables exclusive labeling of cell surface receptor
populations.

SNAP-hMOR, then incubated in the presence or absence of the
antagonist naloxone and before exposure to the fluorescent
probes. Despite having a higher apparent pECy, value, 18
showed no specific binding to the cell surface receptor
population (Figure 4A). On the other hand, 21 was observed
to localize at the surface of cells expressing SNAP-hMOR
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SNAP-hMOR

Ligand

Figure 4. Initial high-content imaging of probes with HEK293 cells expressing SNAP-hMOR. Images are representative of 3 independent
experiments. (A) 18 at 3 4M, no specific binding of the probe to the cell surface was observed. (B) 21 at 1 uM, binding of the probe to the cell
surface was observed. (C) 21 at 1 4M preincubated with naloxone (1 M, 30 min, 37 °C), complete blockade of probe binding was observed. Scale

bars, 50 um.

(Figure 4B). 21 binding was abolished by preincubation with
naloxone (Figure 4C).

Having demonstrated that 21 could be used to visualize
specific binding to the MOR on HEK293 cell membranes, this
probe was selected for subsequent study. In HEK293 cells
stably expressing SNAP-hMOR and preincubated with BG-488,
it was found that 21 co-localized with SNAP-hMOR
predominantly on the cell membrane (Figure SA,B), which
was prevented by preincubation with naloxone, confirming the
membrane binding of 21 was to the hMOR (Figure 5C). The
bulk of the co-localized fluorescence remained at the cell
surface. Although some co-localized signals within the cells
were present, the signal from intracellular compartments was
very weak compared to that at the plasma membrane. These
data are in keeping with literature data, which suggests that
morphine only poorly induces internalization of the receptor—
ligand complex.” Because incubation with BG-488 only labels
cell surface populations of SNAP-hMOR, any internalized
receptor population must therefore have previously been on the
cell surface. In keeping with prior literature, it was found that a
wash step removed bound ligand (Figure SD)."” This is
consistent with the fast k.g rate of nonpeptide opioids and the
known fast k. rate of morphine, so this behavior is not
unexpected. In any case, a wash step is typically not included in
confocal microscopy experiments, particularly where there is no
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signifligcixgtslbackground from extracellular ligand, as in this
case.

In the previous experiments, the ECg, concentration of 500
nM was used, thus we wanted to assess the behavior of 21
above this concentration. The use of 10 uM of 21 necessitated
a wash step to remove background fluorescence from any
excess ligand (Figure 6A). As demonstrated, the level of
observed co-localization between 21 and SNAP-hMOR in the
intracellular compartment is significantly increased, with
minimal cell surface co-localization due to the wash step as
expected. Furthermore, this signal could be removed by
blockade with naloxone, further demonstrating the lack of
nonspecific binding of 21 even at this higher concentration
(Figure 6B).

To directly compare, experiments were conducted using the
parent compound morphine as the ligand (Figure 7).
Obviously, the lack of a fluorescent tag prevents direct
visualization of the ligand, but observation of the tagged
receptor fluorescence is still of value as it enables visual
comparisons to be made between the behavior of our
fluorescently tagged probe and its parent compound. A baseline
level of receptor internalization was first determined in cells
with no ligand present (Figure 7A). These data show that a low
constitutive level of receptor internalization is present, even
without stimulation. Morphine at 500 nM does not induce any
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SNAP-hMOR

Merged

Figure S. Live cell confocal imaging of 21 in cells expressing SNAP-hMOR. Images are representative of 3 independent experiments. In all cases, 21
was incubated at S00 nM for 30 min at 37 °C following pretreatment (with or without naloxone). (A,B) Typical results obtained from confocal
microscopy; the white arrows indicate areas where co-localization of intracellular receptor populations with the fluorescent ligand were observed. (C)
21 following preincubation with naloxone (1 M, 30 min, 37 °C), indicating specific binding of the probe to hMOR. (D) Loss of ligand signal
following a postincubation wash. This is typical of nonpeptide opioids, which tend to have a fast kg rate. Scale bars, 20 pm.

significant receptor internalization, with levels similar to that of
the baseline level (Figure 7B). Furthermore, these levels of
internalization are similar to when 500 nM of 21 was used
(Figure SA,B). This reinforces the idea that morphine is only
weakly able to induce internalization of the MOR. Further-
more, at 10 yuM morphine, the level of internalization was
comparable to that observed with 10 yM of 21 (Figure 7C
compared to Figure 6A). Taken together, these data suggest
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that our probe behaves very similarly to morphine, which may
make it a useful tool in the study of morphine pharmacology.

B DISCUSSION AND CONCLUSIONS

Herein, we have described the design and synthesis of a
fluorescent partial agonist probe for MOR based on the
commonly used analgesic morphine. Our studies have shown
that probe compound 21 is able to bind to hMOR on cell
membranes and behaves in a similar manner to the parent
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Figure 6. Live cell confocal imaging of 21 at increased concentration in cells expressing SNAP-hMOR. Images are representative of 3 independent
experiments. (A) 21 at 10 uM, note the increased level of internalized receptor populations compared to the data presented in Figure 4. (B) 21 at 10
4uM following preincubation with naloxone (1 #M, 30 min, 37 °C), demonstrating specific displacement of 21 with little background fluorescence.

Scale bars, 20 ym.

A

&

Figure 7. Live cell confocal imaging of SNAP-hMOR in cells exposed to morphine for comparison to 21. Images are representative of 3 independent
experiments. (A) Cells with no stimulation, note the constitutive receptor turnover, even in the absence of any external internalizing stimuli. (B) s00
nM morphine, the level of internalization is similar to that observed when no stimuli is applied, which is in keeping with literature data suggesting
morphine’s inability to induce internalization. (C) 10 uM morphine, significantly more receptor populations are observed to internalize and

therefore can be attributed to the ligand stimulus. Scale bars, 20 ym.

compound morphine. At ECg, concentrations, the probe does
not induce internalization of the receptor but is present in
intracellular compartments at levels consistent with constitutive
turnover. At higher concentrations, the probe is able to induce
internalization at similar levels to morphine. These data suggest
that the probe compound 21 may be used as a tool compound
to simulate the behavior of morphine, much in the same way
DERM-AS594 is used as a tool compound for the study of
endogenous opioid peptides.'® It is clear that morphine has
significantly different signaling profile compared to pepti-
des,”>** and therefore small molecule-based fluorescent probes
may lead to different outcomes compared to studies where
fluorescent peptides have been utilized. This new tool
compound could also be used in conjunction with the
previously described small-molecule fluorescent opioid antag-
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onists to study the differences in ligand—receptor complexes in
natively expressing systems rather than in transfected systems.'”

B EXPERIMENTAL SECTION

Chemistry. Chemicals and solvents were purchased from standard
suppliers and used without further purification. Davisil silica gel (40—
63 um) for flash column chromatography was supplied by Grace
Davison Discovery Sciences (Victoria, Australia), and deuterated
solvents were purchased from Cambridge Isotope Laboratories, Inc.
(USA, distributed by Novachem PTY. Ltd., Victoria, Australia). Davisil
reverse phase silica gel (C18, 10—14 um) for reverse phase flash
column chromatography was supplied by Grace Davison Discovery
Sciences (Victoria, Australia) and run using the following buffers;
buffer A, 0.1% TFA in H,O; buffer B, 0.1% TFA in MeCN.

Reactions were monitored by thin layer chromatography on
commercially available precoated aluminum-backed plates (Merck
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Kieselgel 60 F,s,). Visualization was done by examination under UV
light (254 and 366 nm). General staining was carried out with KMnO,
or phosphomolybdic acid. Organic solvents were evaporated in vacuo
at >40 °C (water bath temperature). Purification using preparative
layer chromatography (PLC) was carried out on Analtech preparative
TLC plates (200 mm X 200 mm X 2 mm).

'H NMR and "*C NMR spectra were recorded on a Bruker Avance
Nanobay III 400 MHz Ultrashield Plus spectrometer at 400.13 and
100.62 MHz, respectively. Chemical shifts (§) are recorded in parts
per million (ppm) with reference to the chemical shift of the
deuterated solvent. Coupling constants (J) are recorded in Hz and the
significant multiplicities described by singlet (s), doublet (d), triplet
(t), quadruplet (q), broad (br), multiplet (m), doublet of doublets
(dd), and doublet of triplets (dt).

LC-MS were run to verify reaction outcome and purity using an
Agilent 6120 series single quad coupled to an Agilent 1260 series
HPLC. The following buffers were used; buffer A, 0.1% formic acid in
H,0; buffer B, 0.1% formic acid in MeCN. The following gradient was
used with a Poroshell 120 EC-C18 50 mm X 3.0 mm 2.7 ym column
and a flow rate of 0.5 mL/min and total run time of 5 min; 0—1 min
95% buffer A and 5% buffer B, from 1 to 2.5 min up to 0% buffer A
and 100% buffer B, held at this composition until 3.8 min, 3.8—4 min
95% buffer A and 5% buffer B, and held until S min at this
composition. Mass spectra were acquired in positive and negative ion
mode with a scan range of 100—1000 m/z. UV detection was carried
out at 214 and 254 nm.

Preparative HPLC was performed using an Agilent 1260 infinity
coupled with a binary preparative pump and Agilent 1260 FC-PS
fraction collector, using Agilent OpenLAB CDS software (Rev
C.01.04), and an Altima S yM C8 22 mm X 250 mm column. The
following buffers were used; buffer A, 0.1% TFA in H,O; buffer B,
0.1% TFA in MeCN, with sample being run at a gradient of 5% buffer
B to 100% buffer B over 15 min, at a flow rate of 15 mL/min. All
screening compounds were of >95% purity.

High resolution mass spectrometry—time-of-flight (HRMS—TOF)
was conducted using an Agilent 6224 TOF LC-MS mass spectrometer
coupled to an Agilent 1290 Infinity. Chromatographic separation was
performed using an Agilent Zorbax SB-C18 Rapid Resolution HT 2.1
mm X S0 mm, 1.8 ym column using a gradient of 5—100% buffer B in
buffer A over 3.5 min at 0.5 mL/min, where buffers are as defined for
LC-MS. All mass data was acquired and reference mass corrected via a
dual-spray ESI source. Mass spectra were created by averaging scans
across each peak and background subtracting against the first 10 s of
the total ion count. Acquisition was performed using the Agilent Mass
Hunter Data Acquisition software and analysis performed using Mass
Hunter Qualitative Analysis software. The mass spectrometer was run
using the following conditions: drying gas flow 11 L/min, nebulizer 45
PSI, drying gas temperature 325 °C, capillary voltage 4000 V,
fragmentor 160 V, skimmer 65 V, OCT RFV 750 V, scan range
acquired 100—150 m/z, internal reference ions positive ion mode =
m/z = 121.050873 and 922.009798.

General Deprotection Procedure A. The protected compound
was dissolved in dry DCM (typically S mL) under an N, atmosphere.
Triethylsilane (1S equiv) and TFA (20 equiv) were added to the
reaction and the vessel purged with N,. The reaction was allowed to
stir for 30—60 min then reduced in vacuo. The resulting residue could
then be purified via chromatography.

6-0-Hexanoylmorphine (1). Compound 9 (67 mg, 0.13 mmol, 1
equiv) was deprotected using general deprotection procedure A. The
resulting oil was purified by flash column chromatography (94:5:1
CHCl;/MeOH/TEA), and the resulting yellow oil was further purified
by prep-HPLC to give the product as a solid white TFA salt (12 mg,
17%). '"H NMR (DMSO-d,) & 10.04 (s, 1H), 9.17 (s, 1H), 6.58 (d, ] =
8.1 Hz, 1H), 6.50 (d, J = 8.1 Hz, 1H), 5.71=5.59 (m, 1H), 5.52—5.39
(m, J =227, 9.8 Hz, 1H), 5.26—5.14 (m, 1H), 5.12—5.00 (m, J = 20.5,
6.6 Hz, 1H), 4.13 (s, 1H), 3.31 (d, ] = 9.0 Hz, 1H), 3.19 (d, ] = 19.7
Hz, 1H), 3.06 (d, ] = 4.5 Hz, 1H), 2.98 (s, 1H), 2.92-2.78 (m, ] =
412 Hz, 3H), 2.71 (dd, J = 20.0, 6.7 Hz, 1H), 244229 (m, 2H),
221 (td, J = 13.5, 4.6 Hz, 1H), 1.98—1.70 (m, J = 463, 12.5 Hz, 1H),
1.64—1.51 (m, 2H), 1.34—1.21 (m, 4H), 0.87 (t, J = 6.9 Hz, 3H). ESL-
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TOF HRMS m/z [M + H]® Cy3H,gNO," caled 384.2169, found
384.2174.

6-0-(4-Methylamino-4-oxobutanoyl)morphine (2). Compound
13 (26 mg, 0.050 mmol, 1 equiv) was deprotected using general
deprotection procedure A. The resulting oil was purified by prep-
HPLC to give the product as a solid white TFA salt (4 mg, 16%). 'H
NMR (DMSO-d;) 5 10.04 (s, 1H), 9.23 (s, 1H), 7.85 (d, ] = 4.4 Hz,
1H), 6.61—6.56 (m, ] = 8.0, 3.1 Hz, 1H), 6.54—6.48 (m, | = 8.1, 4.7
Hz, 1H), 5.65 (d, J = 10.0 Hz, 1H), 5.52=5.39 (m, J = 24.1, 10.0 Hz,
1H), 5.24—5.14 (m, 1H), 5.09—4.99 (m, ] = 22.2, 6.7 Hz, 1H), 4.13 (s,
1H), 3.34-3.25 (m, ] = 8.5 Hz, 1H), 323—3.13 (m, ] = 19.7 Hz, 1H),
3.06 (d, J = 4.8 Hz, 1H), 2.98 (s, 1H), 2.89 (d, ] = 3.1 Hz, 2H), 2.82—
2.67 (m, 2H), 2.62-2.58 (m, ] = 6.9, 4.1 Hz, 2H), 2.57-2.55 (m, ] =
4.5 Hz, 3H), 240 (t, ] = 6.9 Hz, 2H), 2.21 (td, ] = 13.4, 4.4 Hz, 1H),
1.94—1.74 (m, ] = 46.2, 11.8 Hz, 1H). ESL.TOF HRMS m/z [M + H]*
CoH,,N,O4" caled 399.1914, found 399.1922.

N-((4R,4aR,75,7aR, 12bS)-9-Hydroxy-3-methyl-2,3,4,4a,7,7a-hexa-
hydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-
hexanamide (3). Compound 10 (39 mg, 0.10 mmol, 1 equiv) was
deprotected using general deprotection procedure A. The resulting oil
was purified by prep-HPLC to give the product as a solid white TFA
salt (12 mg, 31%). [a]y —21.4 (c 1.21 mg/mL, MeOH). '"H NMR
(DMSO-dg) & 10.11-9.88 (m, 1H), 9.28 (s, 1H), 8.20—8.05 (m, ] =
25.3, 8.5 Hz, 1H), 5.73 (dt, ] = 10.3, 3.1 Hz, 1H), 5.58 (d, J = 10.5 Hz,
1H), 5.16—5.02 (m, ] = 25.4 Hz, 1H), 3.85 (t, ] = 8.7 Hz, 1H), 3.74 (s,
1H), 327-3.20 (m, J = 7.0 Hz, 1H), 3.18 (s, 1H), 3.12—3.02 (m, J =
19.8, 6.3 Hz, 1H), 2.98 (s, 1H), 2.89 (s, 3H), 2.77—2.56 (m, ] = 48.6,
9.6 Hz, 2H), 2.40 (d, ] = 8.1 Hz, 1H), 2.17—-1.97 (m, 3H), 1.87 (d, ] =
11.8 Hz, 1H), 1.56—1.43 (m, 2H), 1.31—1.14 (m, 4H), 0.85 (t, [ = 7.0
Hz, 3H). ESI'TOF HRMS m/z [M + H]* C,H;N,0;" caled
383.2329, found 383.2324.

N'-((4R,4aR,75,7aR, 12bS)-9-Hydroxy-3-methyl-2,3,4,4a,7,7a-hex-
ahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-N*-
methylsuccinamide (4). Compound 14 (19 mg, 0.037 mmol, 1 equiv)
was deprotected using general deprotection procedure A. The
resulting oil was purified by prep-HPLC to give the product as a
solid white TFA salt (7 mg, 39%). [a]y —21.9 (¢ 0.78 mg/mL,
MeOH). 'H NMR (DMSO-dg) 6 10.08—9.73 (m, ] = 44.4 Hz, 1H),
9.25 (s, 1H), 8.28—8.06 (m, ] = 29.6, 9.0 Hz, 1H), 7.79 (d, ] = 4.6 Hz,
1H), 5.78—5.68 (m, 1H), 5.65—5.57 (m, 1H), 5.10 (t, J = 13.6 Hz,
1H), 3.94 (d, ] = 4.6 Hz, 1H), 3.86 (t, ] = 8.5 Hz, 1H), 322 (s, 1H),
3.17 (d, J = 19.5 Hz, 1H), 3.10-2.96 (m, 2H), 2.89 (d, ] = 4.6 Hz,
2H), 2.79-2.65 (m, 1H), 2.55 (d, J = 4.6 Hz, 3H), 2.43-2.21 (m,
SH), 2.11-1.97 (m, 1H), 1.92—1.67 (m, 1H). ESL.TOF HRMS m/z
[M + H]* C,,H,4N;0," caled 398.2074, found 398.2079.

6-0-(2-Oxo-2-(propylamino)ethyl)morphine (5). Compound 15
(54 mg, 0.12 mmol, 1 equiv), HCTU (59 mg, 0.14 mmol, 1.2 equiv),
and TEA (S0 uL, 0.36 mmol, 3 equiv) were dissolved in dry DMF
(800 uL) under an N, atmosphere and allowed to stir at room
temperature for 30 min. A solution of propylamine (12 4L, 0.14 mmol,
1.2 equiv) in DMF (200 yL) was then added and the resulting
solution allowed to stir at room temperature for 19 h. The solvent was
then removed in vacuo and the residue taken up in buffer B and again
reduced in vacuo. The residue was purified by flash column
chromatography (74:25:1 MeOH/CHCl;/NH,OH) and the solvent
removed in vacuo and purified again by prep-HPLC to give the
product as a solid white TFA salt (10 mg, 17%). [a]} —106.1 (c 1.14
mg/mL, MeOH). "H NMR (DMSO-d;) & 9.81 (s, 1H), 9.18 (s, 1H),
7.74 (t, ] = 5.7 Hz, 1H), 6.62—6.52 (m, 1H), 6.52—6.43 (m, 1H), 5.82
(d, ] = 9.7 Hz, 1H), 5.41—524 (m, 1H), 5.18—5.02 (m, 1H), 4.16—
3.97 (m, 4H), 3.29 (s, 1H), 3.20 (d, ] = 19.8 Hz, 2H), 3.14—3.04 (m,
3H), 2,97 (s, 1H), 2.90 (d, J = 3.9 Hz, 3H), 2.83 (d, ] = 16.0 Hz, 2H),
274 (dd, J = 19.8, 6.6 Hz, 1H), 2.18 (td, ] = 13.8, 4.9 Hz, 1H), 2.03—
1.79 (m, 1H), 1.45 (b, J = 7.3 Hz, 2H), 0.84 (t, ] = 7.4 Hz, 3H). ESL-
TOF HRMS m/z [M + H]* Cy,H,N,0,* caled 385.2122, found
385.2130.

3-O-(4-Methoxybenzyl)morphine (6). Morphine (394 mg, 1.4
mmol, 1 equiv) was dissolved in DMF (1 mL), and KOH (3 M in
MeOH, 552 pL, 1.7 mmol, 1.2 equiv) was added. The resulting
mixture was stirred for 10 min, then para-methoxybenzyl chloride
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(215 pL, 1.6 mmol, 1.15 equiv) was added dropwise. After stirring for
4 h at room temperature, aqueous citric acid (1 M, 10 mL) was added.
The resulting solution was washed successively with EtOAc (3 X 10
mL), and aqueous NH,OH (28%, 10 mL) was added to the aqueous
phase. The resulting turbid solution was extracted with 3:1 CHCl,/
iPrOH (S X 10 mL). The combined organic layers were backwashed
with brine, dried over Na,SO,, and the solvent removed in vacuo. The
resulting yellow oil was purified by flash column chromatography
(98:1:1 DCM/MeOH/TEA). The resulting clear oil was redissolved
in EtOAc and evaporated again to give the product as a white solid
(259 mg, 46%). "H NMR (CDCL,) 6 7.33 (d, ] = 8.4 Hz, 1H), 6.88 (d,
J =84 Hz, 1H), 6.71 (d, ] = 8.2 Hz, 1H), 6.53 (d, ] = 8.1 Hz, 1H),
5.67 (d,J = 9.7 Hz, 1H), 5.27 (d, ] = 9.7 Hz, 1H), 5.04 (dd, J = 28.7,
114 Hz, 1H), 487 (d, ] = 6.3 Hz, 1H), 415 (d, ] = 2.5 Hz, 1H), 3.80
(s, 2H), 3.36 (d, ] = 2.4 Hz, 1H), 3.03 (d, J = 18.7 Hz, 1H), 2.86 (s,
1H), 2.69 (s, 1H), 2.61 (dd, J = 11.8, 3.9 Hz, 1H), 2.44 (s, 1H), 2.39
(dd, J = 12.2, 3.1 Hz, 1H), 2.30 (dd, ] = 18.6, 6.0 Hz, 1H), 2.08 (td, ] =
12.4, 4.8 Hz, 1H), 1.87 (d, ] = 11.7 Hz, 1H). *C NMR (101 MHz,
CDCL) 6§ 159.5, 147.1, 141.3, 133.6, 131.3, 129.5, 1294, 128.2, 127.7,
119.7, 116.0, 114.0, 91.3, 71.7, 66.5, 59.0, 55.4, 46.6, 43.1, 42.9, 40.7,
35.8, 20.6. LC-MS m/z [M + H]* CyH,eNO," calcd 406.2, found
406.2.
(4R,4aR,7R,7aR,12bS)-9-((4-Methoxybenzyl)oxy)-3-methyl-
2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]-
isoquinolin-7-ol (7). Compound 6 (229 mg, 0.57 mmol, 1 equiv),
benzoic acid (104 mg, 0.85 mmol, 1.5 equiv), and triphenylphosphine
(223 mg, 0.85 mmol, 1.5 equiv) were dissolved in anhydrous toluene
(4 mL) and cooled to 0 °C. DIAD (167 L, 0.85 mmol, 1.5 equiv) in
anhydrous toluene (0.5 mL) were then added dropwise over 2 min.
The reaction was then warmed to room temperature and allowed to
stir for 4 h, after which the solvent was removed in vacuo. The
resulting residue was purified by flash column chromatography
(59:40:1 DCM/EtOAc/TEA) to give a white solid and oil mixture.
This residue was dissolved in a 1:1 mixture of EtOH and 1 M aqueous
KOH (6 mL) and heated to reflux for 20 min. The reaction was then
reduced in vacuo, and 1 M citric acid (20 mL) was added to the
residue. The aqueous phase was then washed with EtOAc (3 X 20
mL), then neutralized with aqueous NH,OH (28%, 20 mL). The
resulting solution was extracted with 3:1 CHCl,/iPrOH (3 X 20 mL).
The combined organic layers were backwashed with brine (20 mL),
dried over Na,SO,, and the solvent removed in vacuo to give a white
solid as the pure product (179 mg, 78%). '"H NMR (CDCl,)  7.36—
731 (m, 1H), 6.90—6.85 (m, 1H), 6.70 (d, J = 8.2 Hz, 1H), 6.50 (d, J
= 8.2 Hz, 1H), 6.00—5.93 (m, 1H), 5.60 (dd, J = 9.8, 1.9 Hz, 1H), 5.05
(q, ] = 11.4 Hz, 1H), 479 (s, 1H), 4.20 (d, ] = 5.5 Hz, 1H), 3.79 (s,
1H), 3.40 (dd, J = 5.6, 3.2 Hz, 1H), 3.17 (s, 1H), 3.03 (d, ] = 18.7 Hz,
1H), 2.66 (dd, J = 12.2, 3.9 Hz, 1H), 2.48 (s, 1H), 2.45—2.33 (m, 1H),
218 (td, J = 12.5, 49 Hz, 1H), 1.85 (dd, J = 12.7, 2.0 Hz, 1H). BC
NMR (CDCL,) 6 159.5, 146.5, 141.3, 132.8, 131.4, 130.6, 129.6, 129.5,
1272, 119.0, 116.4, 113.9, 94.2, 71.7, 68.0, 59.3, 55.4, 47.2, 43.9, 42.9,
39.6, 35.5, 20.7. LC-MS m/z [M + H]* CysH,eNO," caled 406.2,
found 406.3.
(4R,4aR,7S,7aR,12bS)-9-((4-Methoxybenzyl)oxy)-3-methyl-
2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]-
isoquinolin-7-amine (8). Compound 7 (174 mg, 0.43 mmol, 1 equiv),
phthalimide (79 mg, 0.64 mmol, 1.5 equiv), and triphenylphosphine
(169 mg, 0.64 mmol, 1.5 equiv) were dissolved in anhydrous toluene
(4 mL) and cooled to 0 °C. DIAD (127 uL, 0.64 mmol, 1.5 equiv) in
anhydrous toluene (0.5 mL) was then added dropwise over 2 min. The
reaction was then warmed to room temperature and allowed to stir for
4 h, after which the solvent was removed in vacuo. The resulting
residue was purified by flash column chromatography (59:40:1 DCM/
EtOAc/TEA) to give a white solid and oil mixture. To this residue,
EtOH (10 mL) and N,H,-H,0 (0.5 mL) were added and the mixture
heated to reflux for 1 h. After cooling, the resulting precipitate was
filtered and washed with EtOH. The filtrate was evaporated in vacuo,
redissolved in CHCl;, and the resulting precipitate removed. The
filtrate was again evaporated in vacuo and the residue purified by flash
column chromatography (89:10:1 CHCl;/MeOH/TEA) to give the
product as a yellow oil (59 mg, 34%). '"H NMR (CDCl,) & 7.35—7.30
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(m, 1H), 6.89—6.80 (m, 1H), 6.70 (d, J = 8.2 Hz, 1H), 6.55 (d, ] = 8.2
Hz, 1H), 5.79—5.60 (m, 1H), 5.13—4.99 (m, 1H), 4.94 (d, ] = 2.3 Hz,
1H), 3.78 (s, 2H), 3.59 (d, ] = 4.2 Hz, 1H), 3.03 (d, ] = 18.7 Hz, 1H),
273 (d, ] = 9.1 Hz, 1H), 2.55 (dd, J = 12.1, 3.6 Hz, 1H), 2.48—2.37
(m, 2H), 2.29 (td, J = 12.1, 3.7 Hz, 1H), 2.03 (s, 1H), 1.99—1.93 (m,
1H), 1.83—1.77 (m, 1H). 3C NMR (CDCL,) & 159.4, 145.0, 1422,
139.3, 130.1, 129.6, 129.5, 127.7, 123.9, 118.9, 116.3, 113.9, 87.4, 71.5,
562, 55.3, 49.2, 46.9, 46.3, 43.2, 40.9, 35.5, 20.0. LC-MS m/z [M +
H]* CysHypN,0;" caled 405.5, found 405.2.
6-0-Hexanoyl-3-O-(4-methoxybenzyl)morphine (9). Compound
6 (68 mg, 0.17 mmol, 1 equiv) and hexanoyl chloride (70.4 uL, 0.50
mmol, 3 equiv) were dissolved in pyridine (1 mL) and heated at 70 °C
in a sealed vessel for 19 h. Water (2 mL) and MeOH (1 mL) were
added and the resulting mixture evaporated. MeCN (S mL) was
added, and the mixture was again evaporated to give a yellow oil.
Saturated aqueous NaHCO; (10 mL) was added and the resulting
solution extracted with 3:1 CHCl/iPrOH (3 X 10 mL). The
combined organic layers were backwashed with brine, dried over
Na,SO,, and the solvent removed in vacuo to give a yellow oil. Ether
was added and the resulting precipitate filtered. The filtrate was
evaporated and purified by flash column chromatography (94:5:1
EtOAc/MeOH/TEA) to give the product as a yellow oil (67 mg,
80%). '"H NMR (CDCL,) & 7.35-7.31 (m, 1H), 6.89—6.84 (m, 1H),
6.67 (d,] = 82 Hz, 1H), 649 (d, ] = 8.2 Hz, 1H), 5.67—5.61 (m, 1H),
5.46-5.39 (m, 1H), 5.19 (ddd, J = 8.1, 5.1, 2.9 Hz, 1H), 5.12 (dd, J =
6.7, 0.8 Hz, 1H), 5.06 (s, 1H), 3.79 (s, 1H), 3.77 (dd, ] = 3.6, 2.0 Hz,
1H), 3.40 (dd, ] = 5.6, 3.2 Hz, 1H), 3.02 (d, J = 18.7 Hz, 1H), 2.83 (s,
1H), 2.64 (dd, ] = 12.0, 3.9 Hz, 1H), 2.47 (s, 2H), 2.42—2.28 (m, 2H),
2.10 (td, J = 12.5, 4.9 Hz, 1H), 1.88 (dd, J = 12.7, 1.8 Hz, 1H), 1.69—
1.58 (m, 1H), 1.35—1.20 (m, 3H), 0.92—0.80 (m, 3H). 3C NMR
(CDCly) & 173.4, 159.4, 147.6, 141.2, 130.9, 129.7, 129.5, 129.2, 128.9,
119.4, 117.3, 113.8, 88.0, 71.8, 68.0, 59.3, 55.3, 43.0, 42.5, 40.4, 35.2,
34.1, 31.4, 24.6, 22.4, 207, 14.02. LC-MS m/z [M + H]* C3,H;NO,*
caled 504.3, found 504.3.
N-((4R,4aR,7S,7aR,12bS)-9-((4-Methoxybenzyl)oxy)-3-methyl-
2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]-
isoquinolin-7-yl)hexanamide (10). Compound 8 (65 mg, 0.16 mmol,
1 equiv) and hexanoyl chloride (67 uL, 0.48 mmol, 3 equiv) were
dissolved in pyridine (2 mL) and heated at 70 °C for 18 h. After
cooling, the solvent was removed in vacuo, and the resulting residue
was purified by flash column chromatography (94:5:1 EtOAc/MeOH/
TEA) to give the product as a yellow oil (39 mg, 49%). '"H NMR
(CDCLy) § 7.37-7.30 (m, 2H), 6.89—6.84 (m, 2H), 6.72 (d, ] = 8.2
Hz, 1H), 6.59 (d, ] = 8.2 Hz, 1H), 5.76 (ddd, J = 10.3, 3.5, 2.8 Hz,
1H), 5.60 (dd, J = 103, 1.1 Hz, 1H), 5.40 (d, ] = 9.6 Hz, 1H), 5.09—
5.00 (m, 2H), 4.94—4.92 (m, 1H), 423—4.14 (m, 1H), 3.79 (s, 3H),
324 (dd, J = 5.8, 2.7 Hz, 1H), 2.99 (d, J = 18.8 Hz, 1H), 2.73 (dd, J =
188, 6.1 Hz, 1H), 2.56—2.49 (m, 1H), 2.39 (s, 3H), 227 (td, = 11.7,
4.5 Hz, 1H), 2.18-2.12 (m, 2H), 2.10 (dd, J = 102, 2.8 Hz, 1H),
1.92—1.79 (m, 2H), 1.64—1.56 (m, 2H), 1.36—1.22 (m, SH), 0.88 (t, J
=7.0 Hz, 3H). ®C NMR (CDCL,) 6 173.1, 159.4, 144.9, 142.2, 134.7,
129.6, 129.5, 129.1, 1282, 1262, 119.5, 116.5, 113.9, 86.6, 71.5, 56.7,
55.4, 47.7, 47.0, 44.3, 43.3, 41.1, 36.9, 35.6, 31.5, 25.5, 22.5, 20.0, 14.1.
LC-MS m/z [M + H]* C3;H3)N,0," caled 503.3, found 503.4.
6-0-(3-Carboxypropanoyl)-3-0-(4-methoxybenzyl)morphine
(11). Compound 6 (41 mg, 0.10 mmol, 1 equiv), succinic anhydride
(15 mg, 0.15 mmol, 1.5 equiv), DMAP (19 mg, 0.1S mmol, 1.5 equiv),
and TEA (29 uL, 0.20 mmol, 2 equiv) were dissolved in dry MeCN (1
mL) under N, and heated at 65 °C for 15.5 h. The mixture was then
evaporated and the residue purified via flash column chromatography
(79:20:1 CHCl;/MeOH/NH,OH) to give the product as a white
foam (40 mg, 77%). '"H NMR (CDCL;) 5 9.98 (brs, 1H), 7.36—7.31
(m, 2H), 6.89—6.84 (m, 2H), 6.68 (d, ] = 8.2 Hz, 1H), 6.49 (d, ] = 8.2
Hz, 1H), 5.62 (d, ] = 10.0 Hz, 1H), 5.34—5.29 (m, 1H), 525—5.18
(m, J = 13.8, 9.3, 4.7 Hz, 2H), 5.09 (s, 2H), 3.78 (s, 4H), 3.16 (s, 1H),
3.13-3.05 (m, 1H), 2.99 (d, J = 19.3 Hz, 1H), 2.75 (ddd, J = 17.4,
10.0, 3.8 Hz, 1H), 2.63 (s, 3H), 2.62—2.53 (m, J = 10.5, 5.7 Hz, 3H),
2.49-2.38 (m, 2H), 1.89 (d, ] = 11.5 Hz, 1H). *C NMR (CDClL;) §
177.6, 172.9, 159.5, 147.8, 141.6, 130.3, 129.7, 129.5, 129.5, 127.6,
1247, 119.6, 118.3, 113.9, 87.9, 72.0, 67.8, 59.1, 5.4, 46.6, 41.5, 41.1,
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37.6, 33.1, 30.8, 30.0, 21.3. LC-MS m/z [M + H]* C,,H;,NO,* caled
506.2, found 506.2.
4-(((4R,4aR,75,7aR,12bS)-9-((4-Methoxybenzyl)oxy)-3-methyl-
2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro|[3,2-e]-
isoquinolin-7-ylJamino)-4-oxobutanoic Acid (12). Compound 8 (71
mg, 0.18 mmol, 1 equiv), succinic anhydride (26 mg, 0.26 mmol, 1.5
equiv), DMAP (32 mg, 0.26 mmol, 1.5 equiv), and TEA (49 uL, 0.35
mmol, 2 equiv) were dissolved in MeCN (3 mL) and heated to 70 °C
for 18 h. The solvent was then removed in vacuo, and the resulting
solid was triturated with EtOAc. The resulting material was suspended
in hot EtOH and the resulting precipitate filtered to give the product
as a white solid (25 mg, 28%). '"H NMR (DMSO-d) § 7.35—7.29 (m,
2H), 6.95—6.89 (m, 2H), 6.78 (d, ] = 8.2 Hz, 1H), 6.61 (d, J = 8.2 Hy,
1H), 5.69—5.63 (m, 1H), 5.56 (dd, J = 10.4, 1.2 Hz, 1H), 5.01—4.96
(m, 3H), 3.74 (s, 3H), 3.16 (s, 1H), 3.13 (dd, J = 5.7, 2.6 Hz, 1H),
2.87 (d, ] = 18.7 Hz, 1H), 2.46 (d, ] = 7.2 Hz, 1H), 2.44—2.39 (m,
3H), 2.34—2.30 (m, 1H), 2.28 (s, 3H), 2.15 (dd, ] = 10.5, 2.7 Hz, 1H),
2.13-2.05 (m, 2H), 1.83 (td, J = 12.3, 4.7 Hz, 1H), 1.60 (d, J = 11.1
Hz, 1H). BC NMR (101 MHz, DMSO-dy) & 174.1, 171.3, 159.0,
147.4, 144.4, 141.6, 136.0, 129.7, 129.4, 1292, 1280, 125.0, 1189,
115.6, 113.7, 106.8, 86.2, 70.2, 55.3, 55.1, 46.2, 43.4, 42.8, 38.8, 34.9,
300, 297, 29.2, 19.6. LC-MS m/z [M + H]* CyH;3N,04" caled
505.2, found 505.3.
3-0-(4-Methoxybenzyl)-6-0-(4-Methylamino-4-oxobutanoyl)-
morphine (13). Compound 11 (40 mg, 0.079 mmol, 1 equiv), EDC-
HCI (23 mg, 0.12 mmol, 1.5 equiv), anhydrous HOBt (16 mg, 0.12
mmol, 1.5 equiv), and TEA (22 uL, 0.16 mmol, 2 equiv) were
dissolved in MeCN (2 mL) and stirred at room temperature for 1 h.
Methylamine (2 M solution in THF, 79.2 uL, 0.1584 mmol, 2 equiv)
was then added and stirred for an additional 2 h. The reaction mixture
was then evaporated and purified by flash column chromatography
(0.5-6% MeOH in CHCI; with 1% TEA) to give the product as a
slightly yellow oil (26 mg, 63%). '"H NMR (CDCL;) § 7.36—7.28 (m,
2H), 6.90—6.84 (m, 2H), 6.71 (d, J = 82 Hz, 1H), 6.52 (d, ] = 8.2 Hz,
1H), 5.80 (d, ] = 4.0 Hz, 1H), 5.63—5.57 (m, 1H), 5.47—5.38 (m,
1H), 5.17 (ddd, J = 8.9, 5.0, 3.0 Hz, 1H), 5.09 (dd, J = 6.9, 0.8 Hz,
1H), 5.04—4.97 (m, 2H), 3.79 (s, 3H), 3.37 (dd, ] = 5.7, 3.2 Hz, 1H),
3.05 (dd, J = 8.8, 5.9 Hz, 1H), 3.02-2.98 (m, 1H), 2.78 (s, 1H), 2.73—
2.67 (m, 2H), 2.60 (d, ] = 4.8 Hz, 3H), 2.45 (s, 3H), 2.43-2.27 (m,
4H), 2.07 (td, ] = 12.4, 5.0 Hz, 1H), 1.86 (dd, J = 12.7, 1.6 Hz, 1H),
1.37 (t, J = 7.3 Hz, 1H). C NMR (CDCl,) § 172.1, 172.1, 159.7,
1472, 1412, 1309, 129.7, 1294, 129.1, 128.5, 127.7, 119.5, 116.0,
114.0, 87.9, 71.7, 68.0, 59.3, 55.4, 46.8, 45.9, 43.1, 42.5, 40.4, 35.3,
31.5, 304, 264, 20.5, 9.0. LC-MS m/z [M + H]* CyHysN,O¢" caled
519.3, found 519.2.
N'-((4R,4aR,7S,7aR,12bS)-9-((4-Methoxybenzyl)oxy)-3-methyl-
2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]-
isoquinolin-7-yl)-N*-methylsuccinamide (14). Compound 12 (24
mg, 0.48 mmol, 1 equiv), EDC-HCI (14 mg, 0.072 mmol, 1.5 equiv),
anhydrous HOBt (10 mg, 0.072 mmol, 1.5 equiv), and TEA (13 uL,
0.096 mmol, 2 equiv) were dissolved in dry DMF (1 mL) and stirred
at room temperature for 1 h. Methylamine (2 M in THF, 48 uL, 0.096
mmol, 2 equiv) was then added and the reaction allowed to stir for 19
h. Additional EDC-HCI (18 mg, 0.094 mmol, 2 equiv) and HOBt (11
mg, 0.084 mmol, 1.7 equiv) were added, and following 30 min of
stirring, further methylamine (2 M in THF, 48 pL, 0.096 mmol, 2
equiv) was added. The reaction was then allowed to stir at room
temperature for a further 24 h and the solvent removed in vacuo. The
resulting brown oil was purified by PLC (89:10:1 CHCl;/MeOH/
TEA) to give the product as a white solid (21 mg, 84%). 'H NMR
(CDCL,) § 7.35—7.30 (m, 2H), 6.89—6.83 (m, 2H), 6.71 (d, J = 82
Hz, 1H), 658 (d, ] = 8.2 Hz, 1H), 6.30 (d, J = 9.5 Hz, 1H), 6.06 (d, J
=42 Hz, 1H), 5.75 (ddd, ] = 103, 3.5, 2.9 Hz, 1H), 5.59 (dd, ] = 103,
1.1 Hz, 1H), 5.08—-5.00 (m, 2H), 4.95—4.91 (m, 1H), 4.16—4.07 (m,
1H), 3.79 (s, 3H), 3.23 (dd, J = 5.9, 2.7 Hz, 1H), 2.97 (d, ] = 18.7 Hz,
1H), 2.76 (d, ] = 4.8 Hz, 3H), 2.65 (d, ] = 6.1 Hz, 1H), 2.55—2.44 (m,
SH), 2.39 (s, 3H), 2.27 (td, ] = 12.0, 3.7 Hz, 1H), 2.17 (dd, ] = 10.3,
2.8 Hz, 1H), 1.88 (td, J = 12.2, 4.8 Hz, 1H), 1.84—1.76 (m, 1H). 3C
NMR (101 MHz, CDCL) & 172.7, 1724, 159.4, 145.0, 142.3, 134.6,
129.6, 129.5, 1292, 128.1, 126.1, 119.4, 116.5, 113.9, 86.7, 71.6, 56.5,
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55.4, 47.0, 47.0, 46.2, 44.6, 43.2, 41.0, 35.5, 32.0, 31.7, 26.5, 20.1, 10.7.
LC-MS m/z [M + H]* C30H3sN;05" caled 518.3, found S18.4.

6-O-Carboxymethylmorphine (15). Compound 6 (93 mg, 0.23
mmol, 1 equiv) was dissolved in dry THF (3 mL) and cooled to 0 °C
under an N, atmosphere. To this solution, a suspension of prewashed
NaH (60%, 37 mg, 0.92 mmol, 4 equiv) in THF (1 mL) was added
dropwise. The solution was then allowed to warm to room
temperature and stirred for 15 min. A solution of tert-butyl
bromoacetate in THF (1 mL) was then added dropwise and allowed
to stir at room temperature for 1 h. The reaction was then quenched
with saturated NH,CI (2 mL), and then MeCN (2 mL) was added.
The resulting solution was reduced in vacuo, and saturated NaHCOj;
(20 mL) was added and extracted with CHCl; (3 X 20 mL). The
combined organic phases were backwashed with brine (20 mL), dried
over Na,SO,, and the solvent removed in vacuo to give a brown oil.
The crude oil was dissolved in DCM (3 mL) under an N, atmosphere.
Triethylsilane (1.1 mL, 6.9 mmol, 30 equiv) and TFA (1 mL) were
then added and the reaction vessel purged with N,. The reaction was
allowed to stir for 1 h, then reduced in vacuo. The resulting oil was
purified by prep-HPLC to give the product as a solid white TFA salt
(61 mg, 58%). "H NMR (DMSO-dq) 5 10.13 (s, 1H), 9.16 (s, 1H),
6.56 (d, ] = 8.1 Hz, 1H), 6.46 (d, ] = 8.1 Hz, 1H), 5.76 (d, J = 9.9 Hz,
2H), 5.35 (d, ] = 9.7 Hz, 2H), 5.14—5.04 (m, 2H), 4.19 (s, 3H), 4.12
(dd, J = 164, 3.9 Hz, 3H), 3.30 (d, J = 12.7 Hz, 2H), 3.20 (d, ] = 19.8
Hz, 1H), 3.02 (d, ] = 26.9 Hz, 2H), 2.89 (s, 3H), 2.82 (s, 2H), 2.74
(dd, J = 19.1, 7.3 Hz, 1H), 2.19 (td, J = 13.6, 4.1 Hz, 1H), 1.95 (d, ] =
12.5 Hz, 1H). *C NMR (DMSO-dq) 6 171.6, 1462, 139.3, 131.9,
128.8, 125.9, 1219, 119.3, 117.2, 87.1, 73.4, 65.4, 59.6, 46.5, 41.4, 40.5,
382, 32.8, 20.8. LC-MS m/z [M + H]* C,gH,NOs* caled 344.2,
found 344.2.

3-O-PMB-(6-0-(4-((2-tert-butoxycarbonyl)amino)ethyl)amino-4-
oxobutanoyl)morphine (16). Compound 11 (96.5 mg, 0.19 mmol, 1
equiv), HCTU (95 mg, 0.23 mmol, 1.2 equiv), and TEA (54 uL, 0.38
mmol, 2 equiv) were dissolved in dry DMF (1.5 mL) under an N,
atmosphere and was allowed to stir at room temperature for 30 min.
tert-Butyl (4-aminoethyl)carbamate (37 mg, 0.23 mmol, 1.2 equiv) was
then added as a solution in dry DMF (0.5 mL) and allowed to stir at
room temperature for 19 h. EtOAc (20 mL) was then added, and the
resulting solution was washed with half-saturated NaHCO; (3 X 10
mL), saturated NaHCO; (20 mL), half-saturated brine (2 X 10 mL),
and brine (20 mL). The organic phase was then dried over Na,SO,
and the solvent removed in vacuo. The resulting residue was purified
by flash column chromatography (98:1:1 CHCl;/MeOH/TEA) to
give the product as a clear glass (102 mg, 83%). '"H NMR (CDCL,) &
7.30 (d, ] = 8.6 Hz, 2H), 6.86 (d, ] = 8.6 Hz, 2H), 6.72 (d, ] = 8.2 Hy,
1H), 6.54 (d, J = 82 Hz, 1H), 631 (t, ] = 5.5 Hz, 1H), 5.59 (d, ] =
10.1 Hz, 1H), 5.47—-5.39 (m, 1H), 5.30 (s, 1H), 5.18—5.08 (m, 2H),
498 (s, 2H), 3.77 (s, 3H), 3.33 (dd, J = 5.5, 3.3 Hz, 1H), 3.30-3.23
(m, 1H), 3.11—2.97 (m, 3H), 2.96—2.87 (m, 1H), 2.73 (s, 1H), 2.70—
2.61 (m, 2H), 2.57 (dd, ] = 12.2, 3.8 Hz, 1H), 2.41 (s, 3H), 2.40-2.34
(m, 1H), 2.29 (ddd, J = 18.1, 9.0, 4.5 Hz, 3H), 2.07—1.97 (m, 1H),
1.84 (d, ] = 11.1 Hz, 1H), 1.33 (s, 9H). 3C NMR (CDCl,) § 171.9,
1718, 159.8, 1564, 146.5, 1412, 130.8, 129.9, 129.5, 128.6, 1284,
1277, 119.6, 114.8, 114.0, 87.7, 71.3, 67.7, 59.2, 55.4, 46.8, 43.1, 42.4,
406, 40.4, 39.9, 352, 31.8, 30.5, 28.4, 20.3. LC-MS m/z [M + HJ*
C36H,6N304" caled 648.3, found 648.4.

6-0-(4-((2-Aminoethyl)amino)-4-oxobutanoyl)morphine (17).
Compound 16 (102 mg, 0.16 mmol, 1 equiv) was deprotected using
general deprotection procedure A. The resulting residue was purified
by prep-HPLC to give the product as a solid white mono-TFA salt (43
mg, 51%). "H NMR (DMSO-dg) & 10.01 (s, LH), 922 (s, 1H), 8.10 (t,
J = 5.7 Hz, 1H), 7.75 (s, 3H), 6.59 (d, J = 8.1 Hz, 1H), 6.51 (dd, J =
8.0, 42 Hz, 1H), 5.65 (d, ] = 10.0 Hz, 1H), 5.52—5.39 (m, 1H), 5.25—
5.14 (m, 1H), 5.09—4.98 (m, 1H), 4.13 (s, 1H), 3.27 (dd, J = 12.2, 6.2
Hz, 2H), 3.19 (d, J = 19.8 Hz, 1H), 3.06 (d, ] = 4.7 Hz, 1H), 2.97 (s,
1H), 2.89 (s, 2H), 2.84 (dd, ] = 12.1, 6.0 Hz, 2H), 2.71 (dd, ] = 20.0,
6.7 Hz, 1H), 2.65—2.59 (m, 2H), 2.45 (t, ] = 6.8 Hz, 2H), 2.20 (dd, ] =
13.4, 9.1 Hz, 1H), 1.84 (dd, ] = 463, 11.7 Hz, 1H). LC-MS m/z [M +
H]" Cy3H3oN;0¢" caled 428.2, found 428.2.

DOI: 10.1021/acs.jmedchem.7b01811
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2-((1E,3E,52)-5-(1-(6-((2-(4-(((4R,4aR,7S,7aR, 12bS)-9-Hydroxy-3-
methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-
elisoquinolin-7-yl)oxy)-4-oxobutanamido)ethyl)amino)-6-oxohex-
yl)-3,3-dimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-1,3,3-
trimethyl-3H-indol-1-ium-5-sulfonate (18). Compound 17 (7.1 mg,
0.013 mmol, 2 equiv), sulfo-CyS NHS ester (Lumiprobe, S mg, 0.0066
mmol, 1 equiv), and TEA (2.8 uL, 0.020 mmol, 3 equiv) was dissolved
in dry DMF (150 uL) under an N, atmosphere and allowed to stir at
room temperature for 7 h. HCTU (2.7 mg, 0.0066 mmol, 1 equiv) was
then added and the reaction stirred for an additional 16 h. Water (20
mL) and MeCN (1 mL) were then added and the solvent removed by
freeze-drying. The resulting residue was purified by reverse phase
chromatography (5—30% buffer B in buffer A, 1% jump per column
volume). Clean fractions were collected and freeze-dried to give the
product as a dark-blue solid TFA salt (2.6 mg, 33%). 'H NMR
(DMSO-dy) & 9.82 (s, 1H), 9.20 (s, 1H), 8.35 (t, J = 13.1 Hz, 1H),
791 (s, 1H), 7.81 (s, 2H), 7.77 (s, 1H), 7.64 (dd, ] = 7.6, 3.9 Hz, 2H),
731 (d, ] = 8.4 Hz, 2H), 6.62—6.44 (m, SH), 628 (dd, ] = 18.3, 13.9
Hz, 2H), 5.59 (d, ] = 9.9 Hz, 1H), 541 (d, ] = 9.7 Hz, 1H), 5.12—4.93
(m, 2H), 4.08 (s, 4H), 3.59 (s, 2H), 3.16—3.02 (m, 7H), 2.89 (s, 4H),
2.60—2.54 (m, 3H), 2.39 (t, J = 6.6 Hz, 3H), 2.03 (t, ] = 7.1 Hz, 2H),
1.68 (s, 12H), 1.58—1.48 (m, 2H), 1.29 (ddd, J = 17.8, 13.8, 8.6 Hz,
SH), 117 (t, ] = 7.3 Hz, 2H). ESLTOF HRMS m/z: [M + HJ*
CyHgeN,0,,S," caled 10524144, found 1052.4119; [M + 2H]**
CssHg;NO4,S," caled 526.7108, found 526.7113.
6-O-((4-((tert-Butoxycarbonyl)amino)butyl)carbamoyl)morphine
(19). Compound 15 (130 mg, 0.28 mmol, 1 equiv), anhydrous HOBt
(42 mg, 0.31 mmol, 1.1 equiv), EDC-HCI (60 mg, 0.31 mmol, 1.1
equiv), and TEA (119 L, 85 mmol, 3 equiv) were dissolved in DMF
(2 mL) under an N, atmosphere and allowed to stir at room
temperature for 1 h. tert-Butyl (4-aminobutyl)carbamate (64 mg, 0.34
mmol, 1.2 equiv) was then added as a solution in dry DMF (1 mL)
and the reaction stirred at room temperature for 17 h. The solvent was
then removed in vacuo and the residue purified by reverse phase
chromatography (6—35% buffer B in buffer A, 1% jump per column
volume). Clean fractions were collected and freeze-dried to give the
product as a light-orange solid TFA salt (65 mg, 36%). 'H NMR
(MeOD) § 6.65 (dd, J = 8.1, 1.4 Hz, 1H), 6.58 (d, ] = 8.1 Hz, 1H),
5.92-5.83 (m, 1H), 5.42 (d, ] = 9.9 Hz, 1H), 5.19—5.12 (m, 1H), 491
(s, 9H), 428—4.10 (m, 4H), 3.39 (dd, ] = 13.3, 3.7 Hz, 1H), 334 (d, ]
= 6.5 Hz, 1H), 326 (d, J = 7.3 Hz, 1H), 320 (d, J = 202 Hz, 1H),
3.12—2.94 (m, 7H), 2.87 (dd, ] = 19.8, 6.8 Hz, 1H), 2.34 (td, ] = 13.6,
5.0 Hz, 1H), 2.12 (d, ] = 13.9 Hz, 1H), 1.75—1.62 (m, 3H), 1.60—1.47
(m, 2H), 142 (s, 3H). 3C NMR (MeOD) § 172.6, 147.4, 132.9,
129.9, 126.6, 121.2, 118.7, 89.0, 75.3, 69.8, 69.7, 62.3, 42.9, 41.7, 40.3,
40.0,39.7, 39.1, 343, 28.8, 28.3,27.7, 27.4, 25.8, 22.2. LC-MS m/z [M
+ H]" CyH,oN;O;4" caled 514.3, found 514.3.
6-0-((4-Aminobutyl)carbamoyl)morphine (20). Compound 19
(65 mg, 0.10 mmol, 1 equiv) was dissolved in CHCl; (1 mL) and
TFA (0.5 mL) and the resulting solution allowed to stir for 1 h. The
solvent was then removed in vacuo and the resulting residue dissolved
in buffer A and freeze-dried to give the product as a brown oil TFA salt
(60 mg, quantitative). 'H NMR (MeOD) 6 6.65 (d, J = 8.1 Hz, 1H),
6.58 (d, J = 82 Hz, 1H), 5.86 (d, ] = 10.0 Hz, 1H), 5.41 (d, ] = 9.8 Hz,
1H), 5.15 (d, ] = 5.7 Hz, 1H), 4.28—4.10 (m, 4H), 3.38 (dd, J = 13.2,
3.8 Hz, 1H), 3.33 (d, ] = 6.7 Hz, 1H), 3.27 (d, ] = 20.0 Hz, 1H), 3.18
(d, J = 12.0 Hz, 1H), 3.07 (dd, J = 13.3, 3.5 Hz, 1H), 3.04—2.93 (m,
6H), 2.87 (dd, ] = 19.9, 6.7 Hz, 1H), 2.36 (td, ] = 13.6, 4.6 Hz, 1H),
2.09 (d, J = 12.0 Hz, 1H), 1.77—1.58 (m, 4H). *C NMR (101 MHz,
MeOD) 6 172.5, 147.4, 141.0, 132.8, 1299, 126.7, 1232, 1212, 1187,
89.0, 75.4, 69.7, 62.2, 42.9, 41.7, 40.3, 39.8, 39.1, 34.2, 27.3, 26.8, 25.8,
22.2. LC-MS m/z [M + H]* C,3H;,N;0," caled 414.2, found 414.3.
1-Ethyl-2-((1E,3E,5Z)-5-(1-(6-((4-(2-(((4R,4aR,75,7aR, 12bS)-9-hy-
droxy-3-methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)oxy)acetamido)butyl)-
amino)-6-oxohexyl)-3,3-dimethyl-5-sulfoindolin-2-ylidene)penta-
1,3-dien-1-yl)-3,3-dimethyl-3H-indol-1-ium-5-sulfonate (21). Sulfo-
CyS TFA salt (6.0 mg, 7.8 umol, 1 equiv), HCTU (3.9 mg, 9.3 #mol,
1.2 equiv), and TEA (10 uL) were dissolved in DMF (600 yL) under
an N, atmosphere and stirred at room temperature for 1 h. Compound
20 (8.2 mg, 16 umol, 2 equiv) was then added as a solution in DMF
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(200 pL) and allowed to stir at room temperature for 18 h. Buffer A
was added and the resulting solution freeze-dried. The residue was
purified by reverse phase chromatography (5—30% buffer B in buffer
A, 1% jump per column volume). Clean fractions were collected and
freeze-dried to give the product as a dark-blue solid TFA salt (3.6 mg,
40%). 'H NMR (DMSO-dg) 5 1022 (s, 1H), 9.19 (s, 1H), 8.35 (t, ] =
12.6 Hz, 2H), 7.82 (s, 2H), 7.78=7.71 (m, 2H), 7.68—7.61 (m, 2H),
7.34—7.30 (m, 2H), 7.18 (s, 1H), 7.05 (s, 1H), 6.59—6.55 (m, 2H),
646 (d, ] = 8.1 Hz, 1H), 6.30 (d, J = 14.0 Hz, 1H), 5.77 (dd, ] = 102,
2.2 Hz, 1H), 528 (d, ] = 10.0 Hz, 1H), 5.07 (d, ] = 5.9 Hz, 1H), 4.15—
3.93 (m, 10H), 3.19 (d, J = 19.3 Hz, 1H), 3.14—3.04 (m, SH), 3.02—
296 (m, 3H), 2.89 (s, 3H), 2.82 (s, 1H), 2.75—2.66 (m, 1H), 2.23—
2.13 (m, 1H), 2.02 (t, J = 6.9 Hz, 2H), 1.95—1.89 (m, 1H), 1.58—1.48
(m, 3H), 1.43—129 (m, 8H), 1.25 (t, ] = 7.3 Hz, 6H), 117 (t, ] = 7.3
Hz, 2H). ESLTOF HRMS m/z [M + H]* CiHyN;O,,S," caled
10524508, found 10524545, [M + Na]* CsHgNO;;S,Na* caled
1074.4327, found 1074.4338.

Pharmacology. cAMP BRET CAMYEL Assay. HEK293 cells were
transfected with 2 ug of hMOR pEES/FRT construct cDNA and 3 ug
of CAMYEL sensor cDNA. The ¢cDNA was mixed with 30 ug of
polyethylenimine and made up to 250 yL with 0.15 M NaCl, then
allowed to incubate for 15—20 min at room temperature. This mixture
was then added to the cells dropwise and gently mixed. The cells were
then incubated for 24 h in post transfection media (PTM), after which
they were resuspended in 15 mL of PTM and replated onto white
poly-p-lysine coated plates at 100 ;L per well and maintained for 24 h.
The media was then aspirated and the cells washed once with 100 yL/
well HBSS at 37 °C. HBSS (70 uL/well) was then added back and the
cells incubated for 30 min at 37 °C in the absence of CO,.
Coelenterazine H (10 uL, 5 yM final) was added and the cells
incubated in the dark for 10 min at 37 °C. The drugs (10 uL) were
then added at the desired concentration, followed immediately by
forskolin (10 uL, 30 uM final), then incubated for S min inside a
LUMIstar Omega plate reader set at 37 °C. Luminescence for RLuc8
(480 nm) and fluorescence for YFP (530 nm) were then measured.
Baseline and vehicle control values were subtracted, and the BRET
signal was normalized as a percentage of forskolin response.

Confocal Microscopy. HEK293 cells stably expressing N-terminal
SNAP-hMOR were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% (v/v) fetal calf serum (FCS) and 1
mg/mL G418. Cells were grown in poly-D-lysine-coated 8-well Labtek
borosilicate chambered-cover glasses (Nalgene Nunc International,
Fisher Scientific). On the day of experimentation, SNAP tag labeling
was performed by incubating cells in 500 nM BG-488 in fresh cell
culture media for 30 min at 37 °C. Cells were washed in prewarmed
HEPES-buffered saline solution (HBS) containing 4.5 mM p-glucose
and incubated for 30 min at 37 °C in the presence or absence of 1 yuM
naloxone prior to addition and incubation with the relevant
concentration of 21 for 30 min at 37 °C. Where the concentration
of 21 was 10 uM, the cells were washed with HBS prior to imaging.
Confocal images were captured using a Zeiss LSM710 laser scanning
microscope using a Plan-Apochromat 63 X 1.3NA oil-immersion
objective lens (1024 X 1024 pixels, averaging at four frames). The 633
nm HeNe and 488 nm argon lasers were used to excite sulfo-Cy$ and
BG-488, respectively. Emission was captured at 638—759 nm and
493—628 nm, respectively. Confocal settings for laser power, offset,
and gain were kept constant throughout acquisition. Images were
processed in Zeiss Zen 2011, with any linear adjustments made equally
cross all images within a data set.
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3.2.1 Additional Notes

Compound references here will refer directly to the numbering scheme in the paper, and should
be viewed independently from the rest of this dissertation.

In addition to the described methods of producing an ether-linked model congener, se-
veral other synthetic attempts were made to give ether-linked model congeners. Direct alky-
lation of compound 6 at the C-6 position using 2-(6-bromohexyl)isoindoline-1,3-dione using
sodium hydride in THF failed to give any product. Simplification of this reaction to using
1-bromohexane as a model again failed to give any appreciable product, returning mostly the
starting material by LC-MS and NMR. Using toluene or dioxane as solvents, or using LIHMDS
as the base gave similar results by LC-MS. Using 1-iodobutane under similar conditions gave
partial conversion to the C-6 alkylated product, but tended not to go to completion and gave

a variety of by-products such as the N-alkyl by product.

/
N
J..

@

OPMB OPMB
6 22a R=H

22b R = phthalimide

Scheme 1. Attempted alkylation of the C-6 secondary alcohol. Reagents and Conditions: (a) alkyl
bromide, base (NaH or LiHMDS), solvent (THF, toluene, dioxane), rt or -78°C to rt, 18 h; (b)
1-iodobutane, NaH, THF, rt, 18 h.

Das et al. demonstrated that esters could be reduced using the reagent triiron dode-
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cacarbonyl (Fe;(CO),5), an organo carbonyl complex.® In conjunction with a silane such as
1,1,3,3,-tetramethyldisiloxane (TMDS) in toluene, they showed that the ester may be reduced
in the presence of other functional groups such as halogens, methoxy groups and alkenes. A
test reaction was carried out using ethyl 4-bromobenzoate showed this reaction did indeed pro-
ceed with few by-products observed. With these results in mind, compound 11 was subjected
to these conditions in an attempt to selectively reduce the ester to an ether. Although some
product was observed via LC-MS analysis (compound 24a), the reaction did not proceed to
completion in addition to giving various reduced side-products. Two of these were identified
to be the cleaved ester returning compound 6 and a reduction of the ester to an enol ether
(compound 24b). Heating in a microwave reactor rather than by thermal heating resulted in

fewer side-products, but also reduced the free acid to the corresponding aldehyde.

Scheme 2. Attempts at using Feg(CO),, for the selective reduction of esters to ethers. Reagents
and conditions: (a) Feyq(CO),9, TMDS, toluene, 100 °C, 20 h; (b) Fes(CO),s, TMDS, toluene, uW
reactor 100° C, 2 h.

Although this reaction has been shown to work in literature, and the test reaction sugge-

3 FLUORESCENT OPIOID PARTIAL AGONIST PROBES FOR THE u-OPIOID 83
RECEPTOR



3.2 Fluorescently Labelled Morphine Derivatives for Bioimaging (Paper)

sted this may have been a valid method, the structural complexity of compound 11 in addition
to the various heteroatoms may have interfered with it. Perhaps protecting the heteroatoms
by capping or introducing protecting groups would have enabled the reaction to proceed to
the desired product. In particular, Das et al. did not show that this reaction was orthogonal
to free acids, so perhaps first capping it as the amide would have resulted in a more positive
outcome. Nevertheless, Fe;(CO),, was found to be useful as a catalyst for another reaction

involving alkaloids, which will be discussed in Chapter 5.
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Following the development of the morphine-based fluorescent partial agonist probes for
the MOR, the focus was shifted to designing our AuNR-based imaging system. Here, the goal
was to explore nanoparticle fluorophores as alternatives to traditional organic fluorophores such
as Cyb, as well as to create a platform from which multiple ligands may be attached in order to
visualize opioid receptor heterodimers. Using prior knowledge from the design of our fluores-
cent morphine probes (Chapter 3), similar approaches were used in order to maintain known
active conjugation methods. Note that for all discussions involving nanoparticles, "core@shell
notation will be used, where the chemical species preceding the "@" is being "wrapped" by the
chemical entity proceeding the "@". Where the core is coated in multiple chemical species, the

second species will be shown as a percentage of the total coating in the format core@shell(species

x%).

4.1 Synthesis of Gold Nanorods

AuNRs were synthesized via the Nikoobakht method (see Chapter 1.3.4, Figure 13 for a visual

summary).’

This method involves a two-step seed-mediated growth procedure. First, gold
nanoseeds were generated by reducing a solution of chloroauric acid with an ice-cold solution of
sodium borohydride in the presence of the surfactant CTAB, producing seeds of approximately
4 - 6 nm. Next, a growth solution was produced by adding chloroauric acid, ascorbic acid, and
varying amounts of silver nitrate to a solution of CTAB. The ascorbic acid acts as a reductant,
reducing Au(III) to Au(I). Subsequent addition of the seed solution catalyses the reduction of
Au(I) to Au(0), elongating the seeds into nanorods with the CTAB micelles acting as a template
for the growth to give AuUNR@QCTAB. The titration of silver nitrate controls the AuNR aspect
ratio. These AuNRs may then be purified by centrifugation and washing with water. It is
known that at low concentrations of CTAB below the critical micellar concentration of 1 mM,
AuNR@QCTAB become colloidally unstable and aggregate, hence careful control of the CTAB
concentration is vital. Further purification of AuUNR@QCTAB was achieved by washing with a
CTAB solution.

Variations of this synthesis were attempted in order to achieve AuNRs. Alternations in
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reagent concentrations, reaction volume, temperature, and ageing time were trialled. However,
the most successful method was still essentially a scaled up synthesis of the Nikoobakht method.
Slight changes in conditions have been demonstrated to have significant effects on AuNR growth.
Changes in these conditions can result in formation of undesired products, such as spherical
AuNPs. These have been demonstrated by the Murphy group in their initial attempts at trying
to achieve AuNRs in high purity with carefully controlled aspect ratios.®® Therefore, close
adherence to the Nikoobakht method was maintained, as it was determined these conditions
were optimal for our purposes.

Organic additives were also trialled, as it was thought these might enable improved
control over AuNR growth. Two additives were tested; acetone and ethylenediaminetetraacetic
acid (EDTA). Acetone has been suggested to increase the flexibility of the CTAB membrane,
giving AuNRs of smaller diameter.# It was suggested that this effect could be controlled by
varying the concentration of acetone in the growth solution, giving CTAB templates of varying
diameter. EDTA was used in the synthesis of spherical AuNPs to give more consistent and
monodisperse nanoparticles.” While the exact mechanism of this improvement is unknown, one
of the hypotheses was that this could be due to the EDTA assisting in the removal of trace
impurity metals that may affect the growth of AuNPs.

Using the standard Nikoobakht method, acetone was added as a small percentage of the
solution (36:1 water/acetone). Upon addition of the nanoseeds to the growth solution, a blue
solution was formed, which is in contrast to previous batches of AuNRs where they typically
vary between green and red. UV-vis absorbance spectra showed two distinct peaks similar to
those of well-formed AuNRs. However, upon imaging via TEM large quantities of spherical
particles were observed, as well as non-uniform ones. These resembled ¢-shaped particles, but
were malformed and not uniform (Figure 21). Addition of EDTA at a final concentration
of 0.02 M in both the seed and growth solutions gave interesting results. The seed solution
gave a red solution, rather than the usual brown nanoseed solution. Addition of the EDTA
nanoseeds to the corresponding growth solution resulted in a purple solution forming. UV-Vis

spectroscopy suggested these were not rod-like in geometry, but had a malformed morphology
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(Figure 22). Although two different absorbance bands were observed, the relative intensity of
the peak at 675 nm is unusually low. It would be expected that a real LSPR band would
absorb light far more effectively than the TSPR band, and hence would have a much greater
intensity. Furthermore the peak shape of the band at 530 nm is inconsistent with known AuNR
absorbance behavior. Here, the peak observed was relatively sharp, whereas in known AuNR
samples this peak tends to be broader and less intense relative to the LSPR band. These
observations suggest AuNRs did not form as desired, giving malformed particles instead. With

these results in mind, addition of auxiliary organic additives was not carried forward.

Figure 21. Malformed AulNRs due to the addition of acetone to the growth solution. Although this
sample still gave a reasonable UV-Vis spectra (data not shown), the particles themselves are not rod-
shaped. This highlights the importance of using TEM to characterize AuNRs, as the absorbance spectra
s not enough to make a full characterization where new methods are being trialled.

4.1.1 Characterization of Gold Nanorods

AuNRs were characterized via UV-Vis spectroscopy and TEM. While TEM is the ideal method
for characterizing nanoparticles, the lack of ready access limited its utility, though it was still an
important tool for determining particle shape and uniformity. UV-Vis spectroscopy was used

as an initial tool to determine whether or not AuNRs had successfully been formed. Successful
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EDTA Addition to AuNR Growth
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Figure 22. UV-Vis absorbance spectra of AuNRs synthesized in the presence of EDTA. The peak
shapes here are inconsistent with known AuNR absorbance behavior, suggesting the formation of mal-
formed particles.

formation of AuNRs was indicated by the presence of two absorbance bands, the TSPR and
LSPR bands. These absorbance bands could be used to estimate AuNR aspect ratio. Where
AuNR growth was suggested to be successful, TEM images were acquired to ensure correct
particle shape and to determine the level of impurity. These two analytical techniques were
used in conjunction to perfect the synthesis technique.

A typical UV-Vis absorbance spectra is shown in Figure 23. As can be seen, two major
peaks are visible. The TSPR peak at &~ 510 nm is typical for all AuNRs, as this is mediated
by the {110} and {111} facets on the ends of the rods. The more significant LSPR peak shifts
according to the aspect ratio: the greater the aspect ratio, the greater the LSPR wavelength.
These typically vary between 600 - 800 nm using the Nikoobakht method, as the added silver
nitrate restricts the aspect ratio to a maximum of about 4.5. In this particular example, the
LSPR was found to be 738 nm. TEM images shown in Figure 24 are representative of good
quality AuNRs. As can be seen in these images, the nanorods are well formed, with cylindrical

bodies along the <250> vector, terminated by {110} and {111} facets.
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Typical Absorbance Spectra of Gold Nanorods
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Figure 23. A typical UV-vis absorbance spectra of AuNRs. In this particular sample, the LSPR was
determined to be 738 nm, while the TSPR was 510 nm. Note the LSPR absorbance peak is significantly
stronger than the TPSR, which is again typical of AuNRs.

Figure 2. Representative examples of well formed AuNRs. Note the well formed rod shape, with
uniform cylindrical body along the <250> vector, which are terminated by {110} and {111} facets.
This sample had an LSPR of 726 nm.
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Figure 25 demonstrates the monodispersity of the AuNR batch. As can be seen visually,
the particles in this batch are quite similar in size in both dimensions. Statistical analysis
shows this batch of AuNRs had an average size of 16.7 4+ 2.0 nm in the transverse direction and
52.8 + 4.7 nm in the longitudinal direction, corresponding to an aspect ratio of 3.2 £+ 0.5. In

addition to this, few impurities are present, again suggesting good control over AuNR formation.

~

50 nm
o — - €
Figure 25. TEM images showing a large number of AulNRs clustered together. Note the monodisper-

sity of the particles, as well as the low number of undesired impurities. AuNRs shown here have an
aspect ratio of 3.2 &+ 0.5. The sample shown here is the same batch as depicted in Figure 24.
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4.1.2 Attempted Alternative Synthesis via Radical Reduction Method

Recently, Ahmed and Narain published a method for synthesizing AuNRs in a single step, wet
chemical method using a radical reductant. Previously published radical methods had used
ketyl radicals generated from acetone via UV irradiation at 254 or 300 nm.% However, these
methods require long radiation times, as the generation of ketyl radicals is relatively slow,
with optimal irradiation time being several hours. The improvement made was by introducing
a source of ketyl radicals using the photoinitiator 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-
propyl)ketone, known industrially as Irgacure-2959 or 1-2959. Upon irradiation at 350 nm, this
generates ketyl radicals with short half lives, rapidly reducing Au(III) to Au(0).

Following the method described by Ahmed and Narain, the alternative synthesis was
attempted using 1-2959 in the presence of CTAB, acetone, and silver nitrate. As previously
discussed, the silver nitrate is used to control the aspect ratio of the AuNRs. Acetone is used
to improve the flexibility of the CTAB template, allowing AuNRs of smaller diameters to be
produced. A Rayonet RPR-200 photoreactor at 254 nm wavelength radiation was used as the
radiation source, removing some of the lamps in an attempt to reduce the intensity to match
the literature intensity. Several observations were made in this experiment. First, when the
chloroauric acid was added to the aqueous CTAB /acetone solution, complexation of Au(III) to
CTAB was observed and resulted in visible precipitation of the complex. This was thought to be
due to the addition of acetone reducing the solubility of the CTAB-Au(III) complex. Lowering
the concentration of gold added by half did not improve this and still resulted in precipitation
of the gold complex. After addition of I-2959 as a solution in methanol, irradiation for a
prolonged period of time with stirring did not produce any sign of nanorod formation, with the
CTAB-Au(III) complex remaining as a precipitate and no color change observed. Furthermore,
it appeared that the addition of methanol to the growth solution further reduced the solubility
of the gold complex. In addition to this, the irradiation wavelength could not be matched due
to a lack of the required equipment. Due to the lack of success, this single-step radical reduction

method was abandoned.

4 DEVELOPMENT OF GOLD NANOROD-BASED IMAGING SYSTEMS 94



4.1 Synthesis of Gold Nanorods

4.1.3 Optimization of Cleaning Protocol

While AuNRs have been successfully synthesized using the Nikoobakht method, literature des-
criptions for the purification of these nanorods is lacking, as it is rarely described. The Ni-
koobahkt method, for example, fails to mention any purification process, simply stating at the
conclusion of the growth phase AuNR@QCTAB were obtained.” It was known that AuNRQCTAB
could not simply be stored as synthesized, as the high concentration of CTAB requires eleva-
ted temperatures to remain in solution. Lowering the temperature from 30 °C to ambient
temperature resulted in crystallization and precipitation of the surfactant, which in turn cau-
sed aggregation of AuNRs as they became trapped within the CTAB crystals. It was found
that once the crystallization of CTAB occurred, rescue of the AuNRs was often difficult, or
not possible. Therefore, centrifugation of the sample following growth and resuspension in an
appropriate buffer was the preferred method.

Initially, samples were centrifuged, 90% of the supernatant removed and the colloid was
made back to volume using Milli-Q water to lower the CTAB concentration to 10 mM. This
could then be repeated to further reduce the surfactant concentration to 1 mM. However, due
to the coating procedure developed (Chapter 4.4), a CTAB concentration of 10 mM needed
to be maintained. Therefore, only one centrifugation/resuspension cycle was carried out. It
was later found that samples that had only been washed once aged over time due to the
remaining 10% of the growth reagents, which was determined via UV-Vis spectroscopy. The
change in absorbance spectra corresponded to an increase in particle size, although the vector
of the change could not be determined. A change in particle size over time was undesirable,
as such further purification was required. Following the first centrifugation/resuspension cycle
into Milli-Q water, the sample could be washed twice using a 10 mM solution of CTAB. This
maintained the required CTAB concentration, while also enabling the removal of excess growth
reagents to < 0.1%. This halted any observable change in AuNR absorbance spectra over
time, and could therefore be stored long term without any change to their physical and optical

qualities.
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4.2 Synthesis of a Biocompatible Zwitterionic Surface Coat

Due to the cytotoxic nature of the CTAB coating on as-synthesized AuUNR@QCTAB, a biocompa-
tible surface coat was required in order for these to be used in biological systems. To this end, a
zwitterionic surface coat was designed based on an imidazolium /sulfonate system. Zwitterionic
surface coats have been shown to be highly hydrophilic, imparting a "stealth" behavior to the
nanoparticle.” Compared to the commonly used PEG coating, these types of coats have several
advantages; they are better able to prevent the formation of a protein corona that can inhibit
the intended activity of the nanoparticle, they are far lower in molecular weight so tend to have
a smaller hydrodynamic diameter, and are less likely to be captured by macrophages. Furt-
hermore, as these species are overall electrically neutral, they are unlikely to form electrostatic
interactions with the environment. Previous work in this area has shown that the imidazo-
lium /sulfonate system is better able to resist the formation of the protein corona, as well as
having minimal non-specific uptake and does not induce cellular stress compared to anionic,
cationic and a zwitterionic quaternary ammonium/sulfonate coats (see Appendix 8.4).%

The synthesis is described in Scheme 3. Briefly, imidazole was alkylated using N-(3-
bromopropyl)phthalimide to give 1. This was then further alkylated using 1,3-propanesultone
to give 2, installing the cationic imidazolium as well as the anionic sulfonate moieties. The
phthalimide was then deprotected to reveal the free amine 3, which could then be coupled to
lipoic acid to give 4, with the dithiolane acting as an anchoring group to enable attachment to
the AuNR surface.

The synthesis of this zwitterionic surface coat has been optimized from an unpublished
procedure from within the group. Previously, the conversion of 1 to 2 was effected by simply
stirring the reactants together in chloroform at room temperature for several days (typically 5
days). This reaction time was significantly reduced by using MeCN as the solvent as well as
heating at 80 °C in a sealed vessel, allowing for the reaction to be completed within 30 min.
However, when scaled up, simply refluxing the reaction was adequate, although it took 3 h

when not pressurized. Conversion of 3 to the final compound 4 was originally reported to not
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Scheme 3. Synthesis of a biocompatible zwitterionic surface coat. Note the imidazolium and sulfonate
moieties in the final product 4 acting as the zwitterionic coat. The dithiolane enables attachment of
4 to the AuNR surface. Reagents and Conditions: (a) imidazole, K,CO4, MeCN, refluz, 16 h, 57%;
(b) 1,3-propanesultone, MeCN, 80 °C, 30 min, 92%; (c) NyH,- HyO, MeOH, refluz, 1.5 h, 66%; (d)
lipoic acid, EDC- HCIl, HOBt, DIPEA, RT, 18 h, 41%.

proceed using the amide coupling reagent EDC - HCI, and instead conversion of lipoic acid to
the corresponding acid chloride, followed by nucleophilic substitution with 3 was performed
in order to effect the coupling. However, it was found that using EDC-HCI in conjunction
with HOBt allowed the reaction to proceed. In addition to this, heating the reaction at 60 °C

increased the solubility of the reagents and allowed the reaction to proceed faster.

4.2.1 Attempts at Further Optimizing Synthesis of Surface Coat

Several attempts were made in order to further optimize the synthesis of 4 in order to both
expedite the process and to increase yield. The initial alklyation of imidazole was one of the
steps that had previously not been optimized. In order to improve the yield, increasing the
reagent equivalence was tried. The equivalence of imidazole and K,CO, were increased from 3
and 1 to 5 and 2, respectively. However, upon workup no product formation was observed by
LCMS or TLC. An alternative method described by Harjani et al. was also trialled. Initially,
imidazole was deprotonated using NaH, followed by the addition of the alkylating agent.? This
was then allowed to stir for an hour at room temperature before heating to reflux. Following

workup, a white solid was obtained. However, NMR analysis suggested that this was the
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di-alkylated by-product, with no mono-alkylated product observed. Hence, the previously
established synthesis for 1 was found to be the most efficient method.

Coupling of 3 to lipoic acid was the second inefficient step in this synthesis. Previously,
this was achieved using a combination of EDC-HCI] and HOBt. However, the recovered yield
was relatively low (41%). Instead, HCTU was used as an alternative to the EDC-HCl HOBt
system. However, it was found that the resulting benzotriazole by-product could not be se-
parated from the product under all reverse-phase chromatography conditions tested. Using
EDC - HCI without HOBt in an attempt to simplify purification, product formation was obser-
ved. However, this was not efficient with minimal product formation and significant by-product
formation. While the product could be isolated in low yields (< 10%), the poor conversion did
not justify collecting the product.

Next, lipoic acid was converted to an acid chloride, which was then reacted with 3 in dry
DMF. Upon quenching, a white precipitate formed, which was determined to be the starting
material 3. No product was observed in the filtrate by LC-MS analysis. Schotten-Baumann
conditions were trialled in another attempt to utilize the lipoyl chloride to effect the coupling.
Again, lipoic acid was first converted to the corresponding acid chloride using SOCIL, in DCM.
This was then evaporated, redissolved in dry acetonitrile, then gradually added to an aqueous
solution of 3 in saturated aqueous (NH,),CO;/(NH,)HCO;, whereupon a yellow precipitate
formed. While LC-MS analysis showed relatively little starting material present in the soluble
aqueous phase, the precipitate could not be analyzed as it could not be dissolved in any solvent
across a variety of pH levels without degradation. While the behaviour of the solid was similar
to that of previously synthesized samples, the inability to dissolve the solid meant it could not
be confirmed to be the desired product.

Finally, exchange of the phthalimide protecting group for a Boc group proved successful,
enabling simple deprotection using TFA to return 3 without a purification step. However, this

method was not used on the majority of the samples synthesized.

4 DEVELOPMENT OF GOLD NANOROD-BASED IMAGING SYSTEMS 98



4.3 Synthesis of a Opiate Congener for Conjugation to Gold Nanorods

4.3 Synthesis of a Opiate Congener for Conjugation to Gold Nanorods

Using our previous data from the synthesis of our fluorescent morphine conjugates, a morphine-
based congener was designed to enable easy conjugation of the active ligand to the AuNR
surface. Synthesis was started using 5 (see Chapter 3, referred to as "compound 20"), which
was designed as part of the work on our morphine-Cy5 conjugates. Compound 5 was coupled to
Lipoamido-dPEG®)12-acid (Quanta BioDesign, Ltd.) using HCTU to give 6 (Scheme 4). Again,
a dithiolane moiety was used to anchor the compound to the AuNR surface. dPEG®) was chosen
as the spacer as this particular PEG reagent was synthesized in a step-wise fashion, whereas
conventional PEG chains are produced via polymerization to give PEG chains of varying sizes.
This gives a precise number of ethylene glycol units, and therefore the exact chemical species is
known. Control of the spacer is important as it allows precise characterization of the chemical
species being coated onto the AuNR surface, in addition eliminating batch to batch variations.

This congener acted as our MOR agonist pharmacophore.

/
N

],

Scheme 4. Synthesis of a morphine-based congener for conjugation to AuNRs. The dithiolane
moiety is utilized to anchor the congener to the AuNR surface. Reagents and conditions: Lipoamido-
dPEG®12-acid, HCTU, TEA, DMF, RT, 18 h, 48%.

As we wanted to image the MOR-DOR heterodimer composed of an active MOR and

inactive DOR subunits, a DOR antagonist pharmacophore was required. Naltrindole is a well
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known DOR specific antagonist and has been used in the past in the design of bivalent ligand
MDAN-21.1971% Structure-activity relationship (SAR) around this compound has found that
modifications around the 7’-position were tolerated, and enabled installation of a linking moiety
for elongation to a congener.’%1%%4 In particular, installation of an amine for conjugation via
a simple amide coupling maintained antagonist activity.

The synthetic pathway used was based on several literature procedures (Scheme 5),
altering them in order to accommodate for the different starting substrate, as well as to use
an alternative N-demethylation method.?’?41% Literature synthesis commenced with thebaine
as the starting material, on which 14-oxidation was performed using hydrogen peroxide and
formic acid to give 7.7° The resulting olefin could be reduced using Pd/C in an H, atmosphere
to give oxycodone. The 14-hydroxy group could then be acetylated to give 8, then treated with
ethyl chloroformate to give the N-demethylated carbamate 9. The carbamate was then cleaved
to return the N-nor alkaloid using concentrated sulfuric acid to give 10, then alkylated with
cycloproylmethyl chloride to install the requisite N-alkyl group to give 11. The 3-O methoxy
group can then be cleaved using pyridine and hydrochloric acid to reveal the phenol, giving
the MOR antagonist naltrexone as the product. Fisher-indole condensation to give naltrindole
may then be performed with phenylhydrazine in conjuction with either acetic acid, hydrochloric
acid, or methane sulfonic acid depending on the procedure.’’’# Ethanol may also be used as a
solvent. 4

For our synthesis of a naltrindole congener, oripavine was used as the starting material
due to its ready availability. Furthermore, this enabled the synthesis to be performed without
the need to make the Schedule 8 intermediates oxycodone and naltrexone, both of which would
be legally problematic due to their restricted nature. Starting with this material, 3-O protection
using pivaloyl chloride afforded 12. N-oxidation to 13, followed by treatment with Fe;(CO),,
returned the N-demethylated product 14. This particular reaction will be discussed in greater
detail in Chapter 5. Alkylation using cyclopropylmethyl bromide gave 15 with the requisite
N-alkyl group. 14-oxidation with peracetic acid gave 16, after which the remaining olefin could

then be reduced to give 17.
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(@ (b) (©)
OMe OMe
Thebaine Oxycodone 8
(d)
(@ ® (e)

OMe

OH OMe
Naltrexone 11 10

‘(h)

OH
Naltrindole

Scheme 5. A literature synthesis of naltrindole based on two separate procedures described by Ta-
vakol et al. for the synthesis of naltrexone and Portoghese et al. for the conversion of naltrexone
to naltrindole.’1° Reagents and conditions: (a) H,0,, formic acid; (b) Pd/C, Hy; (c) acetic an-
hydride; (d) ethyl chloroformate; (e) HySO,; (f) cyclopropylmethyl chloride, base; (g) pyridine, HCI;
(h) phenylhydrazine, HCI, acetic acid.

4 DEVELOPMENT OF GOLD NANOROD-BASED IMAGING SYSTEMS 101



4.3 Synthesis of a Opiate Congener for Conjugation to Gold Nanorods

Fischer-indole condensation was then performed using the corresponding phenylhydra-
zine to give naltrindole, the 7’-nitro analogue 18 or the 7’-bromo analogue 19. Initially, refluxing
17 with the corresponding phenylhydrazine in a mixture of ethanol and acetic acid procedure
gave poor yields (< 25%). Further analysis revealed that under these conditions, the hydrazine
was preferentially acetylated over participating in the Fischer-indole condensation. The use of
hydrochloric acid (10 M) instead of acetic acid gave improved yields in addition to cleaving the
pivaloyl protecting group in a single step. Due to changes in regulations restricting access to
starting material, naltrexone hydrochloride was purchased from a commercial source instead
of synthesizing 17 from oripavine as described. Fischer-indole condensation could be carried
out using the same method to afford the corresponding indoles as before. The bulk of indole

synthesized for this project was done using the commercially supplied naltrexone hydrochloride.

(b)

(©)

OMe 5495

R = -H = naltrindole
R =-NO, =18
R =-Br=19

Scheme 6. Synthesis of naltrindole analogues as potential targeting ligands. Reagents and conditions:
(a) pivaloyl chloride, TEA, DCM, RT, 3 h, 95%; (b) mCPBA, CHCl,, 0 °C, 30 min, 98%; (c)
Feg(CO),p, CHCls, RT, 1 h, 54%; (d) cyclopropylmethyl bromide, K,COg4, MeCN, RT, 24 h, 55%;
(e) ozalic acid, peracetic acid, formic acid, MeCN, water, RT, 1 h, 78%; (f) Pd/C 10%, H, (1 atm),
MeOH, RT, 18 h, 87%; (g) appropriate phenylhydrazine, EtOH, 10 M HCI, reflux, 17 h, 61 - 78%.

The original intention for the synthesis of 18 was to reduce the nitro moiety to return
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the amine, therefore replicating the same linking method used by Portoghese’s group for their
work with MDAN-21, which was already known to maintain binding to the DOR.?*!% However,
difficulties in synthetic manipulation precluded further work. These difficulties will be discussed
later in Chapter 4.3.1. Therefore, work proceeded only carrying forward using the bromo
analogue 19. Metal-catalyzed coupling between 19 and a suitable linker was trialled under a
variety of conditions. Using N-Boc-propargylamine under Sonogashira conditions failed to give
any conversion to the desired product.

Modifying approaches, Heck couplings were attempted using a variety of alkenes with
varying degrees of success. Benzylacrylate gave good conversion to the desired trans olefin 20
(Scheme 7). Hydrogenation was then performed using Pd/C in an H, atmosphere (60 PSI) to
simultaneously reduce the olefin and cleave the benzyl protecting group to give 21. Here, it
was found that the reaction would only proceed to partial completion with the initial catalyst
loading, giving a variety of products including partial reduction of the olefin, partial cleavage
of the benzyl group, and the fully reduced product. Removal of the spent catalyst by filtration
and charging the solution with fresh catalyst was done to drive the reaction to completion.
However, coupling to N-Boc-1,4-diaminobutane proved unsuccessful using either HCTU or
EDC-HCI/HOBt as the coupling reagents, returning primarily the starting material 21.

Rather than building the linker whilst conjugated to the opioid, a convergent approach
was utilized. Although various substrates were trialled, the most successful methods utilized
analogues of acrylic acid. Mono-Boc protection of 1,4-diaminobutane to give 22, followed
by acrylation with acryloyl chloride afforded the requisite linker 23. Heck coupling as per
previous conditions gave 24 in good yield. TFA deprotection to reveal the terminal amine
gave 25 with a convenient handle for further conjugation. Amide coupling using HCTU gave
an acetyl-capped model compound 26, while the use of PyBOP was required for coupling to

Lipoamido-dPEG(®);2-acid, enabling conjugation of 27 to AuNRs.
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Scheme 7. Initial attempts at linker elongation using 19 using Sonogashira and Heck coupling
approaches. Reagents and Conditions: (a) benzylacrylate, TEA, PdCly(PPh),, DMF, 90 °C, 17 h,
53%; (b) Pd/C 10%, H, (60 PSI), RT, MeOH, 48 h, 89%; (c) N-Boc-1,4-diaminobutane, HCTU
or EDC- HCI/HOBt, TEA, DMF, 2/ h; (d) N-Boc-propargylamine, PPhg, PdCly(PPh),, Cul, TEA,
DMF, 60°C, 15 h.

H 0 H
H N/\/\/NHZ ﬁ, H N/\/\/N o ﬁ, \)J\ Ao~ N (0]
2 2 quant. N s

1,4-diaminobutane 22 23

o=

Scheme 8. Synthesis of the linker for a convergent synthetic approach. Reagents and Conditions:
(a) Boc-anhydride, CHCls, RT, 19 h, 81%; (b) acryloyl chloride, TEA, CHCls, 0 °C - RT, 24 h,

quantitative.
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Scheme 9. Synthesis of the naltrindole-based congener and model compound. Reagents and Con-
ditions: (a) 23, PdCly(PPhs),, TEA, DMF, 90 °C, 24 h, 81%; (b) TFA, CHCls, 2 h, quantitative;
(¢) HCTU, acetic acid, TEA, DMF, RT, 23 h, 21%; (d) Lipoamido-dPEG®)12, PyBOP, TEA, DMF,
RT, 24 h, 34%.
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4.3.1 Problematic 7’-Nitro Naltrindole Reduction

Although reduction of 18 has previously been described by the Portoghese group,’! it was found
to be a problematic reaction. Due to safety concerns, the original literature procedure of using
Raney Nickel was not immediately employed. Instead, a variety of other reduction conditions
were tested in an attempt to achieve the desired amine. The most obvious candidate was the
use of Pd/C under an H, atmosphere. However, it was found that at atmospheric pressure, this
reaction did not proceed. This was not observed for all attempts, and was thought to be due
to the specific batch of Pd/C used. Changing batches of Pd/C and increases in H, pressure
(40 - 60 PSI) showed no conversion to product, tending to give partial reduction to the nitroso.
Although nitroso compounds are typically unstable, it was found that in this case the nitroso
could not be further reduced upon addition of fresh catalyst under a new H, atmosphere at
60 PSI, with no change to the sample observed by LC-MS. Isolation of the nitroso compound
was attempted, but was found to co-elute with the parent nitro compound. Crude NMR of the
nitroso sample gave a spectra with broad peaks with no fine splitting patterns discernible (see
Appendix 8.2).

Although nitroso compounds are typically not formed during Pd/C catalysed hydroge-
nation, Meng et al. have shown that it is possible to purposefully generate it from the parent
nitro compound using a nickel /aluminium oxide catalyst.!® Furthermore, there have also been
limited reports of the nitroso being formed under catalytic hydrogenation using Pd/C in an H,
atmosphere.?”!¢ In addition to this, nitroso compounds can be stabilized and isolated when an
amine or aniline is present ortho to the nitroso.?*#? In this particular case, the indole nitrogen
of 18 may be behaving as such, stabilizing the nitroso intermediate upon catalytic reduction,
while this would not have been possible where the nitro was in either the 5" or 6’ positions.

Alternative reductive conditions were also trialled and analyzed via LC-MS and NMR.
Exchanging the Pd/C for Zn, reduction to the nitroso was again observed under a 60 PSI
H, atmosphere. Switching hydrogen sources from H, to N,H, - H,O gave similar results using

both Zn and Pd/C as the catalyst. Chemical reduction using sodium dithionite (Nay,S,0,)
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and ammonia under reflux again gave the nitroso, while LiAlH, gave no observable conversion,
as did Fe(0) with acetic acid. An attempt at using a Raney Nickel cartridge on an H-cube
hydrogenator also resulted in conversion to the nitroso. However, due to instrument faults the
pressure could not be elevated to more than 5 atm.

With these failed attempts, it was decided that a trial with Raney Nickel would be
attempted. As pre-activated commercial Raney Nickel was unavailable, the active catalyst
was produced by digestive activation of the inactive aluminium-nickel alloy. Although various
literature procedures are available for this, a variation of a procedure from Adkins and Billica
was used.?! Briefly, the aluminium-nickel alloy is digested in a 50 °C solution of 5 M NaOH for
1 h, after which it is washed to remove excess base, then washed and stored in ethanol to give
W-5 Raney Nickel. In the procedure described by Adkins and Billica, use of an H, pressurized
system gave a very active catalyst, as this enabled adsorption of H, to the catalytic surface
directly after leaching, giving W-6 Raney Nickel. However, this was not done due to safety
concerns. The authors noted that not introducing H, during the washing steps would produce
a somewhat less active catalyst.

Using Raney Nickel with N,H,-H,O in ethanol as described by Portoghese et al.,!!
partial reduction to the nitroso was observed after a considerably longer reaction duration
compared to the literature procedure. Addition of increased equivalents of N,H, - H,O resulted
in the reaction proceeding somewhat quicker and further, but complete reduction to the amine
was not observed. It was found that addition of dilute HCI increased the reaction rate, but
again did not result in further reduction to the desired amine.

Although it was known that reduction of the 7’-nitro moiety would be relatively diffi-
cult, the work done here has demonstrated the difficulty in full reduction at this position. In
Portoghese’s work, the 5" and 6’ nitro analogues could be reduced simply using Pd/C under an
H, atmosphere at ambient pressure.’! Their use of Raney Nickel suggests that this particular
regioisomer is more difficult to reduce, requiring stronger conditions compared to the typically
used Pd/C. Perhaps the use of commercial Raney Nickel would be more successful than that

made in-house, as these are typically more active due to H, gas being introduced during the
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manufacture of the catalyst which was not done here. Furthermore, multiple types of Raney
Nickel are available, and are classified based on the manufacture parameters such as NaOH to
alloy ratio, time, temperature and washing method.?® As it was never explicitly stated in the
original publication which type of Raney Nickel was used, it is likely the type of catalyst used
in this work was not reflective of the literature catalyst.’! However, due to the difficulties expe-
rienced with this synthetic pathway, an alternative approach utilizing 19 was carried forward

as previously described (Chapter 4.3).

4.3.2 Attempted Alternate Pathways to 7’-aminonaltrindole

Rather than proceeding to the amine via reduction of a nitro moiety, synthesis of alternative
hydrazines was attempted to enable pre-installation of the amine upon Fischer-indole conden-
sation. These attempts were commenced using 1,2-phenylenediamine. Initially, mono-tosyl
protection was used as a robust protecting group for a single amine to enable extension of the
second amine to a hydrazine. However, due to the difficulty in removing the tosyl protecting
group, a test reaction was run to determine if mild deprotection conditions would enable tosyl
deprotection. For this purpose, a solution of samarium iodide in THF was used in conjuction
with water and pyrrolidine (Scheme 10). No deprotection was observed via LC-MS, but residual
starting material was not observed, suggesting that an undesired side-reaction had occurred.
This may have been due to the substrate itself, or the bottle of samarium iodide used being an
older bottle that may have degraded. Furthermore, stirring in concentrated sulfuric acid gave

no observable deprotection, hence this method of deprotection was discarded.

NH: (@) N..°
@ //S \
b o
NH» (b) NH, >

Scheme 10. Attempted tosyl protection and deprotection of 1,2-phenylenediamine. Reagents and
Conditions: (a) tosyl chloride, TEA, THF, RT, 24 h; (b) SmI (0.1 M in THF), pyrrolidine, water,
RT, 27 h, quantitative.

Rather than starting with a protected substrate, an attempt was made at synthesizing
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2-aminophenylhydrazine directly from 1,2-phenylenediamine. Using sodium nitrite with con-
centrated HCl and MeOH to give the azide, followed by addition of tin (II) chloride to reduce
the azide to the corresponding hydrazine did not give the desired product. Instead, cyclization
was observed to give benzotriazole (Scheme 11). This was reasoned to be due to an intramole-
cular nucleophilic attack of the terminal azide by the amine, followed by electron transfer and
loss of a proton. This returns aromatization to the system, and therefore gives the thermody-
namic product benzotriazole, rather than returning the desired hydrazine. Indeed, the use of

NaNO, and HCI for the synthesis of benzotriazoles has been documented.??#%%4

NH, NH NH>
a b
@ — @ or | 2~ @ NH;
N N

NH, N

Scheme 11. Attempted synthesis of 2-aminophenylhydrazine. Rather than forming the desired hydra-
zine, cyclization to give the benzotriazole was observed. Reagents and Conditions: (a) NaNO,, 10 M

HCI, 0°C, 30 min; (b) SnCl,- 2H,0, 10 M HCI,

Moving on, an attempt at pre-reducing 2-nitrophenylhydrazine was attempted. For this,
Boc-protection of the hydrazine moiety was required. Protection of the hydrazine using Boc-
anhydride was successful, returning 28. This material was then reduced using Pd/C under an
H, atmosphere. Although a significant change in NMR spectra of the reduced material was
observed compared to the starting material, it was not immediately evident that product was
obtained. Deprotection using TFA in CHCl; showed degradation of the sample by NMR and
LC-MS (see Appendix 8.3). Analysis of the LC-MS data suggests some of the by-products
formed were 1,2-phenylenediamine and benzotriazole, suggesting that the desired product was
unstable and could not be synthesized. Indeed, 2-aminophenylhydrazine is not a readily avai-

lable commercial reagent.
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4.4 Development of Coating Procedures
4.4.1 Initial Attempts and Development of the "2 Step Method"

For the purposes of the core@shell notation, the chemical entities used will be abbreviated for

clarity as shown in Table 2. Otherwise, compound numbers will be used as standard.

Table 2: Abbreviations of the chemical entities used to coat AuNRs for clarity.

Abbreviation Compound Structure
S, H @N*
ZW a MW s
o
[e]
Poly(sodium
PS5 4-styrenesulfonate)
MorPEG 6
NaltPEG 27

As a procedure for coating AuNRs with a monomeric zwitterionic surface coat was not
available, a method had to be developed specifically for this particular agent. Various trial ex-
periments were conducted, and from these various key points were noted. First, AuNR@QCTAB
had to be stored in 10 mM CTAB, as coating processes require a centrifugation and resuspension
in various solutions in order to introduce a new coat. Since the critical micelle concentration of
CTAB is 1 mM, removing 90% of the supernatant from a 10 mM CTAB solution and making
the solution back up to volume with Milli-Q water would reach this minimum concentration,
and therefore would maintain them in a stable state while the coating was being applied. It was

found that lower concentrations of CTAB would result in aggregation of the sample. Second,
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4 was found to be insoluble in water at room temperature in its as-purified TFA salt form at
10 mM. Elevated temperatures (30 °C) or basic pH’s (8 - 9) were required for full dissolution.
Third, 4 could not be directly introduced to CTAB-coated AuNRs, as this would result in
aggregation of the sample. Aggregation was simply noted visually, as the colored AuNR colloid
would become colorless and a visible black precipitate would form.

With this in mind, the CTAB coat had to be initially displaced using a polymer surfactant
to detoxify the AuNRs. Inspiration was taken from a method described by Mehtala et al.,?’
where PSS (average MW = 70 kDa) was used to initially to detoxify the AuNR surface, and
was then further displaced by a sodium citrate coat. This was developed to enable citrate
coating displacement methods already known for spherical AuNPs to be used for AuNRs. It
was reasoned that if citrate, a very weakly binding ligand, could displace PSS, then a more
strongly binding ligand such as those containing a dithiolane moiety could also be used.

With these in mind, a coating method was developed to enable the coating of 4 onto
AuNRs. First, AuNRQCTARB stored in 10 mM CTAB were centrifuged at 10 kRPM for 10 min.
Following this, 90% of the supernatant was then removed and the solution made back up to
volume with PSS (0.15% w/w). The resulting mixture was gently mixed for 30 min, then
allowed to sit for 30 min. This was then repeated a further two times to give AuNR@PSS.
These were then centrifuged as before, and resuspended in a solution of 4 (10 mM, pH 8). This
was again allowed to mix gently for 30 min, then allowed to sit overnight (minimum 16 h). This
could then be centrifuged and resuspended into Milli-Q water twice to remove excess reagents
to give the desired AuNRQZW (Figure 26).

Further experimentation showed any further centrifugation and resuspension in Milli-Q
water would result in complete aggregation of the sample. It was hypothesized this might be
due to either a mechanical effect, where the centrifugation was stripping the surface coat from
the particle surface, or may have been due to the dilution causing the surface coat to diffuse
away from the particle surface. To test this hypothesis, a sample was coated as previously
described, but was repeatedly centrifuged and resuspended without removing the supernatant.

This sample could be centrifuged without aggregation past the previously established point
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Figure 26. A flowchart illustration the "2 step method" of coating AuNRs. First, the CTAB surfactant
is displaced using the polymer PSS, which can then be displaced with the desired biocompatible coat of

4.

(> 5 rounds of centrifugation), suggesting that the surface coat was diffusing away from the
particle surface as the solution was being diluted.

Reducing the dithiolane present in 4 using aqueous NaBH, to give the corresponding
dithiolate just prior to coating allowed the sample to be centrifuged and resuspended in Milli-Q
water three times following coating instead of twice as prior. However, while it did result in
a stronger binding of the ligand to the particle surface, this was not continued, as it did not
provide significant improvements to colloidal stability.

Further optimization of this procedure was performed in order to determine if a more
dilute solution of 4 could be used. It was found that this coating method was successful where
using a 1 mM solution of 4 instead of the 10 mM solution previously described. However, this
could only be centrifuged once due to the dilution. Further purification could be achieved by
dialysing against Milli-Q water (molecular weight cut-off 100 kDa). Further to this, titrations
of DMSO were tested to determine if this affected the coating process. To this end, a 10% v/v
solution of DMSO in Milli-Q water was titrated into the coating procedure as an increasing
percentage of the coating mix (10 - 30%). This served two purposes; first, to see if the small
percentage of DMSO would negatively affect the coating process, and second, to determine if

the dilutions resulting from titrating in the targeting ligand would result in less stable nano-
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particles. These experiments showed no difference in colloidal stability upon addition of the

DMSO solution.

4.4.2 Addition of Targeting Ligand to Gold Nanorod Surface

With the successful coating of AuNRs using 4 to give AuUNRQZW, targeting ligands could be
introduced into this process to give targeted AuNR conjugates. For initial experiments, 6 was
used as the test ligand in order to develop the coating method.

Compound 6 was found to be insoluble in water at the required concentrations (1 or
5 mM) at pH 8 - 9, nor was it soluble when MeOH, MeCN, or EtOH were added as cosol-
vents at 5% v/v. However, this congener was fully soluble when DMSO was used as 10% v/v
of the solvent in Milli-Q water at 1 mM. This solution could then be used as a percentage
of the coating solution as previously described (Chapter 4.4.1). As an initial test, several
samples were generated where the 1 mM solution of 6 was introduced as 10, 20 or 30% of
the coating solution using the established 2 step method. AuNRQZW (MorPEG 10%) was
found to be the most stable active ligand sample. For samples AuNRQZW (MorPEG 20%) and
AuNRQZW(MorPEG 30%), partial aggregation of the sample was observed visually from the
formation of a black precipitate.

Although samples coated in 4 were stable and showed no signs of aggregation if cleaned
correctly, the introduction of 6 at higher percentage loadings appears to destabilize the colloid.
Typically, PEG chains with an average molecular weight of 5 kDa or greater are used to stabilize
colloidal nanoparticles.?®?? In this case, the dPEG;5 chain had a molecular weight of about
740 Da, so was unlikely to have contributed to stabilizing the nanoparticle. Therefore, this loss
in the stabilizing coat may have resulted in the observed aggregation. So although a known
quantity of 6 was titrated into the AuNR coating mixture, for those samples where aggregation
was observed it is unknown how much of the surface was coated in the ligand. Particles with
higher loadings would be more likely to aggregate, while those with a lower loading would
remain colloidally stable. Hence the nanoparticles that remain in the colloidal state are likely

to be coated to a lesser percentage than the titrated amount.
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4.5 Validation of Coating Success

Following coating of the AuNRs, success needed to be verified using analytical techniques. Alt-
hough nanoparticle analysis is not a new field, limitations in instrumentation, as well as the
nature of the nanoparticles themselves resulted in relatively difficult characterization. Further-
more, we did not simply want to "take it on faith" that the nanoparticles had been coated as

desired, as many literature procedures seem to do.

4.5.1 Changes in UV-Vis Absorbance Spectra

Prior literature has suggested that upon coating with a stabilizing coat, a shift on the UV-Vis
absorbance spectra tends to happen with AuNRs.?>#%30 Specifically, an increase in colloidal
stability is characterized by a blue-shift in LSPR absorbance maxima, whilst a decrease in
colloidal stability is observed via a red-shift in the maxima. Following coating, differences in
absorbance spectra between AuUNRQZW and AuNR@QCTAB were compared. It was found that
a blue-shift of 10 nm was observed, indicating successful stabilization of the AuNR (Figure 27).
Upon coating, a slight loss in optical density was observed. This is likely due to minor amounts
of aggregation during the coating process as well as removal of some AuNRs in the supernatant

that were still suspended.

4.5.2 pERK1/2 Assay to Determine Biological Activity of Coated Gold Nanorods

In addition to showing AuNRs could be coated, we needed to show that the active ligands
on the particle surface were still able to activate cell surface receptors. A number of methods
for doing this were postulated, but it was determined that a functional cell-based assay was
the best way forward. For this purpose, a phospho-extracellular signal-regulated kinase 1/2
(pERK1/2) assay was used, giving a proxy reading to the level of MOR activation. In addition
to showing binding of the active ligand to the desired receptor, the pERK1/2 assay could also
give any indication of cell stress or non-specific binding, as any activation of pERK1/2 would

be measured. Testing AuNR@QZW and AuNR@PSS in addition to the active AuNR conjugates
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AuNR@CTAB vs AuNR@ZW
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Figure 27. Comparison between AuNRQCTAB and AuNR@ZW. Note the slight shift in LSPR from
738 nm (AuNR@QCTAB, blue curve) to 728 nm (AuNRQ@ZW, red curve). This blue-shift in LSPR
suggests AuNRQZW are more stable than AuNRQCTAB.

would allow for assessment of cell stress upon exposure to the AuNR conjugates. Other MOR
specific assays such as a MOR-coupled BRET assay may not give an indication of cell stress.

The pERK1/2 assay was performed using an AlphaScreen kit purchased from PerkinEl-
mer. Briefly, Chinese hamster ovary (CHO) cells stably expressing MOR were serum starved
overnight prior to the assay. The cells were then exposed to the coated AuNR samples for
5 min, then digested for 10 min using a lysis solution. Donor and acceptor beads were then
added, incubated for 1 h in the dark, and the resulting activity measured using an ELISA plate
reader.

These results show that AuNR@QPSS nanoparticles activate pERK1/2 activity, sugges-
ting that PSS activates pERK1/2. Indeed, it is known that PSS itself has some biological
activity, and has been shown to act as an antimicrobial agent, although the precise mechanism
is unknown.?? Whether the activity seen here is non-specific or activating pERK1/2 via anot-
her pathway is unclear. In contrast, AuNR@QZW show no activity compared to buffer control,

suggesting that this coating prevents non-specific binding and activation of surface proteins.
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This is also a good indication that the coating method developed successfully removed the
intermediate PSS coat prior to being coated with the desired surface ligands. Furthermore,
upon titration of 6 to give AuNRQZW (MorPEG 10%), activity was observed, suggesting the
active ligand is still able to bind to and activate the receptor despite being conjugated to the
AuNR. Increases in 6 titration gave varied results. As discussed in Chapter 4.4.2, the higher
the titration of 6, the less stable the nanoparticles and hence more aggregation was observed.
The errors observed for AuNRQZW (MorPEG 20%) and AuNRQZW (MorPEG 30%) are likely
due to a combination of sample aggregation and non-uniform coating of the surface with the

active ligand.

% FBS max response
3
—

Figure 28. pERK1/2 data showing the active ligand is still able to activate the MOR in living cells.
AuNRQ@QZW show minimal activity compared to baseline, whilst AuNR@PSS shows significant response.
This suggests that coating the AuNRs in 4 has made them biocompatible with no non-specific activation
of the cell. Increasing titrations of 6 to give the varying AuNR@QZW (MorPEG) showed that the the
active ligand is still able to bind to and activate the receptor. The large errors observed for the 20 and
30% coated samples are likely due to sample aggregation. n = 3.

4 DEVELOPMENT OF GOLD NANOROD-BASED IMAGING SYSTEMS 116



4.5 Validation of Coating Success

4.5.3 Other Attempts at Validating Coating Methods

Due to the extremely low concentration of AuNRs in the colloid, analyzing the surface chemistry
was difficult. Conventionally, surface analysis is done using techniques such as inductively
coupled plasma - mass spectrometry (ICP-MS), X-ray photoelectron spectroscopy (XPS), or
SERS where possible. Typically, nanoparticle concentrations in the micromolar range are used.
However, rough calculations suggest that the AuNR concentration to be approximately 0.25 nM.
Despite this, SERS analysis was attempted on some of these samples, namely the AuNRQCTAB
and AuNRQZW samples. Raman spectroscopy is an infrared (IR) type experiment, measuring
the vibration of covalent bonds upon irradiation by an IR or near IR source. The addition of an
active metal surface, such as gold or silver, enhances this signal as well as enabling the evolution
of signals that aren’t detected by conventional Raman spectroscopy to be measured. It was
thought that since gold and silver are inherently SERS active surfaces, the close association
between the nanoparticle surface and the surface coat would enable some signals to be detected.

Although several attempts were made at trying to record a SERS spectra at various
irradiation wavelengths, power levels and on different instruments, no conclusive SERS spectra
could be recorded. This was concluded to be due to the extremely low concentration of the
nanoparticles in solution. This may have had two impacts on the outcome; first, the low
nanoparticle concentration resulted in there being a low surface area for the surface enhanced
Raman effect to take place, and second, the low nanoparticle concentration means a relatively
low surface coat concentration, so fewer organic molecules to produce the requisite vibrations,
giving a very low signal-to-noise ratio. Although prior literature has shown that AuNRs may be
used as SERS substrates to increase signal detection, the conditions required tend to be quite
specific.?* Perhaps due to the lack of the specific instrumentation and conditions required, a

SERS spectra could not be recorded.
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4.6 Coating of Multiple Ligands onto AuNRs

Following validation of the coating method that enabled functionalization of AuNRs with the
designed dithiolane-anchored ligands, work progressed to coating these nanoparticles with mul-
tiple ligands. Compound 6 bearing the MOR partial agonist pharmacophore morphine and
27 bearing the DOR antagonist pharmacophore naltrindole were used, as this combination
could be used to study the MOR-DOR heterodimer. A schematic representation of the desired
outcome is shown in Figure 29. As prior, coating solutions of these ligands at 1 mM in 10%
v/v DMSO in water were made as stock solutions. The zwitterionic coat 4 was also used as

previously described.

Figure 29. A schematic representation of the desired multifunctional AuNRs. These utilize 4 as the
zwitterionic stabilizing coat, with 6 as the MOR partial agonist pharmacophore and 27 as the DOR
antagonist pharmacophore.

Using the 2 step method, samples were generated with 5% each of the 6 and 27 solutions,
with the remaining 90% of the coat being composed of 4. This gave AuNRQZW (MorPEG
5%, NaltPEG 5%) as the desired multifunctional nanoparticle system. For control purposes,
AuNRQZW (MorPEG 5%), AuNRQZW (NaltPEG 5%), AuNRQZW (NaltPEG 10%) were also
produced, as well as the previously generated AuNRQZW (MorPEG 10%) sample.
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Using a cell-based system expressing both the MOR and DOR receptors, these coated
AuNRs could be used to study the differences when targeting either receptor individually, or
when both receptors are targeted simultaneously. The changes in pharmacology would offer
interesting data as to the in vitro behavior of these receptors. Should these be successful at the
cellular level, there is potential for these systems to be used in tissue samples, as the AuNR may
be imaged using an MPL method through living tissue. This would give data more relevant to
an in vivo setting. These systems are currently awaiting further evaluation as potential tools

for the study of the MOR-DOR heterodimer.

4.7 Synthesis of a Control System for Comparison

As these AuNR-based imaging systems are still quite new, a control system was designed
in order to assess whether these would behave in a similar manner to conventional organic
fluorophores, or if they would reveal novel pharmacologies due to their size and multi-dentate
structure. For this purpose, the adenosinergic receptor system was used, as fluorescent ligands
have previously been used to characterize this system in great detail by the Kellam and Hill
groups.’* % Two previously used ligands were selected for use in this model system; xanthine
amine congener (XAC) and 5'-(N-ethylcarboxamido)adenosine (NECA) (Figure 30).

XAC is a non-selective adenosine A; and Aj receptor (A;AR and A3AR) antagonist.
Fluorescent derivatives of this has previously been used to study these receptor systems in living
cells.?” Furthermore, these tool compounds have been developed into standard compounds to
be used for high content screening.#’ In addition, inclusion of peptide fragments into the linker
have been shown to increase subtype selectivity, making it a more useful compound for studying
receptor subtype pharmacology.’ NECA, a non-selective AjAR, As4AR and A3AR agonist,
has also been modified to incorporate a fluorecent probe, enabling study of this receptor via
FCS.% Again, modification of the linker and fluorophore altered its pharmacological properties,
indicating the importance of linker design and fluorophore selection.®”. The use of these two
literature ligands in coating AuNRs would provide a good point of comparison to study the

differences between using a nanoparticle tag instead of an organic one.
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Figure 30. Xanthine amine congener (XAC) and 5’-(N-ethylcarboxamido)adenosine (NECA), two
previously used ligands used as the targeting pharmacophore for the fluorescence imaging of adenosi-
nergic receptors.

Initially, conjugation of XAC with Lipoamido-dPEG®);2-acid using EDC - HCl and HOAt
gave the required XAC congener for conjugation to AuNRs. However, due to its extremely poor
water solubility in the previously established 10% v/v DMSO pH 8 solution, a coating solution
could not be made, and therefore coating onto AuNRs was not possible.

Moving on from this, NECA is known to be relatively water soluble, and therefore was
a more suitable candidate for coating onto AuNRs. Synthesis was commenced using inosine
(Scheme 12). Here, the synthesis was based on the procedure described by Middleton et al.
with a few modifications.?”> Protection of the ribose unit using 2,2-dimethoxypropane gave
29, which could be oxidized using TEMPO and BAIB to convert the terminal alcohol into
the carboxylic acid 30. A one-pot conversion to the corresponding amide and installation of
a chloro moiety at the 6-position was effected using thionyl chloride, followed by treatment
with ethylamine to give 31. Rather than performing nucleophilic aromatic substitution of the
6-position chloro using N-benzyl-1,4-diaminobutane as per the literature procedure, N-Boc-
1,4-diaminobutane was used instead to give 32. This enabled global deprotection with TFA
to give 33, rather than deprotecting the acetal and the benzyl group separately as with the
literature procedure.*” Amide conjugation to Lipoamido-dPEG®);s-acid using EDC - HC1 and
HOAt gave the final congener 34.

Compound 34 could then be used to coat AuNRs as previously described (Chapter 4.4).

Titrating this congener in at 5% or 10% again with 4 as the stabilizing agent gave AuUNRQZW (NECA-
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PEG 5%) and AuNR@ZW (NECA-PEG 10%).
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Scheme 12. Synthesis of the NECA congener for attachment to AuNRs. Reagents and conditions:
(a) tosic acid monohydrate, 2,2-dimethoxypropane, acetone, RT, 1.5 h, 75%; (b) TEMPO, BAIB,
water/MeCN (1:1), RT, 4 h, 79%; (c) SOCly, DMF, CHCl,, reflux, 5 h; then THF, EtNH, (2 M in
THF), 5°C, 15 min, 85%; (d) N-Boc-1,4-diaminobutane, TEA, EtOH, reflux, 18 h, 87%; (e) TFA,
MeOH, RT, 1 h, 96%; (f) Lipoamido-dPEG®12-acid, EDC- HCI, HOAt, TEA, DMF, RT, 1 h, 71%.

As this AuNR-based imaging system is still quite new, preliminary experiments are
currently ongoing in order to determine the best approach to enable imaging of both the
nanoparticle fluorophore in conjunction with any organic tags that may be used to visualize
the receptor. This work is being conducted in collaboration with Dr Steve Briddon of the

Queen’s Medical Centre, University of Nottingham, U.K. As an initial foray into the potential
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of these AuNR systems as imaging agents, we first wanted to demonstrate that these could be
visualized using the available techniques. Briefly, AuUNRQZW colloid was simply spotted onto a
glass plate, allowed to dry and imaged using fluorescence correlation spectroscopy (FCS). This

early data suggests that AuNR@QZW can be visualized using a multi-photon excitation method.

4.8 Conclusions

The work conducted here has led to the successful development of coated AuNRs that are
comprised of one or more active ligands with a zwitterionic stabilizing coat. This modular
approach means a known ligand conjugated to a standard spacer can be coated onto the AuNR
with a standard stabilizing ligand. This approach means a generic protocol can be used, rather
than designing new procedures for each ligand.

Our preliminary assessment of this model system suggests that the active ligand main-
tained the ability to bind to cell surface receptors. AuNRQZW (MorPEG 10%) show activity
in a pERK1/2 assay when compared to buffer and AuNR@QZW controls, suggesting the active
ligand is still able to activate the MOR despite being attached to the AuNR. Although the
titration of the active ligand is limited by the overall stability of the particle, these types of
systems are promising as alternative imaging agents. Traditional small molecule fluorophores
have been useful in the characterization of various receptor systems, but increasingly it is be-
coming clear that receptors do not act as isolated single units. Therefore, tools that address
this are needed. These AuNR-based imaging systems have the potential to be used as agents
to visualize GPCR heterodimers.

Current early preliminary experiments suggest these AuNRs may be imaged using a
multi-photon method via FCS. However, method development is ongoing in order to determine
the best approach to visualize both the AuNR samples and the conventionally used organic

fluorescent tags for receptor trafficking studies.
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4.9 Experimental
General Information

Chemicals and solvents were purchased from standard suppliers and used without further puri-
fication unless otherwise stated. Davisil silica gel (40 - 63 um) for standard phase flash column
chromatography and reverse phase silica gen (C18, 10 -14 pum) for reverse phase flash column
chromatography was supplied by Grace Davison Discovery Sciences. Reverse phase flash co-
lumn chromatography was run using the following buffers; buffer A, 0.1% TFA in H,O; bffer B,
0.1% TFA in MeCN. Deuterated solvents were purchased from Cambridge Isotope Laboratories,
Inc.

Reactions were monitored via thin layer chromatography on commercially purchased
precoated aluminum-backed plates (Merck Kieselgel 60 Fos4 and visualized under UV light
(254 and 366 nm) or using KMnO, or phosphomolybdic acid stains. Organic solvents were
evaporated in vacuo at > 40 °C (water bath temperature).

'H and C NMR spectra were recorded on a Bruker Avance Nanobay III 400 MHz
Ultrashield Plus spectrometer at 400.13 and 100.62 MHz, respectively. Chemical shifts (J)
are recorded in parts per million (ppm) with reference to the chemical shift of the deuterated
solvent as described by Gottlieb et al.#! Coupling constants (J) are recorded in Hz and the
significant multiplicities described by singles (s), doublet (d), triplet (t), quadruplet (q), broad
(br), multiplet (m), doublet of doublets (dd), and doublet of triplets (dt).

LC-MS were run to monitor reactions, verify reaction outcomes and purity using an
Agilet 6120 series single quad coupled to an Agilent 1260 series HPLC. The following buffers
were used; buffer A, 0.1% formic acid in H,O; buffer B, 0.1% formic acid in MeCN. The following
gradient was used with a Poroshell 120 EC-C18 50 mm x 3.0 mm 2.7 gm column and a flow
rate of 0.6 mL/min and a total run time of 5 min; 0 - 1 min 95% buffer A and 5% buffer B,
from 1 to 2.5 min up to 0% buffer A and 100% buffer B, held at this composition until 3.8 min,
3.8 - 4 min 95% buffer A and 5% buffer B, and held until 5 min at this composition. Mass

spectra were acquired in positive and negative ion mode with a scan range of 100 - 1000 m/ z.
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UV detection was carried out at 214 and 254 nm.

Preparative HPLC was performed using an Agilent 1260 Infinity HPLC system using
Agilent OpenLAB CDS software (Rev C.01.04), and an Altima 5 pM C8 22 mm x 250 mm
column. The following buffers were used; buffer A, 0.1% TFA in H,O; buffer B, 0.1% TFA in
MeCN, with the sample being run at a gradient of 5% buffer B to 100% buffer B over 15 min,
at a flow rate of 15 mL/min.

High resolution mass spectrometry-time-of-flight (HRMS-TOF) was conducted using an
Agilent 6224 TOF LC-MS mass spectrometer coupled to an Agilent 1290 Infinity. Chroma-
tographic separation was performed using an Agilent Zorbax SB-C18 Rapid Resolution HT
2.1 mm x 50 mm, 1.8 ym column using a gradient of 5 - 100% buffer B in buffer A over 3.5 min
at 0.5 mL/min, where buffers were as defined for LC-MS. All mass data was acquired and
reference mass corrected via a dual-spray ESI source. Mass spectra were created by averaging
scans across each peak and background subtracting aginst the first 10 s of the total ion count.
Acquisition was performed using the Agilent Mass Hunter Data Acquisition software and ana-
lysis performed using Mass Hunter Qualitative Analysis software. The mass spectrometer was
run using the following conditions; drying gas flow 11 L/min, nebulizer 45 PSI, drying gas tem-
perature 325 °C, capillary voltage 400 V, fragmentor 160 V, skimmer 65 V, OCT RFV 750 V,
scan range acquired 100-1500 m/z, internal refernce ions positive ion mode = m/z 121.050873

and 922.009798.

Synthesis of Gold Nanorods

AuNRs were synthesized using a modified version of Nikoobakht and El-Sayed’s procedure.?
All solutions were prepared using Milli-Q grade water. All glassware was cleaned using aqua
regia (3:1 conc. HCl/conc. HNO3), rinsed with Milli-Q) grade water, dried in an oven overnight
and cooled to room temperature before use. All reactions were conducted in a 30 °C water
bath.

Chloroauric acid (10 mM, 125 L) was added to CTAB (100 mM, 5 mL). The resulting

mixture was stirred rapidly (1 kRPM) and freshly prepared ice-cold aqueous NaBH, (10 mM,
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300 uL) was injected into the solution. The resulting brown solution was stirred for an addi-
tional 5 min, to give the nanoseed solution, which was allowed to age for 1 h before further
use.

To prepare the growth solution, chloroauric acid (100 mM, 750 L) and varying volumes
of AgNOj3 (4 mM) were added to CTAB (100 mM, 15 mL). Ascorbic acid (78.8 mM, 105 uL)
was then added and the solution stirred rapidly (1 kRPM) for 1 min until the gold-colored
solution turned clear. The stirring speed was reduced (100 RPM) and the nanoseed solution
(18 uLi) was added. The solution was allowed to stir slowly for 2 h to give AuNR@QCTAB. These
could then be cleaned by centrifuging, removing 90% of the supernatant and adding Milli-Q
water to the original volume, followed by two rounds of centrifugation and resuspension in a

10 mM solution of CTAB.

2-[3-(1H-Imidazol-1-yl)propyl]-1H-isoindole-1,3(2H)-dione (1)

Imidazole (2.59 g, 39 mmol, 3 eq.), N-(3-bromopropyl)phthalimide (3.50
%{O A\ g 13.1mmol, 1 eq.) and KoCOj3 (1.80 g, 13.1 mmol, 1 eq.) were added to
N

\/\/N\//N
MeCN (25 mL) and heated to reflux for 17 hours. The reaction was then

0

cooled to room temperature and filtered. The filtrate was then evaporated

and the resulting residue purified by flash chromatography (9:1 MeOH/CHCIj; on silica) to give
a yellow oil that was scratched to give an off-white solid (1.89 g, 57%).

'"H NMR (400 MHz,CHCl;) 6y 7.85 - 7.78 (m, 2H), 7.75 - 7.66 (m, 2H), 7.58 (s, 1H),

7.02 (s, 1H), 6.98 (t, J = 1.2 Hz, 1H), 4.00 (t, J = 7.0 Hz, 2H), 3.71 (t, J = 6.6 Hz, 2H), 2.17

(quint, J = 6.8 Hz, 2H); "*C NMR. (101 MHz, CHCl,) ¢ 168.41, 137.24, 134.31, 131.93, 129.42,

123.47, 118.90, 50.54, 44.65, 35.19, 30.23; LC-MS m/z [M+H]* C,,H,,N;0," calc. 256.1, found

256.2.
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3-{1-[3-(1,3-Dioxo-1,3-dihydro-2 H-isoindol-2-yl) propyl]-1 H-imidazol- 3-ium-3-

yl}propane-1-sulfonate (2)

Compound 1 (1.80 g, 7.0 mmol, 1 eq.) and 1,3-propanesultone (0.94
\ / P\ g, 7.7 mmol, 1.1 eq.) were added to dry MeCN in a microwave vial.
The vessel was then sealed and purged with Ny and heated at 80 °C
for 30 min, whereupon a white precipitate appears. The reaction
was cooled to room temperature and CHCl; (20 mL) was added.
The white precipitate was filtered. The filtrate was evaporated and refiltered from CHCl;.
This was repeated and the three crops combined to give the final product (2.18 g, 92%).
'"H NMR (400 MHz, DMSO-dg) 65 9.19 - 9.11 (m, 1H), 7.93 - 7.81 (m, 4H), 7.79 (dd,
J = 3.3, 1.6 Hz, 2H), 4.29 (t, J = 6.9 Hz, 2H), 4.22 (t, J = 7.3 Hz, 2H), 3.61 (t, J = 6.3 Hz,
2H), 2.42 (t, J = 7.1 Hz, 2H), 2.17 (dt, J = 13.5, 6.8 Hz, 2H), 2.13 - 2.04 (m, 2H); *C NMR
(101 MHz, DMSO-dg) 0¢c 168.06, 136.44, 134.42, 131.76, 123.09, 122.51, 122.34, 47.89, 47.31,
46.60, 34.36, 28.55, 26.17; LC-MS m/z [M+H]|* C;;Hy N;0;S calc. 378.1, found 378.2.

3-[1-(3-Aminopropyl)-1H-imidazol-3-ium-3-yl]propane-1-sulfonate (3)

Compound 2 (2.12 g, 5.6 mmol, 1 eq.) was suspended in MeOH (50 mL).
HN~ NN N,H, -H,O (2.7 mL, 10 eq.) was added, whereupon the solid dissolved.

o, The mixture was then heated to reflux for 1 h, after which a large volume
of fluffy white precipitate was observed. The reaction was cooled to room
temperature and filtered. The filtrate was evaporated and the resulting residue was purified by
reverse phase chromatography (buffer A). The clean fractions were combined and freeze-dried
to give the TFA salt as a hard oil (1.30 g, 66%).
'"H NMR (400 MHz, DMSO-dg) dg 9.20 (s, 1H), 7.81 (dt, J = 20.1, 1.7 Hz, 2H), 4.29
(dt, J = 16.8, 6.9 Hz, 4H), 2.85 - 2.76 (m, 2H), 2.46 (t, J = 7.2 Hz, 2H), 2.17 - 2.03 (m, 4H);
BC NMR (101 MHz, DMSO-dg) d¢ 136.53, 122.76, 122.41, 47.95, 47.38, 46.05, 35.87, 27.72,
26.04; LC-MS m/z [M+H]™ CgH {N,0,ST cale. 248.1, found 248.2.
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3-(1-(3-(5-(1,2-Dithiolan-3-yl)pentanamido) propyl)-1 H-imidazol-3-ium-3-yl) propane-1-

sulfonate (4)

Lipoic acid (428 mg, 2.3 mmol, 1.1 eq.), EDC - HCI (477 mg,

SMH\A/CW 2.5 mmol, 1.2 eq.), anhydrous HOBt (336 mg, 2.5 mmol, 1.2
© _ eq.) and DIPEA (1.1 mL, 6.2 mmol, 3 eq.) were dissolved

SO3

in DMF (4 mL) and stirred for 1 h. Compound 3 (749 g,
2.1 mmol, 1 eq.) was then added as a solution in DMF (5 mL), whereupon a precipitate formed.
The reaction was stirred at room temperature for 1 h, then heated at 60 °C for another 1 h.
The reaction was then evaporated to give a yellow/orange oil, which was purified by reverse
phase chromatography twice (20% buffer B in buffer A). The clean fractions were freeze-dried

to give the TFA salt as a light yellow gum (476 mg, 41%).
'"H NMR (400 MHz, DMSO-dg) 65 9.16 (s, 1H), 7.90 (t, J = 5.6 Hz, 1H), 7.80 (t, J =
1.7 Hz, 1H), 7.78 (t, J = 1.8 Hz, 1H), 4.30 (t, J = 7.0 Hz, 2H), 4.15 (t, J = 7.0 Hz, 2H), 3.65
- 3.58 (m, 3H), 3.23 - 3.08 (m, 2H), 3.04 (q, J = 6.5 Hz, 2H), 2.46 - 2.36 (m, 3H), 2.15 - 2.05
(m, 4H), 1.97 - 1.81 (m, 3H), 1.67 (dtd, J = 13.5, 7.5, 5.6 Hz, 1H), 1.60 - 1.46 (m, 3H), 1.35
(dd, J = 15.5, 7.7 Hz, 2H); C NMR (101 MHz, DMSO-ds) dc 172.26, 122.53, 122.43, 56.15,
47.91, 47.33, 46.74, 38.11, 35.23, 35.17, 34.12, 29.66, 28.36, 26.11, 24.98; LC-MS m/z [M+H]"

Oy, HsoN;0,S,™ cale. 436.1, found 436.2.

N-(4-Aminobutyl)-2-(((4R,4aR,7S5,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,7,7a-

hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)oxy)acetamide (5)

/
N
J.

See Chapter 3 for synthesis and characterization. Referred to as "compound 20".
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1-(5-(1,2-Dithiolan-3-yl)pentanamido)- N-(4-(2-(((4R,4aR,7S5,7aR,12bS)-9-hydroxy-3-
methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-
yl)oxy)acetamido)butyl)-3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxanonatriacontan-39-
amide (6)

Lipoamido-dPEG®);2-acid (5.0 mg,
6.2 pmol, 1 eq.), HCTU (3.1 mg, 6.2
pmmol, 1.2 eq.) and TEA (10 uL)
were dissolved in DMF (600 pL) un-

der an N, atmosphere and stirred at
room temperature for 1 h. Compound 5 TFA salt (6.5 mg, 12 pmol, 2 eq.) was then added as
a solution in DMF (200 pL) and allowed to stir at room temperature for 18 h. Buffer A was
added and the resulting solution freeze dried. The residue was purified by prep-HPLC to give
the product as a yellow gum TFA salt (3.9 mg, 48%).
'"H NMR (400 MHz, DMSO-dg) 6z 10.35 - 9.91 (m, 1H), 9.19 (s, 1H), 7.88 - 7.70 (m,
2H), 6.58 (dd, J = 8.0, 2.9 Hz, 1H), 6.51 - 6.47 (m, 1H), 5.83 (d, J = 8.9 Hz, 1H), 5.36 (d, J
= 9.7 Hz, 1H), 5.15 - 5.06 (m, 1H), 4.16 - 3.99 (m, 2H), 3.70 - 3.45 (m, 53H), 3.39 (td, J =
5.5, 2.8 Hz, 2H), 3.32 (d, J = 10.9 Hz, 1H), 3.25 - 3.09 (m, 6H), 3.07 - 2.98 (m, 3H), 2.91 (s,
2H), 2.83 (s, 1H), 2.75 (dd, J = 19.7, 5.5 Hz, 1H), 2.29 (dd, J = 6.1, 3.5 Hz, 2H), 2.23 - 2.15
(m, 1H), 2.07 (dd, J = 7.2, 4.5 Hz, 1H), 1.97 (d, J = 13.6 Hz, 1H), 1.92 - 1.82 (m, 1H), 1.71
- 1.20 (m, 9H); ESI-TOF HRMS m/z [M+Na]™ CyHogN,0,S,Na™ cale. 1223.6053, found
1223.6084, [M+2H]*? CyHggN,0 S, cale. 601.3153, found 601.3177.

3-0-Pivaloyl oripavine (12)

Oripavine (1.8 g, 6.1 mmol, 1 eq.) was dissolved in DCM (35 mL) and cooled
to 0°C. TEA (3.4 mL, 24 mmol, 4 eq.) and pivaloyl chloride (1.5 mL, 12 mmol,

2 eq.) were sequentially added and allowed to stir at room temperature for

3 h. DCM (50 mL) was then added and washed with saturated NaHCO, (6
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x 30 mL) and brine (40 mL). The organic phase was dried over Na,SO, and
the solvent removed in vacuo. The resulting residue was redissolved in CHCl; (60 mL) and
washed sequentially with 1:1 brine/1 M NaOH (3 x 40 mL) and brine (40 mL). The organic
phase was dried over Na,SO, and the solvent removed in vacuo. The residue was purified by
flash chromatography (94:5:1 CHCl;/MeOH/NH,OH) to give a light brown foam (2.2 g, 95%).

'"H NMR (400 MHz, CDCl,) 65 6.72 (d, J = 8.1 Hz, 1H), 6.61 (d, J = 8.2 Hz, 1H), 5.54
(d, J = 6.4 Hz, 1H), 5.28 (s, 1H), 5.02 (d, J = 6.4 Hz, 1H), 3.60 (d, J = 6.9 Hz, 1H), 3.58 (s,
3H), 3.31 (d, J = 18.2 Hz, 1H), 2.80 (td, J = 12.7, 3.6 Hz, 1H), 2.70 - 2.59 (m, 2H), 2.45 (s, 3H),
2.18 (td, J = 12.6, 5.1 Hz, 1H), 1.77 (dd, J = 12.6, 2.1 Hz, 1H), 1.35 (s, 9H); *C NMR (101
MHz, CDCl,) ¢ 176.52, 152.59, 148.05, 134.41, 132.98, 132.75, 132.29, 121.76, 119.24, 111.77,
96.35, 89.73, 60.77, 55.09, 46.06, 42.54, 36.95, 29.92, 27.32; LC-MS m/z [M+H]" C,3HysNO, ™
calc. 382.2, found 382.2.

3-0-Pivaloyl oripavine- N-oxide hydrochloride (13)

Compound 12 (2.2 g, 5.8 mmol, 1 eq.) was dissolved in CHCIl; (45 mL)
and cooled to 0 °C. mCPBA (77% purity, 1.6 g, 7.0 mmol, 1.2 eq.) was
added in one portion and stirred at 0 °C for 30 min. PrOH (15 mL) and
3:1 CHCl,/iPrOH (45 mL) were then added and the resulting organic phase

washed with saturated NaHCO, (10 x 15 mL), then 4:1 brine/2 M HCI (5 x
15 mL), dried over Na,SO, and the solvent removed in vacuo to give the product as a yellow

foam, which was used without further purification or characterization (98%, 2.5 g).

3-0-Pivaloyl nororipavine (14)

Compound 13 (2.5 g, 5.7 mmol, 1 eq.) was dissolved in CHCl; (125 mL).
Fe;(CO)y5 (144 mg, 0.29 mmol, 0.05 eq.) was then added and the resulting
solution stirred at room temperature for 1 h. The solvent was then re-

moved in vacuo and the residue purified by flash chromatography (94:5:1

CHCl;/MeOH/NH,OH) to give the product as a brown foam (1.1 g, 54%).
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'"H NMR (400 MHz, CDCl,) 65 6.73 (d, J = 8.1 Hz, 1H), 6.61 (d, J = 8.2 Hz, 1H), 5.45
(d, J = 6.4 Hz, 1H), 5.23 (s, 1H), 4.99 (d, J = 6.4 Hz, 1H), 3.87 (dd, J = 5.1, 2.6 Hz, 1H), 3.57
(s, 3H), 3.21 - 3.09 (m, 3H), 2.89 (dd, J = 13.9, 4.2 Hz, 1H), 2.02 (td, J = 12.5, 5.0 Hz, 2H),
1.84 (dd, J = 12.5, 2.7 Hz, 1H), 1.34 (s, 9H); "*C NMR (101 MHz, CDCl,) é¢ 176.46, 152.50,
148.09, 134.49, 134.10, 133.19, 132.73, 121.77, 119.20, 110.20, 96.28, 89.79, 55.03, 53.84, 46.77,
40.66, 39.16, 38.51, 38.28, 27.27; LC-MS m/z [M+H]* C,,HysNO,* calc. 368.2, found 368.2.

(4R,7aR,12bS)-3-(Cyclopropylmethyl)-7-methoxy-2,3,4,7a-tetrahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-9-yl pivalate (15)

Compound 14 (790 mg, 2.2 mmol, 1 eq.) was dissolved in MeCN (30 mL).
K,CO4 (594 mg, 4.3 mmol, 2 eq.) and cyclopropylmethyl bromide (250 L, 2.6
mmol, 1.2 eq.) were then added and the reaction vessel purged with N, gas 3
times and the reaction was then allowed to stir at room temperature for 24 h.

The reaction was then filtered, the filtrate evaporated and the resulting residue

was purified by flash chromatography (96.5:3:0.5 CHCl,/MeOH/NH,OH) to
give a brown oil (501 mg, 55%).
'H NMR (400 MHz, CDCL,) 6y 6.71 (d, J = 8.1 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 5.52
(d, J = 6.4 Hz, 1H), 5.25 (s, 1H), 5.00 (d, J = 6.4 Hz, 1H), 3.90 (d, J = 6.9 Hz, 1H), 3.56
(s, 3H), 3.24 (d, J = 18.2 Hz, 1H), 2.97 - 2.64 (m, 5H), 2.46 (d, J = 6.4 Hz, 2H), 2.17 (td, J
= 12.5, 5.3 Hz, 1H), 1.73 (dd, J = 12.6, 1.8 Hz, 1H), 1.34 (s, 9H), 0.94 - 0.85 (m, 1H), 0.57 -
0.50 (m, 2H), 0.14 (dt, J = 9.6, 4.6 Hz, 2H); *C NMR (101 MHz, CDCl,) é¢ 176.44, 152.52,
147.94, 134.65, 133.01, 132.67, 132.38, 121.67, 119.16, 112.02, 96.36, 89.78, 59.07, 58.49, 55.03,
46.59, 44.17, 39.14, 36.56, 31.11, 27.26, 9.53, 4.00, 3.85; LC-MS m/z [M+H]* CpqH;,NO,™ calc.
422.2, found 422.2.
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3-0-Pivaloyl dehydronaltrexone (16)

Compound 15 (501 mg, 1.2 mmol, 1 eq.) was suspended in a mixture of MeCN
(200 plL), water (2 mL) and oxalic acid (54 mg, 0.59 mmol, 0.5 eq.). Formic
acid (63 plL, 1.7 mmol, 1.4 eq.) and peracetic acid (32% in acetic acid, 325 pL,
1.5 mmol, 1.3 eq.) were then added successively, after which the solid dissolved.

The reaction was then allowed to stir at room temperature for 1 h. Water (30

mL) was then added and the mixture was freeze dried. The resulting solid was
purified by flash chromatography (99:1 CHCl,/TEA) to give the product as a white solid (392
mg, 78%)
'H NMR (400 MHz, CDCl) 65 6.77 (d, J = 8.2 Hz, 1H), 6.65 - 6.60 (m, 2H), 6.18 (d,
J = 10.1 Hz, 1H), 4.73 (s, 1H), 3.37 (d, J = 6.0 Hz, 1H), 3.16 (d, J = 18.8 Hz, 1H), 2.74 (dd,
J = 12.0, 4.6 Hz, 1), 2.58 (dd, J = 18.9, 6.1 Hz, 1H), 2.50 - 2.37 (m, 3H), 2.25 (td, J =
12.2, 3.6 Hz, 1H), 1.74 (dd, J = 12.9, 2.4 Hz, 1H), 1.33 (s, 9H), 0.93 - 0.83 (m, 1H), 0.60 - 0.55
(m, 2H), 0.19 - 0.13 (m, 2H); "*C NMR (101 MHz, CDCl,) d¢ 193.39, 176.12, 147.70, 134.95,
132.79, 131.32, 130.22, 122.92, 119.49, 87.70, 67.61, 61.64, 59.17, 47.39, 43.46, 39.16, 29.76,
27.24, 23.50, 9.43, 4.19, 3.91; LC-MS m/z [M+H]* CyHyyNO, " calc. 424.2, found 424.2.

3-0-Pivaloyl naltrexone (17)

Compound 16 (392 mg, 0.93 mmol, 1 eq.) was dissolved in MeOH (40 mL) in
% a 3-neck flask. The reaction vessel was purged with N, 3 times and Pd/C (10%
Pd on activated carbon, 98 mg, 25% w/w of substrate) was added. The reaction

vessel was again purged with N, 3 times, then flushed with H, 3 times. The

reaction was then allowed to stir under an H, atmosphere at 1 atm for 18 h.

OPiv

The reaction mixture was then filtered through a pad of celite. The pad was
washed with MeOH (200 mL) and the combined filtrates were evaporated. The resulting pink
solid was redissolved in MeOH (15 mL), formic acid added (100 uL), and the solvent removed

in vacuo to give the product as a white foam formate salt (409 mg, 87%).
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'H NMR (400 MHz, CDCL,) 6 8.80 (s, 2H), 8.36 (s, 1H), 6.82 (d, J = 8.2 Hz, 1), 6.69
(d, J = 8.2 Hz, 1H), 4.77 (s, 1H), 4.00 (d, J = 4.1 Hz, 1H), 3.2 (d, J = 9.0 Hz, 1H), 3.14 (d,
J = 19.4 Hz, 1H), 3.10 - 2.89 (m, 3H), 2.81 (dd, J = 12.0, 5.0 Hz, 2H), 2.39 (dd, J = 12.3, 9.2
Hyz, 1H), 2.24 (d, J = 14.7 Hz, 1H), 2.14 (d, J = 12.4 Hz, 1H), 1.66 - 1.52 (m, 2H), 1.32 (s,
OM), 1.15 (d, J = 7.8 Hz, 1H), 0.71 - 0.65 (m, 2H), 0.48 - 0.41 (m, 1H), 0.36 - 0.27 (m, 1H);
15C NMR (101 MHz, CDCL,) 6¢ 176.06, 167.01, 148.28, 133.72, 129.04, 127.39, 123.72, 119.53,
89.94, 70.16, 61.62, 58.75, 49.43, 45.52, 39.13, 35.41, 31.16, 28.45, 27.14, 23.95, 6.87, 5.08, 3.95:
LC-MS m/z [M+H]* Cy:H3,NO;™ cale. 426.2, found 426.2.

7’-Nitronaltrindole (18)

Naltrexone HCI (or equivalent 35) (100 mg, 0.30 mmol, 1 eq.) and 2-
nitrophenlyhydrazine (63.5 mg, 0.44 mmol, 1.4 eq.) were suspended in a
mixture of EtOH (5 mL) and 10 M HCI (1 mL) and the resulting mixture
refluxed for 17 h. The resulting mixture was cooled, then diluted with

MeCN and the solvent removed in vacuo. The resulting orange solid was

purified by flash chromatography (97:2.5:0.5 CHCl;/MeOH/NH,OH) to
give a yellow solid (107 mg, 79%).
'"H NMR (401 MHz, DMSO-dg) 05 9.00 (s, 1H), 7.85 (dt, J = 8.8, 0.7 Hz, 1H), 7.76 (dt,
J = 86,09 Hz, 1H), 7.54 (ddd, J = 8.8, 6.7, 1.0 Hz, 1H), 7.43 (ddd, J = 8.6, 6.7, 0.8 Hz,
1H), 6.93 (dd, J = 5.7, 2.6 Hz, 1H), 6.59 - 6.53 (m, 2H), 5.79 (s, 1H), 4.92 (s, 1H), 4.10 (q, J
= 5.3 Hz, 2H), 3.04 (d, J = 18.6 Hz, 1H), 2.71 (d, J = 6.0 Hz, 1H), 2.67 (t, J = 5.9 Hz, 1H),
243 - 2.25 (m, 5H), 2.11 (td, J = 12.0, 3.3 Hz, 1H), 1.51 (d, J = 10.7 Hz, 1H), 0.94 - 0.83
(m, 1H), 0.56 - 0.44 (m, 2H), 0.18 - 0.10 (m, 2H); **C NMR (101 MHz, DMSO-ds) dc 142.60,
140.08, 131.10, 130.80, 130.43, 129.35, 126.59, 125.43, 124.09, 119.13, 119.00, 117.24, 113.53,
83.21, 69.53, 58.66, 46.49, 43.21, 32.38, 30.71, 22.38, 9.17, 3.80, 3.52; LC-MS m/z [M+H]*
CyeHyN3O5™ cale. 460.2, found 460.2.

4 DEVELOPMENT OF GOLD NANOROD-BASED IMAGING SYSTEMS 132



4.9 Experimental

7’-Bromonaltrindole (19)

Naltrexone HCI (or equivalent 35) (100 mg, 0.30 mmol, 1 eq.) and 2-
bromophenylhydrazine (92.6 mg, 0.44 mmol, 1.4 eq.) were suspended in a
mixture of EtOH (5 mL) and 10 M HCI (1 mL) and the resulting mixture
refluxed for 18 h. The resulting mixture was cooled, the solvent removed

in vacuo and the resulting residue purified using flash chromatography

(96:3.5:0.5 CHCl;/MeOH/NH,OH) to give a light brown solid (88.2 mg,
61%).

'"H NMR (401 MHz, CDCL,) 85 8.69 (s, 1H), 7.30 (d, J = 7.8 Hz, 1H), 7.22 - 7.18 (m,
1H), 6.84 (t, J = 7.8 Hz, 1H), 6.59 (d, J = 8.1 Hz, 1H), 6.51 (d, J = 8.1 Hz, 1H), 5.66 (s, 1H),
3.36 (d, J = 6.3 Hz, 1H), 3.11 (d, J = 18.6 Hz, 1H), 2.87 (d, J = 15.7 Hz, 1H), 2.79 (dd, J
= 18.7, 6.6 Hz, 1H), 2.72 (dd, J = 11.4, 4.3 Hz, 1H), 2.64 (d, J = 15.5 Hz, 1H), 2.47 - 2.34
(m, 3H), 2.26 (td, J = 11.9, 3.2 Hz, 1H), 1.73 (d, J = 11.0 Hz, 1H), 0.94 - 0.80 (m, 1H), 0.62
- 0.50 (m, 2H), 0.21 - 0.10 (m, 2H); *C NMR (101 MHz, CDCl,) dc 142.59, 138.90, 135.88,
130.56, 129.50, 127.93, 125.36, 125.16, 120.52, 119.45, 118.35, 117.37, 113.05, 104.76, 85.51,
72.90, 62.24, 59.54, 48.19, 43.71, 31.52, 29.04, 23.21, 9.45, 4.20, 3.90; LC-MS m/z [M+H]*
CysHoqBrN,O, " cale. 495.1, 496.1, found 494.8, 495.7.

Benzyl (E)-3-((4bS,8R,8aS,14bR)-7-(cyclopropylmethyl)-1,8a-dihydroxy-
5,6,7,8,8a,9,14,14b-octahydro-4,8-methanobenzofuro[2,3-a]pyrido[4,3- b]carbazol-13-
yl)acrylate (20)

Compound 19 (50 mg, 0.10 mmol, 1 eq.), benzylacrylate (23.3 ul,
% 0.15 mmol, 1.5 eq.), TEA (28.3 uL, 0.20 mmol, 2 eq.) and
PdCl,(PPh); (7 mg, 0.010 mmol, 0.1 eq.) were dissolved in dry

DMF (1.5 mL) in a sealed vessel and the solution degassed un-

der an N, atmosphere. The resulting mixture was heated at

o
\/Q 90 °C for 17 h, after which the solvent was removed in vacuo.
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The resulting residue was purified by flash chromatography (94:5:1
CHCIl;/MeOH/NH,OH) to give the product as a yellow glass (31 mg, 53%).
"H NMR (401 MHz, CDCl,) 65 9.21 (s, 1H), 8.09 (d, J = 16.1 Hz, 1H), 7.46 - 7.29 (m,
7H), 7.01 (t, J = 7.6 Hz, 1H), 6.66 (d, J = 8.1 Hz, 1H), 6.54 (d, J = 16.1 Hz, 1H), 6.50 (d,
J = 8.1 Hz, 1H), 5.69 (s, 1H), 5.27 (s, 2H), 3.35 (d, J = 6.4 Hz, 1H), 3.12 (d, J = 18.6 Hz,
1H), 2.87 (d, J = 15.6 Hz, 1H), 2.78 (dd, J = 18.8, 6.8 Hz, 1H), 2.73 (dd, J = 11.4, 4.3 Hz,
1H), 2.62 (d, J = 15.7 Hz, 1H), 2.48 - 2.35 (m, 3H), 2.29 (td, J = 11.8, 3.1 Hz, 1H), 1.81 - 1.76
(m, 1H), 0.88 (dq, J = 6.5, 5.0 Hz, 1H), 0.60 - 0.52 (m, 2H), 0.19 - 0.12 (m, 2H); *C NMR
(101 MHz, CDCl,) é¢ 167.6, 143.0, 139.2, 136.2, 136.0, 130.7, 130.1, 128.7, 128.4, 128.4, 128.0,
125.3, 123.1, 121.9, 119.6, 119.2, 118.3, 117.3, 117.2, 112.4, 85.3, 72.8, 66.6, 62.4, 59.6, 48.3,
43.8,28.9, 23.3, 9.6, 4.2, 3.9; LC-MS m/z [M+H]|* CysHz;N,O:" cale. 575.3, found 574.8.

3-((4bS,8R,8aS,14bR)-7-(cyclopropylmethyl)-1,8a-dihydroxy-5,6,7,8,8a,9,14,14b-
octahydro-4,8-methanobenzofuro|2,3-a]pyrido[4,3-b]carbazol-13-yl)propanoic
acid (21)

Compound 20 (52 mg, 0.090 mmol, 1 eq.) was dissolved in MeOH
(10 mL) and Pd/C (10% Pd on activated carbon, 10 mg) added. The
reaction vessel was then purged with N, 3 times, then flushed with H, 3
times. The reaction was then allowed to stir under an H, atmosphere at

60 PSI for 19 h, after which the catalyst was removed by filtration and

the catalyst washed with 0.1% TFA in MeOH (20 mL). Pd/C (10% Pd

on activated carbon, 20 mg) was then added to the filtrate and the mixture again subjected to

an H, atmosphere as before at 60 PSI for 13 h. The catalyst was again removed by filtration,
and the solvent removed in vacuo to give the product TFA salt as a brown oil (48 mg, 89%).

'"H NMR (401 MHz, DMSO-dg) dg 12.15 (s, 1H), 11.38 (s, 1H), 9.28 (s, 1H), 8.96 (s,

1H), 7.18 (s, 1H), 6.96 - 6.86 (m, 2H), 6.68 - 6.55 (m, 1H), 6.52 - 6.39 (m, 1H), 5.66 (s, 1H),

4.10 (s, 1H), 3.59 (s, 2H), 3.13 - 2.57 (m, 8H), 1.93 - 1.75 (m, 1H), 1.69 (s, 1H), 1.26 - 1.05
(m, 2H), 0.94 - 0.82 (m, 1H), 0.75 - 0.57 (m, 2H), 0.53 - 0.37 (m, 2H); LC-MS m/z [M+H]*
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CyoHyoN, O cale. 486.2, found 486.8.

N-Boc-1,4-Diaminobutane (22)

1,4-Diaminobutane (1.0 g, 11.5 mmol, 5 eq.) was dissolved in CHCl,

HzN/\/\/H\[(O\{/ (20 mL) and cooled to 0 °C. A solution of Boc-anhydride (500 mg,

© 2.3 mmol, 1 eq.) in CHCI; (5 mL) was then added dropwise over 5 min.

The resulting mixture was allowed to warm to room temperature and stir for 19 h. The solvent

was removed in vacuo and the residue redissolved in EtOAc (50 mL), which was washed with

half-saturated brine (5 x 20 mL), dried over Na,SO, and the solvent removed in vacuo to give
the product as a waxy white solid (349 mg, 81%).

"H NMR (400 MHz, CDCl,) 65 4.70 (s, 1H), 3.14 - 3.07 (m, 2H), 2.69 (t, J = 6.7 Hz,

2H), 1.54 - 1.43 (m, 4H), 1.42 (s, 9H), 1.29 (s, 2H); *C NMR (101 MHz, CDCl,) é¢ 156.1,

41.9, 40.5, 31.0, 28.5, 27.6.

tert-Butyl (4-acrylamidobutyl)carbamate (23)

Compound 22 (144 mg, 0.76 mmol, 1 eq.) and TEA (128 ul,

A /\/\/H o 0.92 mmol, 1.2 eq.) were dissolved in CHCl; and cooled to 0 °C.

o A solution of acryloyl chloride (74 uL, 0.92 mmol, 1.2 eq.) in CHCI,

(2 mL) was added dropwise and the resulting solution allowed to

warm to room temperature and stir for 24 h. CHCIl,; (5 mL) was added and the resulting so-

lution washed successively with saturated NaHCO; (3 x 10 mL), half-saturated brine (10 mL)

and brine (15 mL), then dried over Na,SO,. The solvent was removed in vacuo to give a white

solid (207 mg, quantitative).

"H NMR (401 MHz, CDCl,) 6 6.26 (dd, J = 17.0, 1.4 Hz, 1H), 6.10 (dd, J = 17.0, 10.2

Hz, 2H), 5.61 (dd, J = 10.2, 1.3 Hz, 1H), 4.67 (s, 1H), 3.34 (q, J = 6.4 Hz, 2H), 3.13 (dd, J =

11.8, 5.7 Hz, 2H), 1.86 (s, 1H), 1.60 - 1.47 (m, 5H), 1.43 (s, 9H); *C NMR (101 MHz, CDCI,)
dc 165.8, 131.1, 126.3, 40.2, 39.3, 28.5, 27.9, 26.6.
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tert-Butyl (4-((E)-3-((4bS,8R,8aS,14bR)-7-(cyclopropylmethyl)-1,8a-dihydroxy-
5,6,7,8,8a,9,14,14b-octahydro-4,8-methanobenzofuro[2,3-a]pyrido[4,3- b]carbazol-13-

yl)acrylamido)butyl)carbamate (24)

Compound 19 (89 mg, 0.18 mmol, 1 eq.), 23 (87 mg, 0.36 mmol,
2 eq.), TEA (75 pL, 0.54 mmol, 3 eq.) and PdCl,(PPh,), (32 mg,
0.045 mmol, 0.25 eq.) were dissolved in dry DMF (1 mL), purged
with N, and heated at 90 °C for 24 h. CHCI; (20 mL) was then
added and the resulting mixture washed successively with 2 M LiCl

(3 x 20 mL), half-saturated brine (20 mL) and brine (20 mL), then

dried over Na,SO, and the solvent remove in vacuo to give a brown
residue. This was purified by flash chromatography (94:5:1 CHCl,/MeOH/NH,OH) to give the
product as a light brown solid (96 mg, 81%).
'"H NMR (401 MHz, CDCl,) 65 9.61 (s, 1H), 7.93 (d, J = 15.6 Hz, 1H), 7.06 (d, J =
6.3 Hz, 1H), 6.94 (d, J = 6.6 Hz, 1H), 6.72 (d, J = 7.9 Hz, 1H), 6.55 (d, J = 8.1 Hz, 1H),
6.44 (d, J = 15.7 Hz, 1H), 6.27 - 6.01 (m, 1H), 5.84 (s, 1H), 4.98 (s, 1H), 3.37 (d, J = 5.5 Hz,
1H), 3.24 - 3.10 (m, 1H), 3.01 (dd, J = 11.6, 5.8 Hz, 1H), 2.89 - 2.53 (m, 7H), 2.48 - 2.20 (m,
4H), 1.83 (d, J = 9.1 Hz, 1H), 1.40 (s, 9H), 0.96 - 0.78 (m, 4H), 0.59 - 0.47 (m, 2H), 0.21 -
0.08 (m, 2H); *C NMR (101 MHz, CDCl,) dc 167.9, 156.3, 143.6, 140.1, 137.3, 136.0, 131.0,
129.9, 127.2, 126.3, 124.5, 120.9, 120.2, 119.0, 118.8, 117.1, 111.8, 85.2, 78.9, 73.0, 62.4, 59.6,
48.0, 43.9, 40.1, 39.4, 39.3, 31.8, 28.9, 28.6, 27.1, 26.5, 23.3, 9.5, 4.2, 3.8; LC-MS m/z [M+H]"
CagHysN,Oft cale. 655.3, found 654.8.
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(E)-N-(4-Aminobutyl)-3-((4bS,8R,8aS,14bR)-7-(cyclopropylmethyl)-1,8a-dihydroxy-
5,6,7,8,8a,9,14,14b-octahydro-4,8-methanobenzofuro[2,3-a]pyrido[4,3- b]carbazol-13-
yl)acrylamide (25)

Compound 24 (96 mg, 0.15 mmol, 1 eq.) was dissolved in CHCl,
(2 mL) and TFA (1 mL) was added slowly, and the resulting solu-
tion allowed to stir at room temperature for 2 h. The solvent was
then removed in vacuo, water (2 mL) added to the residue and the

resulting mixture freeze-dried to give the product a tan solid TFA

salt (107 mg, quantitative).

'H NMR (401 MHz, DMSO-dg) 85 11.82 (s, 1H), 9.30 (s, 1H), 8.98 (s, 1H), 8.20 (t, J
— 5.7 Hz, 1H), 8.01 (d, J = 15.6 Hz, 1H), 7.43 - 7.37 (m, 2H), 7.04 (t, J = 7.6 Hz, 1H), 6.75
(d, J = 15.7 Hz, 1), 6.62 (dd, J = 21.5, 8.1 Hz, 2H), 6.42 (s, 1H), 5.67 (s, 1H), 4.10 (d, J
— 5.9 Hz, 1H), 3.48 - 3.34 (m, 2H), 3.30 - 3.22 (m, 3H), 3.18 - 3.10 (m, 2H), 2.9 - 2.92 (m,
9H), 2.86 - 2.80 (m, 2H), 2.75 - 2.71 (m, 1H), 2.62 (dd, J = 13.2, 4.1 Hz, 1H), 1.83 (d, J =
11.1 Hz, 1H), 1.63 - 1.43 (m, 5H), 1.13 - 1.04 (m, 1H), 0.77 - 0.59 (m, 2H), 0.53 - 0.41 (m,
9H); *C NMR (101 MHz, DMSO-dg) d¢ 165.3, 143.2, 140.6, 138.4, 135.6, 134.2, 130.5, 129.1,
127.3,122.1, 121.5, 119.8, 119.1, 117.8, 108.8, 82.9, 72.1, 56.8, 45.7, 38.6, 38.1, 28.1, 26.2, 24.6:
LC-MS m/z [M+H]t Cy3HyoN,0,7 cale. 555.3, found 554.8.
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(E)-N-(4-Acetamidobutyl)-3-((4bS,8R,8aS,14bR)-7-(cyclopropylmethyl)-1,8a-dihydroxy-
5,6,7,8,8a,9,14,14b-octahydro-4,8-methanobenzofuro[2,3-a]pyrido[4,3- b]carbazol-13-
yl)acrylamide (26)

Compound 25 (20 mg, 0.030 mmol, 1 eq.), HCTU (19 mg,
0.045 mmol, 1.5 eq.), acetic acid (2.1 ul, 0.036 mmol, 1.2 eq.) and
TEA (17 pL, 0.12 mmol, 4 eq.) were dissolved in DMF (300 uL), pur-
ged with N, and allowed to stir at room temperature for 23 h. Water
(10 mL) was then added and the resulting mixture freeze-dried. The

resulting residue was purified by HPLC to give both the product as

an off-white solid TFA di-salt (5.2 mg, 21%)

The 3-O acetylated by-product was collected separately, freeze-dried and the remaining
residue dissolved in MeOH (1 mL) and 2 M HCI (1 mL) added. The solution was allowed to
stir at room temperature for 20 h. Water (10 mL) was then added and the sample freeze-dried
to return the product as the hydrochloride salt (9.2 mg, 49%) (total yield 70%).

"H NMR (401 MHz, DMSO-dg) 6;; 11.82 (s, 1H), 8.97 (s, 1H), 8.17 - 8.13 (m, 1H), 7.99
(dd, J = 15.6, 4.0 Hz, 1H), 7.90 - 7.87 (m, 1H), 7.39 (t, J = 7.9 Hz, 2H), 7.04 (t, J = 7.6 Hz,
1H), 6.76 (dd, J = 15.6, 4.1 Hz, 1H), 6.67 - 6.56 (m, 2H), 5.67 (s, 1H), 4.11 (d, J = 5.3 Hz,
1H), 3.47 - 3.33 (m, 2H), 3.30 - 3.18 (m, 3H), 3.13 - 2.88 (m, 6H), 2.75 - 2.54 (m, 3H), 1.86
- 1.76 (m, 4H), 1.45 (s, 3H), 1.11 (s, 1H), 0.75 - 0.60 (m, 2H), 0.53 - 0.41 (m, 2H); ESI-TOF
HRMS m/z [M+H]* C43H,,N,O.F cale. 597.3071, found 597.3078.
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1-(5-(1,2-Dithiolan-3-yl)pentanamido)-N-(4-((E)-3-((4bS,8R,8aS,14bR)-7-
(cyclopropylmethyl)-1,8a-dihydroxy-5,6,7,8,8a,9,14,14b-octahydro-4,8-
methanobenzofuro[2,3- a]pyrido[4,3- b]carbazol-13-yl)acrylamido)butyl)-
3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxanonatriacontan-39-amide (27)

Lipoamido-dPEG®)2-acid (22 mg, 0.028 mmol, 1.2 eq.),
PyBOP (18 mg, 0.034 mmol, 1.5 eq.), and TEA (13 ul,
0.090 mmol, 4 eq.) were dissolved in dry DMF (300 pL) and
purged with N,. The resulting solution was allowed to stir
at room temperature for 30 min, before 25 TFA salt (15 mg,
0.022 mmol, 1 eq.) in dry DMF (200 pL) was added and stirred

for 21 h. Water was added and the resulting solution freeze

dried. The residue was purified by HPLC, then by reverse
phase chromatography (5 - 30% buffer B in A, then flushed
with 50% buffer B in A) to give the product as a solid brown TFA salt (11 mg, 34%).

'H NMR (401 MHz, DMSO-dg) 85 11.83 (s, 1H), 9.22 (s, 1H), 8.94 (s, 1H), 8.08 - 8.06
(m, 1H), 8.00 (d, J = 15.8 Hz, 1H), 7.84 (s, 2H), 7.39 (t, J = 7.8 Hz, 2H), 7.23 (s, 1H), 7.10
(s, 1H), 7.04 (t, J = 7.3 Hz, 1H), 6.98 (s, 1H), 6.73 (d, J = 15.8 Hz, 1H), 6.61 (dd, J = 18.6,
8.0 Hz, 2H), 6.38 (s, 1H), 5.67 (s, 1H), 4.08 (d, J = 5.5 Hz, 1H), 3.51 - 3.48 (m, 53H), 3.41 -
3.36 (m, 1H), 3.28 - 3.05 (m, 4H), 2.99 - 2.88 (m, 2H), 2.33 - 2.28 (m, 3H), 2.06 (t, J = 7.3
Hz, 3H), 1.89 - 1.81 (m, 2H), 1.75 (s, 1H), 1.64 (dd, J = 12.7, 7.0 Hz, 1H), 1.58 - 1.44 (m,
5H), 1.37 - 1.28 (m, 3H), 1.24 (s, 1H), 1.11 - 1.05 (m, 1H), 0.75 - 0.59 (m, 2H), 0.52 - 0.41 (mm,
2H); ESI-TOF HRMS m/z [M+Na]t CgH,03N;0,45,Na™ cale. 1364.6632, found 1364.6601,
[MA+2H]*2 CggH,05N50,4S, "2 cale. 671.8443, found 671.8466.

tert-Butyl 2-(2-nitrophenyl)hydrazine-1-carboxylate (28)

2-Nitrophenylhydrazine (200 mg, 1.3 mmol, 1 eq.) was dissolved in CHCl,
N )OJ\ )< (8 mL) and cooled to 0 °C. Boc-anhydride (342 mg, 1.6 mmol, 1.2 eq.) was
N~ o

N
| | H
NO,
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then added dropwise as a solution in CHCI; (2 mL). The reaction was then
allowed to stir at room temperature for 17 h, after which CHCl; was added to
the mixture and washed successively with saturated NaHCO, (3 x 10 mL) and half-saturated
brine (10 mL). The organic phase was dried over Na,SO, and the solvent removed in vacuo.
The residue was redissolved in CHCIl; (20 mL) and washed successively with 0.5 M HCI (3
x 10 mL) and half-saturated brine (10 mL), then dried over Na,SO,. The solvent was then
removed in vacuo to give the product as a brown oil (336 mg, quantitative).
"H NMR (401 MHz, CDCly) 65 8.92 (s, 1H), 8.17 (dd, J = 8.5, 1.5 Hz, 1H), 7.54 - 7.47
(m, 1H), 7.20 (dd, J = 8.6, 1.0 Hz, 1H), 6.86 (ddd, J = 8.4, 7.1, 1.3 Hz, 1H), 6.43 (s, 1H), 1.52
(s, 9H); *C NMR (101 MHz, CDCl,) d¢ 155.24, 136.27, 126.54, 118.80, 114.36, 85.33, 82.23,
27.56.

9-((3aR,4R,6R,6aR)-6-(Hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)-1,9-dihydro-6 H-purin-6-one (29)

Inosine (1 g, 3.73 mmol, 1 eq.), tosic acid monohydrate (709 mg, 3.73 mmol, 1

0
eq.) and 2,2-dimethoxypropane (9.3 mL) were suspended in acetone (37.3 mL).

N
</N | N/)N ’ The resulting mixture was stirred at room temperature for 1.5 h, after which a
((l)\J>"'o fluffy white precipitate formed. NaHCO, (313 mg, 3.73 mmol, 1 eq.) in water
OH /O/% (7.5 mL) were added to give a clear solution. Following 15 min of stirring,
another white precipitate formed. The solvent was then removed in vacuo, and
the residue recrystallized using the remaining minimal water and dried to give the product as
a white, crystalline solid (860 mg, 75%).
'"H NMR (400 MHz, DMSO-dg) 05 12.42 (s, 1H), 8.30 (s, 1H), 8.09 (s, 1H), 6.10 (d, J =
2.8 Hz, 1H), 5.26 (dd, J = 6.1, 2.9 Hz, 1H), 5.11 (s, 1H), 4.93 (dd, J = 6.1, 2.5 Hz, 1H), 4.22
(dd, J = 7.3, 4.7 Hz, 1H), 3.54 (d, J = 4.3 Hz, 2H), 1.53 (s, 3H), 1.32 (s, 3H); **C NMR (101
MHz, DMSO-dg) dc 156.51, 147.77, 146.03, 138.73, 124.45, 113.08, 89.58, 86.64, 83.80, 81.25,
61.44, 27.01, 25.15; LC-MS m/z [M+H]" C3H,,N,O," calc. 309, found 309.
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(3aS,4S5,6R,6aR)-2,2-Dimethyl-6-(6-o0xo-1,6-dihydro-9 H-purin-9-yl)tetrahydrofuro[3,4-
d][1,3]dioxole-4-carboxylic acid (30)
Compound 29 (1.13 g, 3.65 mmol, 1 eq.), BAIB (2.67 g, 8.04 mmol, 2.2 eq.)
NfiNH and TEMPO (114 mg, 0.731 mmol, 0.2 eq.) were dissolved in a 1:1 mixture
< N) of water/MeCN (20 mL). The resulting solution was allowed to stir at room
HOW;\/'&”O temperature in the dark for 4 h. The solvent was then removed in vacuo
© ’O/k\ and the resulting solid triturated with acetone (70 mL total), followed by
Et,O (50 mL total). The remaining solid was allowed to dry to give the
product as a white solid (930 mg, 79%).
"H NMR (400 MHz, DMSO-dg) 65 12.91 (s, 1H), 12.37 (s, 1H), 8.20 (s, 1H), 8.01 (s, 1H),
6.32 (s, 1H), 5.47 (dd, J = 6.0, 1.6 Hz, 1H), 5.42 (d, J = 6.0 Hz, 1H), 4.71 (d, J = 1.6 Hz, 1H),
1.51 (s, 3H), 1.34 (s, 3H); *C NMR (101 MHz, DMSO-dg) ¢ 170.68, 156.50, 147.97, 139.72,
124.27, 112.70, 89.67, 85.36, 83.67, 83.53, 26.41, 24.85; LC-MS m/z [M+H]* C,3H,;N,O4" calc.

323, found 323.

(3aS,4S5,6 R,6aR)-6-(6-Chloro-9H-purin-9-yl)- N, N-diethyl-2,2-dimethyltetrahydrofuro
[3.4-d][1,3]dioxole-4-carboxamide (31)

Compound 30 (756 mg, 2.35 mmol, 1 eq.), SOCL, (851 uL, 11.7 mmol, 5

Cl

N eq.) and anhydrous DMF (452 pl, 5.86 mmol, 2.5 eq.) were dissolved in

o N
<N N/) CHCI; under N, and refluxed for 5 h, after which the solvent was removed

0
EtHN /"0 in vacuo to give a grown solid. The resulting residue was redissolved in
[e]

© anhydrous THF (20 mL) at 5 °C under N, and EtNH, (2 M solution in

THF, 2.93 mL, 5.86 mmol, 2.5 eq.) was added dropwise and allowed to stir
for 15 min. The solvent was then removed in vacuo and the residue redissolved in DCM (25
mL) and washed successively with half-saturated brine (3 x 20 mL) followed by brine (25 mL).
The organic phase was dried over Na,SO, and the solvent removed in vacuo. The resulting

brown residue was purified by flash chromatography (97:3 DCM/MeOH) to give the product
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as a white foam (730 mg, 85%).

"H NMR (400 MHz, CDCL,) 65 8.74 (s, 1H), 8.24 (s, 1H), 6.21 (d, J = 2.3 Hz, 2H), 5.52
- 5.50 (m, 1H), 5.43 (dd, J = 6.2, 2.2 Hz, 1H), 4.72 (d, J = 1.8 Hz, 1H), 3.08 - 2.97 (m, 2H),
1.62 (s, 3H), 1.39 (s, 3H), 0.76 (t, J = 7.3 Hz, 3H); *C NMR (101 MHz, CDCl,) é¢ 168.19,
152.32, 152.10, 151.01, 132.42, 114.77, 92.13, 86.83, 83.54, 83.07, 34.01, 27.04, 25.19, 14.32.

tert-Butyl (4-((9-((3aR,4R,6S,6aS)-6-(diethylcarbamoyl)-2,2-dimethyltetrahydrofuro
[3.4-d][1,3]dioxol-4-yl)-9 H-purin-6-yl)amino) butyl)carbamate (32)

Compound 31 (300 mg, 0.816 mmol, 1 eq.), 22 (461 mg,
HN/\/\/N\H/O\~/ 2.45 mmol, 3 eq.) and TEA (171 pL, 1.22 mmol, 1.5 eq.)
0

¢ \)N were dissolved in EtOH and refluxed for 18 h. The solvent
N N/
o was then remove in vacuo and the residue dissolved in hot
"0
EN O EtOAc and allowed to cool back to room temperature. The

resulting precipiate was filtered and the filtrate purified by
flash chromatography (99:1 EtOAc/TEA). The resulting residue was redissolved in CHCl, and
the solvent removed in vacuo to give the product as a clear foam (367 mg, 87%).
'H NMR (400 MHz, CDCL,) 65 8.31 (s, 1H), 7.81 (s, 1H), 7.09 (s, 1H), 6.04 (s, 1H), 5.98
(s, 1H), 5.37 - 5.32 (m, 2H), 4.76 (s, 1H), 4.69 (s, 1H), 3.13 (ddd, J = 17.8, 14.7, 6.7 Hz, 4H),
1.77 - 1.69 (m, 2H), 1.64 - 1.55 (m, 5H), 1.43 (s, 9H), 1.37 (s, 3H), 0.90 (t, J = 7.3 Hz, 3H);
C NMR (101 MHz, CDCl,) é¢ 168.68, 156.17, 114.72, 92.11, 85.92, 83.72, 82.69, 79.32, 77.36,
34.07, 28.57, 27.25, 25.29, 14.46; LC-MS m/z [M+H]™ Cy HysN, O™ cale. 520, found 520.

(25,35,4R,5R)-5-(6-((4-Aminobutyl)amino)-9H-purin-9-yl)- N, N-diethyl-3,4-

dihydroxytetrahydrofuran-2-carboxamide (33)

Compound 36 was dissolved in MeOH (3 mL) and cooled to 0 °C.

AN SN2 e (1 mL) was then added dropwise and allowed to warm to
N XN
</N | N/) room temperature and stirred for 4.5 h. Additional TFA (2 mL)
YOKJ>”OH was added and the reaction allowed to stir for 17 h. MeOH (1 mL)
EtHN
OH
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and TFA (2 mL) were added back to the solution and continued
to stir for 4 h. The solvent was then removed in vacuo and the
resulting residue dissolved in a 1:9 MeOH/TFA mixture (5 mL). The resulting mixture was
allowed to stir for 1 h, after which the solvent was again removed in vacuo, water was added
and the mixture freeze-dried to give the tri-TFA salt as a brown oil/foam (473 mg, 96%).
"H NMR (400 MHz, DMSO-dg) 65 8.77 (s, 1H), 8.66 (s, 1H), 8.52 (s, 1H), 8.49 (s, 1H),
8.35 (s, 1H), 7.72 (s, 3H), 6.00 (d, J = 7.0 Hz, 1H), 4.60 (dd, J = 7.1, 4.6 Hz, 1H), 4.34 (s,
1H), 4.16 (d, J = 3.0 Hz, 1H), 3.53 (s, 2H), 3.26 - 3.15 (m, 2H), 2.82 (dd, J = 12.6, 6.4 Hz,
2H), 1.73 - 1.55 (m, 4H), 1.07 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, DMSO-ds) ¢ 169.17,
158.93, 158.57, 158.21, 157.84, 140.80, 120.02, 117.12, 114.22, 87.84, 84.56, 73.14, 33.35, 25.80,
24.44, 14.68; LC-MS m/z [M+H]t C,;Hy,N,O,* calc. 380, found 380.

(25,35.4R,5R)-5-(6-((50-(1,2-Dithiolan-3-yl)-6,46-dioxo-
9,12,15,18,21,24,27,30,33,36,39,42-dodecaoxa-5,45-diazapentacontyl)amino)-9 H-purin-
9-yl)- N-ethyl-3,4-dihydroxytetrahydrofuran-2-carboxamide (34)

Lipoamido-dPEG®);2-acid (100 mg/mL

N/\/\/NM v> W solution in DMF, 272 L, 0.0338 mmol,
o) s-¢ 1

y i eq.), EDC-HCI (9.7 mg, 0.0507

g mmol, 1.5 eq.), HOAt (6.9 mg, 0.0507
E“"N\H\J?” mmol, 1.5 eq.) and TEA (30 uL) were
° dissolved in DMF (0.5 mL) under N,

and allowed to stir at room temperature for 1 h. Compound 37 (29.2 mg, 0.0405 mmol, 1.2
eq.) was then added as a solution in DMF (0.5 mL) and the resulting mixture was allowed
to stir at room temperature for 20 h. The solvent was then removed in vacuo and purified by
reverse phase chromatography (6 - 30% buffer B in buffer A, 2% increase per column volume,

then flushed with 1:1 buffer B in buffer A). The relevant fractions were freeze dried to give the

product as a clear oil (31 mg, 71%).
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'H NMR (400 MHz, DMSO-dg) 85 8.80 (s, 1H), 8.49 (s, 1H), 8.33 (s, 1H), 7.82 (dd, J
= 10.3, 5.2 Hz, 2H), 5.98 (d, J = 7.4 Hz, 1H), 4.60 (dd, J = 7.2, 4.7 Hz, 2H), 4.33 (d, J = 1.3
Hz, 1H), 4.15 (dd, J = 4.3, 1.3 Hz, 1H), 3.67 (s, 1H), 3.63 - 3.55 (m, 4H), 3.50 (s, 37H), 3.48
(s, 5H), 3.46 (s, 4H), 3.39 (t, J = 5.9 Hz, 2H), 3.32 (s, 1H), 3.25 - 3.03 (m, 7H), 2.68 - 2.66 (m,
1H), 2.45 - 2.36 (m, 1H), 2.34 - 2.32 (m, 1H), 2.28 (t, J = 6.4 Hz, 2H), 2.06 (t, J = 7.3 Hz,
2H), 1.85 (dq, J = 13.5, 6.7 Hz, 1H), 1.71 - 1.40 (m, 8H), 1.33 (dt, J = 14.1, 7.2 Hz, 2H), 1.08
(t, J = 7.2 Hz, 2H); ESI-TOF HRMS m/z [M+H]* C;Hg NgOsS,t cale. 1167.5887, found
1167.5894, [M+Na]* Cs;HyoNgOsS,Nat cale. 1189.5707, found 1189.5689.

4.9.1 2 Step Method for Coating Gold Nanorods

1 mL aliquots of AuNR@QCTARB stored in a 10 mM CTAB solution were dispensed into 1.5 mL
microcentrifuge tubes (multiple samples can be prepared simultaneously in this manner). The
aliquots are placed in a microcentrifuge and spun at 10 kRPM for 10 min. 900 upL of the
supernatant was then removed and replaced with 900 pL of a PSS solution (0.15% w/v in
water). The pellet was then briefly resuspended using a vortex mixer, then allowed to slowly
mix by attaching it to a slowly rotating motor for 30 min. The aliquots were then allowed to sit
still for 30 min at room temperature. The aliquots were spun down as before and washed twice
more with the PSS solution using the same procedure. The aliquots were then spun down as
before, 900 pL of the supernatant removed and 900 uL of the coating solution applied to the

pellet. This solution is composed of one or more of the following elements:

1. 1 mM aqueous solution of 4 (ZW) at pH 8-9.
2. 1 mM solution of 6 (MorPEG) in 10% v/v DMSO in water.
3. 1 mM solution of 27 (NaltPEG) in 10% v/v DMSO in water.

4. 1 mM solution of 34 (NECA-PEG) in 10% v/v DMSO in water.

The coating solution must consist of a minimum of 90% of the ZW solution for stability,

otherwise aggregation of the sample is observed. The various other components may be titrated
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in as a single targeting ligand or as a mixture of ligands. Following addition of the solution(s),
the pellet is briefly resuspended using a vortex mixer, then allowed to slowly mix by attaching
to a slowly rotating motor as before for 30 min. The mixture is then allowed to sit at room
temperature for a minimum of 16 h, after which the aliquots are again spun down and the
supernatant removed as before. 900 uL. of Milli-Q water is then added back and the pellet
resuspended using a vortex mixer. The resulting colloid is then further purified by dialysis
using a dialysis membrane (MWCO 100 kDA) over 2 days, changing out the dialysate several
times (if samples being prepared are the same, they may be combined at this point). The final
samples can then be recovered from the dialysis bag and stored at 4 °C.

Using this method, the following AuNR conjugates were produced:

o AUNR@QZW

o AUNR@QZW(MorPEG 5%)

o AUNR@QZW(MorPEG 10%)

o AUNR@ZW (MorPEG 20%)

o AUNR@QZW (MorPEG 30%)

o AUNR@ZW (NaltPEG 5%)

o AuUNR@ZW (NaltPEG 10%)

o AUNR@QZW (MorPEG 5%, NaltPEG 5%)
o AUNRQZW(NEGA-PEG 5%)

e AuNRQZW(NEGA-PEG 10%)
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5.1 N-Demethylation of Alkaloids, a History

N-Demethylation of alkaloids has been a historically important reaction. Many clinically used
drugs have been derived from naturally occurring alkaloids, and even today, drug discovery
projects continue to be based on this class of compounds. In nature, we find that many alkaloids
contain an N-methyl moiety, such as in atropine, morphine, nicotine and physostigmine to
name a few. Replacement of this group has typically been done to alter the pharmacological
properties of the naturally occurring compound to suit the needs of the disease state of interest.

Due to this, various reactions have been developed to enable removal of the N-methyl
group in order to install alternative alkyl groups. The von Braun reaction enables removal of the
N-methyl group by first reacting the alkaloid with cyanogen bromide. This displaces the methyl
group and installs an amino-nitrile group, which can be cleaved under acidic conditions with
varying degrees of success. This reaction is problematic due to the use of cyanogen bromide,
an extremely toxic substance that necessitates the use of large amounts of personal protective
equipment for handling. Therefore, use on an industrial scale is unfavorable.

The use of chloroformates for the N-demethylation of opioids was described by Portog-
hese’s group in the 70’s.? Briefly, the opiate alkaloids morphine and codeine were reacted with
various chloroformates to give the corresponding carbamate, displacing the N-methyl group.
This carbamate could then be removed via addition of strong base to return the N-nor product.
As noted by the authors, fairly harsh conditions were required for cleaving the carbamate, uti-
lizing a 50% w/v solution of potassium hydroxide and refluxing under an inert atmosphere for
prolonged periods to return the N-nor product. Although other chloroformate reagents have
been found that require relatively milder cleavage conditions, these tend to be more expensive,
and therefore may be cost-prohibitive in an industrial setting where large quantities of reagent
are required. Furthermore, these harsh conditions tend not to be orthogonal to commonly used
functional groups in medicinal chemistry, such as esters and amides, potentially limiting its
use.

The Polonovski reaction operates via a slightly different mechanism, requiring the use of
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the N-oxide rather than the simple tertiary amine.? Oxidation to the N-oxide can be achieved
via various methods, such as using hydrogen peroxide or via the use of organic oxidants such
as mCPBA.? This can then be treated with an activating agent such as an acid anhydride to
give the corresponding amide, again displacing the N-methyl moiety. This amide can then be
cleaved under basic conditions similar to other amide cleaves. Again, this reaction suffers from
the difficulty in removal of the amide.

More recently, a variation of the Polonovski was described in which ferrous sulfate was
used as the activating agent in place of an acid anhydride. This "non-classical" Polonovski
reaction enables direct conversion of the alkaloid N-oxide directly to the corresponding N-nor
compound. This was first described by Mary et al. using galantamine, and has since been
further explored using other alkaloids and iron species.” ?° Generally, iron(0) species tend to
work well and can be improved by addition of ferric chloride as a co-catalyst. Additionally,
chloroform generally works best as the solvent, with other solvents resulting in sub-optimal
yields and increased reaction times.’! Furthermore, use of the N-oxide HCI salt is important,
as counterion substitution reduces yield.®

The non-classical Polonovski is thought to work via a radical oxidative mechanism.?®
Briefly, radical oxidation of the amine via the iron species gives an N-centered radical cation,
upon which the radical is transferred to the methyl group, losing a proton to give a neutral
species. Reduction of the radical gives the methyleneiminium species, which returns the N-nor
product upon addition of water to cleave methylene group. This mechanism has been proposed
for the iron(II) species, which can oxidize to iron(III) and be reduced back to the active catalyst
through the catalytic cycle. A competing reaction returns the N-methyl compound due to
radical oxidation of iron(II) to iron(IIl) via the N-centered radical cation. Therefore, reaction
conditions need to favor the radical transfer process over the competing radical oxidation process
in order to be efficient. Although shown to be successful as a catalyst for this reaction, the
exact mechanism of iron(0) catalysed N-demethylation remains to be elucidated. Formation
of iron(I) generally only occurs under specific conditions, usually as part of an organo-metallic

complex and thus acquiring a formal charge, but is not known to exist as a lone species. Hence,
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the catalytic redox cycle between iron(0) and iron(I) is unlikely. Whatever the mechanism, the

N-demethylation is still achieved using elemental iron.

5.2 Green Chemistry, Starting with Solvents

Green chemistry has become an increasingly important area of research. Environmental con-
cerns, the depleting levels of oil reserves and increasing health concerns have all become larger
issues, prompting investigation into more sustainable and environmentally friendly methods
of performing chemistry. This is particularly true in the pharmaceutical industry, where a
significant number of reactions are required to produce an active pharmaceutical ingredient
and therefore involves a variety of starting materials and solvents to facilitate these reactions.
Typically, solvent use constitutes 80 - 90% of the non-aqueous mass used in the manufacture
of active pharmaceuticals, and around 75 - 80% of the environmental impacts of the process.!”
Hence, reducing or finding alternatives to solvents remains an important method of reducing
toxic waste.

GSK has recently discussed this topic in detail, and have published a solvent selection
guide in order to assist in the decision making process of synthesis.?” One of the key factors was
the use of greener solvent alternatives during the discovery process in order to facilitate easier
optimization of synthesis on the industrial scale, as solvent substitution tends to be a difficult
step. Furthermore, green solvents are more easily recovered, therefore reducing waste solvent
in the overall process. Therefore, initial reaction development should ideally be done using
greener solvents to reduce the scale-up optimization time-frame. In addition to exploring new
catalysts for the N-demethylation of alkaloids, we were interested in exploring their suitability
in greener solvents in order to demonstrate the utility of this reaction under greener conditions.
For this purpose, ester and alcohol solvents such as ethyl acetate and isopropanol were chosen,
as they are considerably less toxic and more easily recovered compared to the previously used

chloroform.
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5.3 Fe3(CO),;, as a Solution-Phase Catalyst for N-Demethylations,

Paper Context

This side project originated during the synthesis of naltrindole. It was found that 13 could not
be N-demethylated in high yield using the previously established methods.”? The Fe(0) powder
used was magnetic and tended to stick to the stir bar used, rather than suspend homogenously
throughout the sample. This was hypothesized to have limited exposure of the catalyst to
the bulk solvent and hence the dissolved substrate. In addition, the pivaloyl group used as
a protecting group for the C-3 phenol may have also hindered the interaction between the
substrate and catalyst. As a result, it was hypothesized that a solution-phase Fe(0) species

might be able to better catalyze the reaction, allowing it to proceed.

1) mCPBA
OMe 2) HCI

Fe3(CO)12

OMe

OPiv

14

Scheme 13. Initial discovery of N-demethylation of opioid alkaloids using Feqy(CO),y. The procedure
follows the non-classical Polonovski reaction, where first the N-oxide is generated, after which the
activating iron species is added, returning the N-nor compound with a repeatable yield of 54% over 2
steps.

As previously mentioned, the iron carbonyl complex triiron dodecacarbonyl had been
purchased in an attempt to selectively reduce an ester to an ether, as part of the synthesis of the
model morphine congeners (Chapter 3.2.1). Using just 5 mol% of this organo carbonyl complex,
it was found that the reaction proceed to completion within 30 min with decent, repeatable
yields (Scheme 13). This prompted the investigation of triiron dodecacabonyl as a potentially
viable catalyst for the N-demethylation of alkaloids. The following work was conducted to both
investigate its catalytic potential, as well as to explore alternative non-halogenated solvents for

this reaction.
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Introduction

The opiate alkaloids morphine and codeine, which are
extracted from the opium poppy, Papaver somniferum, are
common analgesics that have been used for thousands of
years for the treatment and control of pain.' In addition to
being used clinically as therapeutic agents in their own right,
they can be used as starting materials in the production of
semi-synthetic opioid pharmaceuticals, such as naltrexone,
naloxone and buprenorphine.” These particular opioids are
useful as therapeutic agents for the treatment of opiate or
alcohol dependence, opiate overdose and in pain manage-
ment. Specifically, naloxone hydrochloride is used to reverse
the acute symptoms of opioid overdose and studies have
found it to be a cost-effective strategy.® The rate of drug over-
dose deaths increased by 140% between the years 2000 and
2014, an increase driven by opioid overdose and, since 2013,
in large part due to synthetic opioids including fentanyl." A
key feature in the synthesis of semi-synthetic opioid pharma-
ceuticals is the loss of the N-methyl group, which is replaced
by a variety of alkyl groups, such as a cyclopropylmethyl group
in naltrexone and buprenorphine, or an allyl group in nalox-
one (Fig. 1). Inclusion of a non-methyl N-alkyl group is ration-
alized by the “message-address” concept, where varying this
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plished using a novel green methodology employing nanoscale zero-valent iron, nZVI, in isopropanol.
Use of nZVI promotes a much faster conversion to N-demethylated products due to much higher surface
area on the metal surface as shown by SEM analysis. Rates of conversion can be further enhanced using
catalytic quantities of the solubilised iron(0) species triiron dodecacarbonyl, Fes(CO);5.

Naloxone (2)

Naltrexone (1)

Fig. 1 Semi-synthetic opioid pharmaceuticals used for treatment of
opioid overdose.

“message” group typically allows control of agonist or
antagonist activity.”

Despite the medical utility of these semi-synthetic opioids,
N-demethylation has traditionally been a difficult step on the
industrial scale. The most commonly used methods for the
N-demethylation of tertiary N-methylamines involved the use
of cyanogen bromide (von Braun reaction)® and chloroformate
reagents.” Both of these methods have significant drawbacks;
cyanogen bromide is a highly toxic reagent,® whilst the more
effective chloroformate reagents, such as vinyl chloroformate,
are quite expensive. In both cases, the resulting product must
be further processed in order to return the N-nor product; in
the case of the von Braun reaction to hydrolyse the resulting
cyanamide group, and with the Polonovski reaction to cleave
the resulting carbamate.

The N-demethylation of a range of alkaloids has also
been achieved using the non-classical Polonovski reaction.
Galanthamine was N-demethylated in good yield by first oxi-
dising this alkaloid with mCPBA and subsequently treating the
resultant N-methylamine oxide with ferrous sulfate.’ Iron cata-
lysts have also been successfully investigated and developed
into efficient catalysts for the N-demethylation of opiate
alkaloids utilizing what has been proposed as a non-classical

Green Chem.
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Polonovski-type mechanism.'® Further development of this
work showed that the use of solid iron powder as the catalyst
allowed its easy removal from the reaction mixture via
filtration.""

In addition to this, the reaction returns the free N-nor com-
pound without the need for further reaction, therefore avoid-
ing additional steps. This system has been subsequently
adapted by Nakano et al. in a flow process using iron/sand
columns, again demonstrating the utility of using these
catalysts."?

The optimised process requires the formation of the alka-
loid N-oxide, which can be readily accomplished using a
variety of oxidants, such as hydrogen peroxide or mCPBA on a
laboratory scale.’® This is then converted to the hydrochloride
salt, which was previously found to be an important factor, as
the additional proton is essential in the proposed mechan-
ism.'° Furthermore, the anion used in the salt formation is
also important, as departure from the chloride anion results
in a reduction in yield."> While the reaction will still proceed
using the free N-oxide, the yields obtained are suboptimal.**
Solvent also plays an important role, with chloroform (CHCl;)
giving the highest yield of the solvents tested.’

The precise nature of the catalytic system is also important.
The optimised loading is described as 13 mol% Fe(0) powder
with an additional 2 mol% Fe®" in the form of FeCl;."* It was
demonstrated that while increasing the loading of Fe(0) has
little impact on the yield, increasing the loading of Fe*", or
even switching to an Fe®" species, results in suboptimal yields.
Finally, allowing the reaction to proceed in open air increases
the reaction rate, while under an inert nitrogen atmosphere
the reaction rate is adversely affected.'’ All these factors may
be implemented in an industrial setting for cost-effective, rela-
tively safe, and efficient N-demethylation of opiates for conver-
sion to other clinically useful drugs (Scheme 1).

While previously described advances have been extremely
useful, we have a continued interest in the development of
iron catalysts in N-demethylations, either for industrial or

(0] (0]
o
Cl

1. mCPBA, CHCl,
0 or H,0,, MeOH ® 0
—_— —
—N 2. Hcl N
HO

4a / 4b
| Fel0)"
O Solvent

HN

4c

Scheme 1 N-Demethylation of DXM, 4a, via N-oxide hydrochloride, 4b.
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synthetic purposes. While the Fe(0)/Fe(u1) system we described
earlier is efficient, both in terms of yield and cost, the use of
CHCl, is undesirable as it is toxic and a potential carcinogen.®
Furthermore, it is potentially fatal if absorbed or ingested in
larger quantities.

Therefore, its use on an industrial scale is highly undesir-
able. Seeking a solvent replacement is not always a simple
task. Reaction kinetics, thermodynamics and yield may be
affected by the balance of solvent polarity and protic nature.
More specifically in the case of N-demethylations, molecular
oxygen dissolved in the solvent can also impact on reaction
rate and yield."" The work previously conducted by our group
has extensively explored various iron powders, iron salts,
as well as steel alloy powders under a variety of con-
ditions.'®' 1+ 131718 1 the present study, we present the use
of two new iron species as alternatives for the N-demethylation
of alkaloids whilst also exploring the use of “greener” solvents
for this reaction.

Nanoscale zero-valent iron (nZVI) has been prepared using
a variety of methods and employed in several different types of
reactions.'®" The majority of literature reports involving nZvI
describe the remediation of ground water and the removal of
contaminants such as arsenic(ur),*” chromium(vi),>* and E. coli
bacteria.”® There are a number of reports where nZVI has been
used in catalytic applications.””*>*® The efficacy of these
methods is due in part to the extremely high surface area-to-
volume ratio of nZVI. This property, along with our experiences
using iron(0) as a catalyst in the modified Polonovski reaction,
prompted us to investigate its use for N-demethylation reac-
tions. A number of “green” advantages are also presented
through the use of nZVI in these systems. The high surface
area of nZVI was anticipated to lead to faster reaction rates for
N-demethylation of the N-oxides used in these reactions.
Furthermore, the preparation of nZVI can be accomplished in
water using minimally toxic sodium borohydride (NaBH,) and
subsequent catalytic demethylations can be conducted in alco-
holic solvents such as isopropanol (i-PrOH).

A number of procedures have been reported for the prepa-
ration of nZVI. The most common technique involves
reduction of an iron(u) or iron(w) salt, such as iron(u) sulfate
or iron(w) chloride, to iron(0) using NaBH, in aqueous media.
This procedure is relatively non-toxic, inexpensive, uncompli-
cated and can yield nanoscale iron(0) particles in the size
range of 10-50 nm.”” The effects of iron and NaBH, concen-
tration, atmospheric versus inert conditions, the rate of agita-
tion during reaction, the rate of NaBH, addition, and how the
iron is dried and stored have been extensively studied and
optimised.

Triiron dodecacarbonyl (Fe;(CO),,) is an unusual iron
species, typically used as a source of reactive Fe(0) for the syn-
thesis of various iron complexes, or as a reagent. Its utility as a
catalyst has, to our knowledge, not been previously described.
Previously investigated catalysts tend to be heterogeneous due
to the insolubility of iron and iron salts in the tested solvents.
In contrast to these, Fe3(CO);, is soluble in non-polar organic
solvents, with limited solubility in more polar solvents.
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Furthermore, the carbonyl ligands are easily displaced by
Lewis bases, potentially allowing for better interaction with the
substrate and hence higher rates of reaction.

Synthesis of iron nanoparticles can also be achieved using
Fe;(CO)y,. Previous examples demonstrate that under relatively
harsh conditions, Fe;(CO);, may undergo controlled decompo-
sition to form either nZVI or magnetite nanoparticles.”®*’
A solution of Fe;(CO);, and PPh; in hexane may form graphite
coated iron nanoparticles under strong UV irradiation over an
extended period of time.”® Fe;(CO);, may form magnetite
nanoparticles upon prolonged reflux in diethylene glycol,
diethyl ether, and oleic acid.” Both of these methods result in
nanoparticles that have an organic coating. As we are inter-
ested in “bare” nZVI, these methods were not utilised.

Industrial adoption of any new method for the
N-demethylation of alkaloids depends on appropriate selection
of a green solvent. The environmental impact and waste
involved in the synthesis of active pharmaceutical ingredients
(API's) is of considerable concern to the pharmaceutical indus-
try.>® With solvents contributing 80-90% of the non-aqueous
waste generated, reduction in toxic waste solvent is critical to
reducing health and environmental damage. Solvents, none-
theless, are still required for the production of API’'s, and
therefore need to be replaced with greener options. To that
end, GSK have assembled a toolkit to assist in the selection of
solvents suitable for large-scale industrial applications.*® It
has also been suggested that initial reaction development
could be guided by this solvent selection process, as this
would save both time and money further down the line when
optimising such reactions for industrial purposes. With this in
mind, we have chosen to approach the problem primarily
using greener options.

Herein, we report the use of nZVI and Fe;(CO);, as Fe(0)
sources for the modified Polonovski reaction in which the
N-demethylation of various alkaloids in green solvents is
demonstrated. The reaction systems have been optimised for
the use of i-PrOH, a green solvent that is directly compared to
the use of the “non-green” solvent CHCIl; as well as other
solvent combinations. The use of nZVI represents an improved
green approach to this reaction in that the rate of reaction is
significantly enhanced versus iron dust while maintaining ease
of isolation of products and the use of a green iron(0) catalyst.
Fe;3(CO)y,, although less green than using nZVl, has favourable
solubility properties, allowing for catalytic amounts to be
employed in conjunction with the use of i-PrOH. The
extension of the methodology to a selected array of
N-methylalkaloids is also reported.

Results and discussion

nZvl was prepared using a previously reported procedure in
which ferric sulfate heptahydrate was reduced in aqueous
medium using NaBH, with mechanical stirring, washed with
50% aqueous methanol via repetitive centrifugation, decanta-
tion and replacement of solvent.?” The isolated nZvI was then
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suspended in the reaction solvent to be used for the modified
Polonovski reactions. nZVI prepared using this method could
be carefully isolated under inert atmosphere to prevent oxi-
dation, as far as possible, followed by characterisation using
scanning electron microscopy (SEM) (Fig. 2). The SEM image
shows spherical, monodisperse particles of approximately
75 nm in diameter, forming chain-like secondary structures.
Comparison with the SEM of iron dust used in previous
studies shows distinctly smaller particle size (i.e. 75 nm vs.
40 pm) and therefore significantly higher surface area of the
iron(0) surface upon which reaction can occur.

The pseudo-opioid dextromethorphan (DXM), 4a, was
chosen as an ideal substrate for preliminary reactions investi-
gating optimisation of reaction conditions. DXM, contained in
many common cough medications due to its anti-tussive pro-
perties, is structurally similar to naturally occurring opiates
possessing an N-methyl group, and is a member of the
morphinan family of compounds. Unlike naturally occurring
opiates, it is not a highly controlled substance and is hence
readily available as its hydrobromide salt from commercial
sources. DXM hydrobromide is an atmospherically stable solid
at room temperature making it easy to manipulate in a labora-
tory setting. DXM is easily transformed into its N-oxide
and N-oxide hydrochloride derivative, 4b, in high yields.
N-Oxidation of 4a and isolation of the hydrochloride salt 4b
was achieved by treatment of 4a with either mCPBA or H,0,,
followed by addition of aqueous HCI using a variation of a lit-
erature procedure.® In general, mCPBA in CHCl; was
employed as the oxidant as it afforded the desired N-oxide
after a short reaction time (~1 h). However, H,O, in MeOH has
previously been used as a greener alternative for this trans-
formation."”"*'® Despite this, literature procedures tend to
vary significantly in equivalents added and the reaction time
required. Initial screening using titrated H,O, showed that 10
eq. was sufficient to afford conversion of 4a to 4b overnight.
Excess H,0, was then degraded to water using minimal MnO,.
After filtration and removal of the organic solvent in vacuo, the
HCI salt was subsequently generated by adding dilute acid and
removing the excess water using a freeze-dryer. Increasing the
molar ratio of H,O, to 20 eq. and 30 eq. offered no significant
advantage in terms of reaction time. Overall, this procedure
gave comparable yields of the N-oxide and eliminated the need

Fig. 2 SEM image of synthesised nZVI.

Green Chem.

5 ALTERNATIVE CATALYSTS FOR NON-CLASSICAL POLONOVSKI

160

N-DEMETHYLATION OF ALKALOIDS



5.4 Utility of Iron Species for N-Demethylation of Alkaloids (Paper)

Paper

for chlorinated solvents,
water.

The N-oxide 4b was subsequently converted to the corres-
ponding N-nor derivative 4c. Typically, 4b was dissolved or sus-
pended in the selected solvent system and nZVI or Fe;(CO);,
was then added as a solution/suspension in the appropriate
solvent and the reaction was stirred at room temperature for
the prescribed period of time. The results of these experiments
are summarised in Tables 1 and 2. Reaction of 4b in i-PrOH
gave a good yield of the N-demethylated product, 4¢, using a
stoichiometric amount of nZVI (Table 1, entry 1). Use of this

replacing them with MeOH and

Table 1 N-Demethylation of various alkaloid N-oxide hydrochlorides
using nZVI

nZvI Substrate Solvent/ Time % Yield”

Entry (mol %) (N-oxide) conditions®  (h) (N-nor)
1 100 DXM (4b) i-PrOH 0.75 4c, 84
2 100 DXM (4b) CHCL, 1 4c,92
3 100 DXM (4b) MeOH 3 4¢,59
4 10 DXM (4b) i-PrOH 21 4c, 78
5 10 DXM (4b) CHCl, 1 4c, 67
6 10 DXM (4b) MeOH 3 4c, 34
7 100 Noscapine (5b) i-PrOH 24—

8 100 Atropine (6b) i-PrOH 3 6c, 85
9 100 Tropine (7b) i-PrOH 24 =

10 100 Pivaloyltropine (8b) i-PrOH 14 8¢, 59
11 100 Benzoyltropine (9b)  i-PrOH 14 9c, 58

“10 mL of solvent per 100 mg substrate at ambient temperature
(measured to be 21 °C on average) under an atmosphere of argon.
Reactlons were stirred using a 12 mm magnetic bead at 900 RPM.
bIsolated yield following column chromatography. “NMR of crude
product mixture showed no evidence of any conversion of N-oxide
starting material to N-nor product.
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green solvent afforded slightly lower yields than when CHCl;
was used (Table 1, entry 2), likely due to differences in solubi-
lity of the substrate molecules. Switching the solvent to metha-
nol resulted in a noticeable decrease in yield of 4c (Table 1,
entry 3). It has previously been postulated that iron acts as a
catalyst in the modified Polonovski reaction."® When a cata-
lytic amount of nZVI (i.e. 10 mol%) was employed, there was a
pronounced decrease in the yield of the N-demethylated
product, 4c (Table 1, entries 4-6), regardless of the solvent
used. We believe this is due to catalyst poisoning/deactivation
as the N-demethylated product builds up in the reaction. The
coordination of the Lewis basic product, 4¢, to iron prevents
further substrate molecules from interacting with the iron
catalyst. Conversion of 4b to 4c was unsuccessful when nZVI
was employed using water as a solvent.

Fe;(CO);, proved to be an efficient catalyst for the
N-demethylation of 4b. In CHCl;, good yields were achievable
with low catalyst loadings and drastically reduced reaction
times. As seen in Table 2, the optimal yield was obtained
using 5 mol% Fe3(CO),, (Table 2, entry 1), with increases in
catalyst loading resulting in slightly reduced yield. When less
than 5 mol% of Fe;(CO),, is used, the reaction never goes to
completion, even if left for extended periods of time. We again
rationalise this to be due to poisoning of the catalyst. We
suspect that 4c may be forming stronger coordination bonds
to iron than the native carbonyl ligand at the conclusion of the
catalytic cycle.

Following optimisation of the reaction in CHCl;, we pro-
ceeded to assess various greener solvents in order to ascertain
the ability of Fe3(CO);, to perform under alternative con-
ditions. To this end, various ester solvents were tested, with
the addition of MeOH to increase the solubility of the sub-

Table 2 N-Demethylation of various alkaloid N-oxide hydrochlorides using Fes(CO);»

Fe;(CO);» % Yield”

Entry (mol%) Substrate (N-oxide) Solvent/conditions” Time (h) (N-nor)
1 5 DXM (ab) CHCl, 0.1 4c, 86
2 10 XM (4b) CHCI, 0.1 4c, 73
3 5 DXM (ab) i-ProH 0.7 4c, 92
4 5 XM (4b) MeOAc/MeOH (9: 1) 0.1 4c, 76
5 5 DXM (4b] DMC/MeOH (9: 1) 0.1 4c, 15
6 5 XM (4b tBuOAc/MeOH (9: 1) 0.1 4c, 83
7 5 DXM (4 ) EtOAc/MeOH (9: 1) 0.1 4c, 74
8 5 DXM (4b) EtOAc/i-PrOH (9: 1) 0.1 4c, 81
9 5 Noscapine (5b) CHCl; 24 5c, 28
10 5 Noscapine (5b) EtOAc/MeOH (9:1) 17 5¢, 26
11 5 Noscapine (5b) EtOAc/i-PrOH (9: 1) 2 5¢, 30
12 5 Noscapine (5b) i-PrOH 120 —

13 5 Atropine (6b) EtOAc/MeOH (9:1) 22 6¢, 66
14 5 Atropine (6b) EtOAc/i-PrOH (9:1) 19 6¢, 79
15 5 Tropine (7b) i-PrOH 2.5 —
16 5 Pivaloyltropine (8b) CHCl;, 2 8¢, 83
17 5 Pivaloyltropine (8b) i-PrOH 17 8¢, 63
18 5 Pivaloyltropine (8b) EtOAc/MeOH (9:1) 0.1 8¢, 66
19 5 Pivaloyltropine (8b) EtOAc/i-PrOH (9:1) 0.1 8¢, 63

“10 mL of solvent per 100 mg substrate at amblent temperature (measured to be 21 °C on average) under an open atmosphere. Reactions were

stirred using a 12 mm magnetic bead at 750 RPM.
evidence of any conversion of N-oxide starting material to N-nor product.

Green Chem.

b Isolated yield following column chromatography.  NMR of crude product mixture showed no
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strate. Ester solvents (Table 2, entries 4, 6-8) afforded generally
good results for the reaction with 4b. Dimethyl carbonate
(DMC) (Table 2, entry 5) proved to be the exception, with very
low recovery of the product. Although DMC is known to be a
methylating agent, its ability to alkylate is only evident under
relatively harsh conditions. Therefore, we suspect that methyl-
ation of 4c¢ under the tested conditions is unlikely to occur.
Rather, this solvent may simply not be amenable to this par-
ticular reaction. The effect of substituting i-PrOH for MeOH in
these solvent mixtures was also explored. EtOAc/i-PrOH
(Table 2, entry 8) gave higher yields compared to the EtOAc/
MeOH mixture (Table 2, entry 7). Indeed, when used as the
bulk solvent, i-PrOH gave surprisingly good results (Table 2,
entry 3). Although reaction times were longer, the yields
obtained were improved.

Following the demonstration of nZVI and Fe3(CO);, as
effective catalysts for the demethylation of 4b, we sought to
establish whether the methodology could be applied to other
biologically interesting alkaloids. We therefore investigated the
demethylation of the N-oxide hydrochlorides of noscapine
(5a), atropine (6a), tropine (7a), pivaloyltropine (8a), and
benzoyltropine (9a) (Fig. 3) using nZVI and Fe;(CO);,. Compound
5a is interesting as a potential starting material for synthesis.
Its complex array of carbocycles and heterocycles makes it an
attractive starting point for more complex products.
Furthermore, 5a has gained interest as a starting material for
the synthesis of potential anti-cancer agents.*'> Previous
studies in our group have already indicated the potential use
of N-substituted noscapine analogues as more potent anti-
cancer agents, which obviously necessitates the preparation of
N-nornoscapine, 5¢, as an intermediate.* Compound 6a, like
many opioids, has been a historically important drug, present
in various plant sources, particularly Atropa belladonna, from
which the drug gets its name. It is also used as a starting
material for various pharmaceuticals; N-noratropine, 6c¢, is an
important intermediate for the synthesis of ipratropium
bromide, a bronchodilator.*® Improved N-demethylation
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Fig. 3 Alternative alkaloid substrates for N-demethylations.
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methods for both 5a and 6a could be utilized for rapid and
easy access to the N-nor compounds. Compound 7a was tested
as an interesting synthon that may be included in various
drugs (such as Granisetron, Hyoscyamine and Tropisetron),
while 8a and 9a represent more “drug-like” compounds with
increased organic solubility.

N-Demethylation of these alternative test substrates gave
variable, but promising results (Table 1, entries 7-11, Table 2,
entries 9-19). Compound 5b, for example, failed to give
increased yields of 5¢ when Fe;(CO),, was used as the catalyst
compared to previously established literature methods.’
However, the reaction did go to completion (Table 2, entries
9-11). Using i-PrOH, no product was observed when either
nZVvI or Fes(CO),, were used (Table 1, entry 7 and Table 2,
entry 12). Once again, we believe this to be due to the limited
solubility of the substrate in the selected solvents.
Furthermore, 5a may be a particularly difficult substrate for
this particular process as the N-methyl group is quite sterically
hindered. Upon oxidation to 5b, further steric hindrance may
occur, preventing approach of the catalyst to the required site
for the radical oxidation to occur.

Using 6b as a test substrate, very good yields were obtained
when nZVI was used in i-PrOH (Table 1, entry 8), while only
moderate yields were observed when using Fe3(CO);, in EtOAc/
i-PrOH (Table 2, entries 13 & 14). Lower yields were observed
when using MeOH instead of i-PrOH in the mixture, which is
consistent with previous results. Conversion of 7b to
N-nortropine proved unsuccessful under all tested conditions,
including using i-PrOH as the solvent (Table 1, entry 9 &
Table 2, entry 15).

The more soluble 8b gave variable results compared to
those previously obtained using nZVI or Fe;(CO),,. Whereas
previous substrates gave good yields in a mixture of 9:1 (v/v)
EtOAc/i-PrOH, conversion to 8¢ was suboptimal in this system
compared to in CHCI; (Table 2, entry 16). Switching to 9b did
not result in any appreciable increase in yield when using
nZzZVI (Table 1, entry 11). The yields are, nevertheless, compar-
able to those obtained for previous attempts at
N-demethylation of tropane alkaloids, but with a significantly
reduced reaction time.*® Although some optimisation may be
required, these results highlight the possibility of using
greener solvent substitutes without a significant compromise
in yield.

Reactions using nZvI and Fe;(CO),;, were observed to
proceed much faster in CHCI; than in greener solvents such as
i-PrOH. Furthermore, these two iron sources seemed to con-
siderably enhance the rate of the N-demethylation reactions to
a far greater degree than other iron sources investigated earlier
by our research group. For example, N-demethylation of 4b
appeared complete within 5 min when conducted using
Fe;3(CO)y,, and within 1 h when using nZVI in CHCI;. Hence,
we endeavoured to measure the relative rates of conversion for
each of the iron sources. In order to make direct comparisons
and also to emphasize the compatibility of our systems in
green solvent systems, the study of relative conversions of 4b
to 4c, using the different iron catalysts, were conducted in
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Fig. 4 Percentage conversion versus time for various iron catalysts.
FeSO, (m), Fe(0) dust (A), nZVI (@), Fe3(CO)y, (#).

i-PrOH. Ferric sulfate did not give 100% conversion into nor-
DXM, 4c, even after 30 h (Fig. 4). As we reported earlier, the
use of iron(0) dust improved this reaction and resulted in
essentially 100% conversion after almost 30 h."

As anticipated, the use of nZVI, with far greater surface
area, afforded 100% conversion after only 40 min. Lastly, the
use of Fe;(CO),, afforded the fastest rate of conversion for all
iron sources trialled, with 100% conversion of 4b to 4c in just
over 30 min.

Conclusions

The green attributes of the modified Polonovski reaction,
through which the N-demethylation of various alkaloids is
achieved, have been significantly improved in comparison to
previously reported methodologies. The use of nZVI as a green
catalyst and i-PrOH as a green solvent afforded enhanced rates
of conversion to nor-alkaloid products. Although less green,
the use of Fe3(CO);, as a catalyst affords even faster rates of
conversion to demethylated, nor-alkaloid products. The solubi-
lity properties of this compound allow for genuinely catalytic
amounts to be employed, while still permitting the use of
i-PrOH. This methodology has been successfully applied to a
number of N-methylated alkaloids, with the possibility of
being further extended to the N-demethylation of opiates of
social significance, used in the commercial preparation of
naltrexone, naloxone and buprenorphine.

Experimental

All solvents were used as provided by the manufacturer (Fisher
Scientific, Alfa Aesar, Sigma-Aldrich). TLC was performed
using aluminium-backed silica plates (Merk, Silica gel 60 A

Green Chem.
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f254), with compounds visualised using a UV lamp, or via poly-
molybdate or KMnO, staining. '"H and '*C NMR spectra were
recorded at 400 and 101 MHz or 300 and 75 MHz (Bruker
Avance Nanobay III 400 MHz Ultrashield Plus or Bruker Avance
III HD), respectively. Chemical shifts were referenced to
residual solvent peaks according to Gottlieb et al.** Alkaloids
were purchased from the supplier and used as provided
(Sigma-Aldrich, Alfa Aesar), except for dextromethorphan,
which was washed with base (2 x 5% aqueous NaOH) to return
the free base before N-oxidation according to literature pro-
cedure." Triirondodecacarbonyl and ferric sulfate hepta-
hydrate were purchased from Sigma-Aldrich.

General procedure for N-oxidation of alkaloids using mCPBA

Alkaloid N-oxide hydrochloride salts were generated using vari-
ations of a literature procedure.* The alkaloid free amine was
dissolved in CHCl; and cooled to (—5-0 °C, typically 20 mL per
gram of alkaloid). mCPBA (typically 1.2 eq.) was then added in
a single portion and the reaction allowed to stir until reaction
completion as determined by TLC analysis, after which time
the mixture was worked up using one of the following
procedures:

(A) The volume of CHCl; was doubled and i-PrOH was
added to make the solution a 3:1 (v/v) mixture of CHCl,/
i-PrOH. This was then washed successively with 1:4 (v/v) 2 M
NaOH/brine (5 x 5 mL), followed by 1:4 (v/v) 2 M HCl/brine (5
x 5 mL). The organic phase was dried over anhydrous Na,SO,,
filtered, and the solvent removed in vacuo to give the alkaloid
N-oxide hydrochloride salt.

(B) The reaction mixture was extracted with 1 M HCI (3 x
10 mL). The combined aqueous extracts were washed with
CHCI; (2 x 10 mL) and the resulting aqueous phase reduced
in vacuo to give the alkaloid N-oxide hydrochloride salt.

Procedure for N-oxidation of DXM using H,0,

DXM free amine (366 mg, 1.35 mmol, 1 eq.) was dissolved in
MeOH (5 mL) and cooled to 0 °C. H,O, (26% w/w in H,O,
1.766 g, 13.5 mmol, 10 eq.) was then added dropwise and the
reaction allowed to stir at room temperature for 18 h. The reac-
tion was then diluted with MeOH and excess H,O, deactivated
with MnO,. The reaction was filtered through Celite and the
solvent removed in vacuo. Aqueous HCI (0.1 M, 50 mL) was
then added, and the resulting solution freeze-dried to give 4b
as the hydrochloride salt (412 mg, 94%).

General procedure for N-demethylation of alkaloid N-oxides
using nZVI

Following a modified procedure,> an appropriate amount of
FeSO,-7H,0 (see Table 1) was dissolved in aqueous methanol
(two parts deionized water, one part methanol, 8 mL per
0.50 mmol FeSO,-7H,0) and stirred at 450 RPM using a mech-
anical stirrer in an appropriately sized round-bottom flask
while a 0.12 M aqueous solution of NaBH, was added drop-
wise at a rate of approximately 1 drop every 5 s (0.8 mL per
0.50 mmol FeSO,-7H,0). As drops were added, the solution
turned an increasingly darker green until finally a black pre-
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cipitate was formed. The suspension of black precipitate was
stirred for an additional 5 min before being transferred into a
15 mL centrifuge tube. The washing process next consisted of
five repetitions of centrifugation (5 min each at 3200 RPM)
and decantation of the supernatant fluid. Before each centrifu-
gation, the tubes were shaken vigorously such that the iron
particles were re-suspended in the solvent. After the initial cen-
trifugation and decantation, the tube was filled to the 5 mL
mark with 2 mL of water and 3 mL of methanol, centrifuged
and decanted. The same washing process was then repeated.
The tube was then filled with 5 mL of the solvent to be used in
the N-demethylation reaction, centrifuged and decanted. The
same washing process was repeated one more time. At this
point the nZVI was suspended in the appropriate solvent
(5 mL) and added to the N-demethylation reaction flask. The
alkaloid N-oxide hydrochloride salt (0.50 mmol) was previously
dissolved or partially dissolved in the selected solvent (10 mL)
in the reaction flask, giving a total of 15 mL of solvent, along
with the N-oxide hydrochloride salt and suspended nZVI. This
mixture was stirred for the appropriate amount of time (see
Table 1) at room temperature. Upon completion of reaction,
the solvent was removed under reduced pressure and the
residue dissolved in 3:1 (v/v) CHCl3/i-PrOH (26 mL). The
resulting organic phase was washed with 2 M NaOH (2 x
2 mL), dried over anhydrous Na,SO,, filtered, and the solvent
removed in vacuo. The resulting residue was purified by silica
column chromatography to give the corresponding N-nor
compounds.

General procedure for N-demethylation of alkaloid N-oxides
using Fe;(CO);,

The alkaloid N-oxide hydrochloride salt (100 mg) was dissolved
or partially dissolved in the selected solvent (9 mL) and an
appropriate amount of Fe;(CO);, (see Table 2) was added as a
solution/suspension in the solvent (1 mL). The reaction was
allowed to stir until reaction completion (see Table 2). Where
solvent mixtures with 10% MeOH or i-PrOH were used, the
alkaloid was dissolved in the appropriate alcohol (1 mL) first,
followed by the bulk solvent (8 mL). The iron species was then
delivered as a suspension/solution in the bulk solvent (1 mL).
Upon reaction completion, the solvent was removed in vacuo
and the residue dissolved in 3:1 (v/v) CHCl;/i-PrOH (26 mL).
The resulting organic phase was washed with 2 M NaOH (2 x
2 mL), dried over anhydrous Na,SOy, filtered, and the solvent
removed in vacuo. The resulting residue was purified by silica
column chromatography and evaporated from DCM to give the
corresponding N-nor compounds.
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5.4.1 Additional Notes

Compound references here will refer directly to the numbering scheme in the paper, and should
be viewed independently from the rest of this dissertation.

In addition to the published tests, various other conditions were trialled that gave inte-
resting results. First, it was found that using chloroform as the solvent, compound 4b could be
demethylated using only 2 mol% loading of the catalyst, returning a yield of 88%. At 3 mol%
loading, a slightly lowered yield of 87% was observed. These marginal improvements in yield
were not considered to be significant, and were within the margin of error for recovery following
flash chromatography. Furthermore, it was also found that such low catalytic loading was not
consistent across the more polar solvents such as isopropanol or the ethyl acetate/alcohol mix-
tures. Hence, 5 mol% was chosen as our "standard" catalyst loading when solvent conditions
were being optimized.

In addition to the described panel of solvents tested, methanol was also trialled. However,
rapid poisoning of the catalyst was observed, with no reaction occurring prior to catalyst
deactivation. In addition to this, an attempt at N-demethylating atropine N-oxide was also
attempted using water as the solvent. However, this again gave no reaction. In this case, it
was suspected that the catalyst simply wasn’t soluble in water, and therefore wasn’t available
for interaction with the substrate. The catalyst is suspected to work via the loss of a single
labile carbonyl ligand, therefore allowing access of the substrate to the active iron center. If
the catalyst is not in solution, this may not be possible, hence the lack of reaction observed in
water.

Tropine, one of the simplest alkaloids tested, failed to give any observable conversion to
the N-nor compound under all tested conditions. Here, poor substrate solubility was found

across all tested solvents, and therefore was not available for the reaction.
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6.1 Reaction Overview and Immediate Issues

As a part of this PhD, an industrial placement was conducted with Sun Pharmaceutical
Industries Ltd. at their facility in Port Fairy for 5 weeks. The work done here involved the
large-scale optimization of two reactions for the synthesis of a product, here named "compound
E'", which would be further elaborated at another facility. Due to the confidentiality of this
project, specific details will not be revealed with regards to the compound structures or their
intended use. However, more general discussions on the chemistry itself as well as the equipment

used will be included.

6.1 Reaction Overview and Immediate Issues

A procedure for the synthesis of E was initially provided by a third party. Briefly, the diene
starting material "compound C", was reacted with an N-Boc-protected dieneophile in xylenes
at reflux for 19 h to give the Diels Alder product "compound D" (Scheme 14). On a small
scale, purification involved addition of 10% hydrogen chloride in ethyl acetate to the Diels
Alder mixture, followed by the addition of tert-butyl methyl ether (TBME) as an anti-solvent
to effect the precipitation of compound D hydrochloride salt. This was then returned to the
free-base by suspending the solid in ethyl acetate and washing with a basic aqueous phase,
followed by evaporation of the organic layer to give compound D as the free-base foam. This
Diels Alder adduct could then be deprotected using a 2:1 DCM/TFA mixture over 12 h to reveal
the desired compound E. This was then isolated by neutralizing the reaction mixture with a
basic aqueous solution and extracting the aqueous phase using DCM. The DCM extracts were
then combined and the solvent removed in vacuo to give compound E as a foam at 74% yield
and 89% purity. This provided procedure will herein be referred to as the "standard method".

Although the described method was successful in providing the compound on a relatively
small scale, various factors limited its utility while trying to scale up. First, the Diels Alder
reaction was conducted at relatively dilute concentrations, requiring the use of a large volume
of solvent for a relatively small amount of substrate. Furthermore, heating at reflux for 19 h
presented issues at scale, as careful heating and cooling were required in order to avoid damage

to the reactors that would be used, adding additional time to the reaction. Ideally, shortening
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Scheme 14. The "standard method" for the synthesis of compound E as provided by a third party.
Reagents and Conditions: (a) xylenes, refluz; (b) TFA, DCM.

the reaction time to a reasonable time-frame was desired.

In addition to this, the workup required to isolate compound D necessitated the use of
a large volume of additional solvent. Furthermore, the quantities of 10% hydrogen chloride
in ethyl acetate required for this could not be acquired locally and had to be generated on
site. This is typically done using one of two methods; bubbling hydrogen chloride gas through
ethyl acetate, or reacting anhydrous ethanol with acetyl chloride in ethyl acetate at the desired
concentration. With the quantities required at scale neither of these approaches was practical.
A safety review of the fumehoods available revealed that the fumes generated could not be
scrubbed sufficiently to prevent corrosion of the drive belt of the fan, as well as to ensure safety
of the staff working in the surrounding areas.

The second Boc-deprotection step again presented several issues. First, the use of DCM
on such as large scale was assessed and considered unsafe with the equipment available. Not
only is this a toxic solvent that is also a hazard to the environment, but the high volatility of the
solvent would have generated a large volume of gaseous DCM from various heating effects such
as heat of dilution and the exothermic Boc-deprotection reaction. Although respiration equip-
ment was available, the filters were not intended for use with such volatile solvents in addition
to the fumes displacing O, to dangerously low levels. Furthermore, fumehood extraction would
have spread these fumes into the immediate area, and depending on the direction of the wind
could have negatively affected the health of staff working in the surrounding areas. This would
have been particularly true of the workup, where the DCM was simply removed via rotary

evaporation. Hence, elimination of DCM from this synthesis was desired. Compounding the
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issue, TFA is an extremely hazardous and corrosive acid. Use on such a large scale would have
presented an extreme hazard to not only the staff working on the project, but also to any staff
in the area. Disposal of these two halogenated materials was also of concern, as the waste
would have to be sent off-site for disposal, incurring a high cost. Therefore, the use of any
halogenated material had to be eliminated from the procedure.

In addition to the issues with the solvent and reagents, anhydrous deprotection of the
Boc protecting group liberates isobutylene gas and CO,. While the CO, can be safely vented
and diluted in a fumehood to avoid asphyxiation, the isobutylene gas presented a flammable
gas hazard. As the drive belts of the fans were not isolated as in typical synthetic laboratory
fumehoods, the motor presented a sparking hazard if the volume of gas generated built up to a
sufficient concentration. The total volume of lammable isobutylene gas generated was calcula-
ted to be approximately 0.5 m®. This meant that the gas had to be diluted to a volume more
than 50 m? in order to be below the lower explosive limit. Although fumehood extraction into
the atmosphere may have sufficiently diluted the flammable gas, spot concentrations between
the explosive concentrations of 1.8-9.6% could occur, presenting an explosion hazard.

The final issue noted was that compound E tended to form a foam when the solvent was
removed in vacuo. This would result in a large volume being occupied by a relatively small
mass of material. Furthermore, this foam had to be manually scraped out of the flask in order
to be compacted for shipping. This amount of manual labour would be time consuming on the

desired scale, and hence a precipitation method for isolation was desired.

6.1.1 Project Aims and Objectives

This project aimed to synthesize compound E on a multi-kilogram scale in a manner that is
both safe and practical using the equipment available. In keeping with this, a one-pot synthesis
was desired with no workup between the Diels Alder reaction and the Boc-deprotection steps.

This would be achieved using the following steps:

1. Optimization of the Diels Alder reaction for substrate loading and reaction time.
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2. Identify alternatives for the Boc-deprotection that could be performed directly from the

Diels Alder reaction mixture.
3. Optimize a workup for the isolation of a salt form of compound E.
4. Scale up the reaction to a multi-kilogram scale using a 20 L reactor.

5. Address all the safety concerns presented with the standard method.

This work was done in collaboration with the staff at Sun Pharmaceutical Industries in
Port Fairy, including Dr Stuart Purcell, Elise Neff and Dr Paul Alexander.

Primarily these reactions were conducted using jacketed reactors which were heated
using Huber Dynamic Temperature Control units circulating silicone oil. Previous experience
from the group had demonstrated that a temperature difference of 60 °C between the reactor
contents and the reactor jacket resulted in cracking of the vessel. Hence, careful control of the

temperature was required. The vessels used ranged from 500 mL to the full scale 20 L reactor.

6.2 Optimization of the Diels Alder Reaction

In order to obtain the maximum turnover of the product, the maximum loading of the Diels
Alder reaction needed to be achieved, as the extended reaction time precluded further work.
An initial solubility experiment was conducted to determine the maximal loading of the least
soluble substrate, the diene compound C. At reflux temperature, it was found that the loading
could be tripled compared to the provided procedure, allowing for greater throughput.

In parallel, the Diels Alder reaction between compound C and the dieneophile was tested
using the standard method as well as the modified method using three times the reactant
concentration at a 500 mL scale. Using jacketed reactors, the reactions were allowed to heat
at 120 °C for 16 h, after which UPLC samples were taken and analyzed. These results showed
that conversion from compound C to compound D was successful, with > 99% conversion to
the desired product. Furthermore, it was found that using the elevated concentrations, the

reaction time could be reduced to just 12 h. These results remained consistent at the 2 L scale,
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suggesting that the Diels Alder reaction was not affected by scale. It was also noted in all
cases that while the jacket temperature reached 120 °C, the internal reactor temperature never
exceeded 116 °C. Despite this lower temperature, the reaction proceeded without issue.

One serious issue was found when scaling up to the 2 L reactor. Due to the amount of
material being added to the solvent, the volume of the reaction expanded significantly. With
the amount of material being used, 1 L of solvent expanded to 2.1 L with all the substrates
either suspended or dissolved. This was not found earlier during the 500 mL scale, as the
expansion was not noticed due to the proportionally larger headspace allowed the mixture to
be contained. Hence, although at full scale a 20 L reactor could be used, only 10 L of solvent
could be used as this was calculated to expand to the full volume upon addition of all the
substrates.

It was also found that following the reaction, compound D would remain in solution,
where compound C was insoluble in xylenes. This suggested that this was a safe point for
holding the reaction mixture until further processing could be performed on the mixture. Sto-
ring the reaction mixture at 4 °C for a prolonged period showed no change to the reaction
mixture after 5 weeks. Although this reaction mixture was stable, one of the disadvantages
of having such a concentrated reaction mixture was that it tended to be quite sticky. This

necessitated careful cleaning of the work area to minimize exposure and contamination.

6.3 One-Pot Feasibility and Boc-Deprotection Optimization

As we wished to perform the Boc-deprotection of compound D without workup, small samples
of the reaction mixture previously generated were taken to assess the feasibility of performing
the deprotection directly in xylenes in a one-pot method. Acids that were commonly used on
site were tested to assess which of them would be the most effective for this reaction. These
included 98% sulfuric acid, 81% phosphoric acid, glacial acetic acid and 37% hydrochloric acid,
using TFA as a control acid. Using two equivalents of these various acids, deprotection of
compound D was performed directly from xylenes.

These acids gave a variety of results. Interestingly, TFA gave partial conversion to
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compound E, but did not proceed to completion. Acetic acid gave no conversion to the product,
even when heated to 50 °C. Sulfuric acid and phosphoric acid both gave partial conversion to
compound E, but resulted in precipitation of both the starting material and the product before
the reaction could be completed. In the case of sulfuric acid, the material precipitated as a hard
solid, whilst with phosphoric acid it formed a gel-like substance. Hydrochloric acid gave the
desire product after being allowed to stir overnight at room temperature with > 99% conversion
to compound E. This demonstrated that Boc-deprotection directly from xylenes was feasible
and could be done without any workup in between.

Heating the Boc-deprotection reaction at 50 °C dramatically increased the reaction rate,
reducing the time to 1 h from the overnight reaction as previously required. Optimization of the
mixing on a small scale further reduced this to 40 min. In addition to reducing the reaction time
and eliminating the need for halogenated reagents, the use of an aqueous acid also eliminated
the formation of isobutylene gas, as the tert-butyl carbocation that formed would simply react
with water to produce tert-butanol. This also eliminated the need to generate hydrogen chloride
gas for the generation of hydrogen chloride in ethyl acetate, as isolation of the Boc-protected
material was no longer required. Of note for the scale-up, addition of 37% hydrochloric acid to
the Diels Alder reaction mixture was an exothermic process, hence chilling the reaction to 0 °C
was necessary to prevent thermal runaway. In addition, the exothermic process only occurred
for the first half of the addition. The second half would either maintain temperature or would
cool down, allowing the rate of titration of the acid to be increased.

Upon cooling of this mixture, it was found that the product formed a viscous liquid that
settled to the bottom of the reaction mixture. This phase did not redissolve effectively into
xylenes when diluted and no separate aqueous phase was observed. This phase was hypothesized
to be a mixture of xylenes, compound E and the aqueous phase. This meant that the mixture
could not be held at this point and had to be processed immediately to avoid formation of this
viscous liquid.

When this procedure was tested on a 500 L scale, it was found that keeping the reaction

mixture at 30 °C and maintaining stirring prevented the formation of this mixed phase. Various
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workups were postulated in order to isolate the material. Simply removing the solvent in vacuo
proved problematic, as it formed a foam that filled the vessel without completely removing the
solvent. Releasing the vacuum resulted in the foam collapsing into a thick tar. Addition of
TBME resulted in the tar hardening into a solid block, likely due to leaching of any residual
xylenes left in the tar. It was found here that addition of ethanol allowed this solid block
to be manually broken up into a fluffy white solid followed by washing gave compound E
hydrochloride salt of >99% purity by HPLC in moderate yields. Although successful, this

approach was not practical on larger scales, hence a better method was sought.

6.4 Extraction Workup of Compound E

Rather than removing the solvent in vacuo, it was decided that an extraction method could
be used to wash the product into an aqueous phase, then back into a different organic phase
following pH adjustment to allow for easier precipitation. On a small scale, various extraction
methods were attempted. Simply using water as the aqueous phase was not sufficient to extract
compound E. Addition of dilute aqueous HCI tended to also give a viscous tar that was difficult
to work with. Switching acids, an equivolume of 10% v/v acetic acid was found to effectively
partition the product into the aqueous phase. Here, it was found that three separate phases
formed. On top was the organic xylenes layer, containing residual product as well as the
majority of the impurities. In the middle was the aqueous phase, which was found to contain a
significant amount of product with few impurities. Finally, a thicker, more viscous layer formed
at the bottom, which was found to be a mixture of xylenes, the product and the aqueous phase.
Both the bottom mixed phase and the aqueous phases were collected, and the remaining xylenes
phase could be extracted again using 10% v/v acetic acid.

Addition of 10% w/v NaOH to the combined aqueous extracts to pH 12 resulted in
precipitation of compound E, which could be partitioned into an ethyl acetate phase over
two extractions. Expectedly, this acid-base neutralization was found to be exothermic, giving
a temperature rise of around 10 °C depending on scale. This neutralization could also be

achieved using 30% w/v NaOH in order to reduce the total volume. Using these ethyl acetate
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extracts, oxalic acid and tartaric acid were trialled as counterions for the precipitation of the
product. Neither acid precipitated the product initially, but upon addition of an alcohol such
as isopropanol or ethanol a fine solid formed which could be collected by filtration. UPLC
analysis revealed that oxalic acid more selectively precipitated the product over the impurities,
so was the preferred agent. Precipitation could also be achieved by first dissolving oxalic acid
in ethanol at 25% w /v before adding it to the ethyl acetate extracts. This purification method
was trialled on a 1 L scale, altering it slightly to use five smaller ethyl acetate extractions rather
than two larger ones for the purposes of minimizing volumes in the reactor. Oxalic acid (25%
w/v in ethanol) was then gradually added and resulted in the precipitation of a white solid.
This could then be filtered and washed with a 3:1 mixture of TBME/ethanol to remove any
impurities. This successfully gave compound E oxylate salt at >99% purity and approximately

64% yield.

6.5 20 L Pilot Scale-Up

Scaling up to a 20 L jacketed reactor, a method based on the previous findings was develo-
ped. Due to the scale, various safety measures had to be implemented in order to protect the
individuals performing the work. In addition to a full protective suit, the use of double gloves,
sleeve guards and air hoods were all implemented to minimize exposure to both the materials
and solvents being used. All the reactors, filtration equipment, peristaltic pumps and stands
were all earthed inside a walk-in fumehood. All reaction vessels were purged with N, to lower
the O, level below 2% before solvents were charged into or out of the vessel. Loading the
reactor also presented a challenge, as compound C tended to form flammable dust clouds if
handled improperly. Two methods of loading were trialled. First, the container was carefully
lowered into the reactor and compound C gently tipped into the bottom one portion at a time.
Although this method minimized the dust cloud, it proved difficult to suspend material into a
slurry upon addition of xylenes. Alternatively, it was found that charging the reactor with xyle-
nes first, sealing and purging the reactor, then adding compound C slowly via a port suspended

the solid well. The N-Boc-protected dieneophile could then be charged through the port. In
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keeping with the previous calculations, 10 L of xylenes was expanded to approximately 19 L
upon addition of all the material. This mixture was easily mixed using an overhead agitator.

Heating was carefully controlled using a ramping method to ensure the reactor was not
damaged. An initial ramp to 30 °C was held for 30 min. The temperature was then successively
increased by 30 °C over 30 min and held at that temperature for a further 30 min to enable
the reactor contents to catch up to the jacket and minimize the temperature difference. The
reactor was then held at 120 °C for 12 hours. Monitoring an internal temperature probe showed
that the reactor contents only reached a maximum of 112 °C. However, UPLC analysis showed
that this was still sufficient to drive the reaction to >99% conversion to compound D over the
prescribed time. Cooling was done in a linear fashion over 2 hours to room temperature.

Following this, half the reaction contents (approximately 10 L) had to be drained in
order to make room for additional reagents. The other half-batch could then be processed at
a later time in the same manner. The reactor and contents were then cooled to 0 °C, and 2
equivalents of 37% HCI at 0 °C was added over 30 min using a peristaltic pump. Over the
course of the addition, the temperature was closely monitored to ensure no sudden temperature
jumps occurred. If the reaction mixture rose above 18 °C, the addition was stopped and allowed
to cool before continuing. The reaction mixture was then heated to 50 °C, which necessitated
heating the reactor jacket to 55 °C. Although on a small scale it was found that this reaction
proceeded to completion in 40 min under optimal conditions, at scale it was found that even
with a 1.5 h reaction time, the conversion of compound D to E did not proceed to more
than 98% completion. This was postulated to be due to the mixing not being optimal, as the
agitator only permitted for relatively laminar flow of the reaction mixture, where turbulent
flow generally gives better mixing. In addition to the usual safety precautions used, here the
vent port which was connected to a nitrogen bubbler was opened in order to effectively vent
any evolved gas, preventing the build-up of pressure within the reactor.

Following the deprotection to compound E, the reaction mixture was cooled to 30 °C,
after which 5 L of 10% v/v acetic acid was added and mixed for 10 min. The layers were

allowed to separate and the bottom two layers were collected. This initial extract was found to
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contain 90% of the product, hence a reduced volume of 2.5 L. was used for the second aqueous
extraction, retrieving the remaining 10% of the product and leaving only the impurities in the
xylenes phase, which could be discarded.

Recombining the aqueous extracts, neutralization proved difficult at this scale. Initially,
30% w/v NaOH at 10 °C was simply added gradually as previously done on a small scale.
Upon reaching pH 12, a white solid suddenly precipitated. However, unlike the small scale
experiments where the solid remained suspended, this solid settled to the bottom of the reactor
and formed a solid mass that stopped the agitator from spinning and blocked of the draining
valve in the bottom of the reactor. This was eventually rescued by removing the aqueous phase
and washing the reactor with ethyl acetate to redissolve the material, but was not a practical
method going forward.

In an alternative approach, 4 L of ethyl acetate was first added to the aqueous extracts
to enable immediate dissolution of the free-base product upon neutralization. 30% w/v NaOH
was then slowly added to pH 12, again resulting in rapid precipitation of the product. Unlike
the previous attempt, the product tended to form sticky round solid bodies that did not settle
upon cessation of agitation. Furthermore, there was no discernible separation between the
aqueous and organic phases. It was noted that upon acidification using 10% v/v acetic acid,
dissolution of these solids and phase separation was again observed.

Rather than directly adjust to pH 12, an extraction at an intermediate pH was tested.
The acidic aqueous extracts were charged with 6 L of ethyl acetate, after which 30% w/v NaOH
was gradually added until pH 5. Interestingly, the reaction mixture did not deviate from pH
5 despite the addition of increasing amounts of the basic solution. This was likely due to the
formation of sodium acetate acting as a buffer. At this pH, 3 layers were again formed; a
top organic layer containing some product, a middle aqueous phase, and a lower mixed phase.
The top organic phase was separated, and an additional 2 L of ethyl acetate added. The
aqueous phase was then adjusted to pH 12 as before with mixing. Using this method, the rapid
precipitation of the product previously observed was localized entirely to the top organic phase,

with no third phase being formed. Fortunately, this suspension could be separated from the
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aqueous phase and mixed with the previous ethyl acetate extract.

Using this material, precipitation as the oxylate salt was not possible using the previously
developed method using 25% w/v oxalic acid in ethanol. Here, it was found that the extraction
at pH 5 had partitioned compound E acetate salt into the organic phase, which was relatively
soluble in organic solvents despite being ionized. When a sufficiently large quantity of oxalic
acid was added and given enough time, counterion exchange occurred and compound E oxylate
salt eventually precipitated. However, this was time-inefficient and could not be consistently
reproduced.

Moving back to a small scale, it was found that the combined ethyl acetate extracts
could be washed with a 15% w/v NaOH solution. This washed out the residual acetic acid into
the aqueous phase, as well as allowing the precipitate from the second ethyl acetate extract to
redissolve and form a homogeneous organic phase. Furthermore, this second basic wash seemed
to also remove some impurities. Interestingly, addition of 25% w/v oxalic acid in ethanol to
the organic phase no longer caused precipitation of the product. The reason for this remains
unclear.

Rather than having the oxalic acid pre-dissolved in ethanol, it was found that adding
the two components separately gave more consistent and repeatable precipitation of the pro-
duct. Furthermore, this allowed for more controlled precipitation such that a known amount of
product could be precipitated by adding the oxalic acid in portions. The resulting precipitate
could be filtered, then oxalic acid added to the mother liquor again to effect the precipitation
of the next crop of product. Expectedly, it was found that the amount of product precipitated
corresponded linearly with the amount of oxalic acid added, suggesting a stoichiometric preci-
pitation. This procedure was further enhanced by first adding 3:1 TBME/ethanol to allow for
better formation of an easily pumped slurry upon precipitation.

Returning to the large scale, the remaining 6 L of washed ethyl acetate extract was
charged with 3:1 TBME/ethanol, an extra volume of ethanol and oxalic acid added in portions.
The resulting precipitate was then filtered in portions, washed with 3:1 TBME/ethanol and

allowed to dry to give compound E oxylate salt as a white solid at >99% purity and >62%
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yield. Furthermore, oxalic acid could be added to the mother liquors to recover the remaining

product as the oxylate salt, further increasing the overall yield.

6.6

Final 20 L Scale Procedure

With the conclusion of these experiments, a final protocol for the synthesis of compound E was

established:

10.

. Xylenes (10 L), compound C and the N-Boc-protected dieneophile are loaded into the

20 L reactor in order.

. The reactor is purged with N, and heated to 120 °C over 3.5 h using a step-wise ramping

process, then held at temperature for 12 h.

. The reaction is then cooled to room temperature, half the reaction contents drained

(approximately 10 L), and the remaining half-batch cooled to 0 °C.

. 2 equivalents of 37% HCI at 0 °C is then added to the reaction mixture over 30 min,

carefully monitoring the temperature to ensure it does not rise over 18 °C.

. The reaction mixture is heated to 50 °C over 30 min and held at temperature for 1.5 h.

. The reaction mixture is then cooled to 30 °C and 5 L of 10% v/v acetic acid is charged

into the reaction and mixed for 10 min.

. The agitation is stopped, the layers separated and the bottom two layers collected.
. The remaining organic phase is again extracted with 2.5 L. of 10% v /v acetic acid.

. The combined aqueous extracts are charged with 6 L of ethyl acetate, then neutralized

to pH 5 using 30% w/v NaOH with stirring.

The organic layer is separated, 2 L of fresh ethyl acetate is charged back into the remaining

aqueous layer and the pH adjusted to 12 with stirring.
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11. The organic layer is again separated and combined with the previous ethyl acetate extract

and washed with 15% w/v NaOH.

12. A 3:1 mixture of TBME/ethanol (2 L) and absolute ethanol (2 L) are added to the ethyl

acetate extracts, followed by oxalic acid.

13. The resulting precipitate is then filtered via vacuum filtration, the filter cake washed with
3:1 TBME/ethanol and allowed to dry under vacuum to give the compound E oxylate

salt as a white powder.

14. The mother liquors can then be recovered and oxalic acid added to precipitate any re-

maining product as the second crop and isolated as per Step 13.

This procedure is currently being used to manufacture the successive batches of compound E.

6.7 Conclusion

Throughout this 5 week project, a variety of safety and scale-up issues were addressed in
order to devise a method for the large-scale synthesis of compound E. The standard method
provided proved too complicated and hazardous to be conducted on a multi-kilogram scale.
Optimization of the reaction concentration and conditions has significantly reduced the reaction
times. The initial Diels Alder reaction from compound C to D was reduced by 7 h, while the
Boc-deprotection reaction from compound D to E was reduced by 11 h. In addition to this,
no workup was required between these two reactions, greatly reducing the labour time and
reducing the total amount of solvent waste generated. The final workup was also simplified
such that no evaporation steps were required, as the desired product was simply precipitated
as the oxylate salt following several wash steps.

In addition to the simplification of the overall procedure, many of the more hazardous
reagents that were used in the standard method were eliminated. Due to the modified Boc-
deprotection, DCM and TFA were no longer necessary, as the deprotection could be effected in

xylenes with 37% HCI. In addition to this, moving away from anhydrous conditions eliminated
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flammable gas hazard, as the tert-butyl carbocation formed from the Boc-deprotection would
react with water to form tert-butanol rather than isobutylene.

This work enabled the synthesis of compound E without the need for any additional
equipment or retrofitting of the lab to accommodate for materials that previously have not
been used on site. In summary, the following improvements were made to the process over the

5 week placement:

e Loading of the reactants in the solvent was tripled, allowing for higher throughput of raw

material.

e Reduction of the Diels Alder reaction time from 19 h to 12 h to provide compound D at

> 99% conversion, reducing the process timeframe.

e Removal of the workup step where compound D was precipitated as the hydrochloride salt
via addition of hydrogen chloride in ethyl acetate and TBME, followed by redissolution in
ethyl acetate and washing with NaOH to return the free base. This eliminated excessive

solvent use and further reduced processing time.

e Boc-deprotection directly from the xylenes solution without the need for DCM, substi-
tuting TFA with 37% HCI. This eliminated the generation of flammable isobutylene

gas.

e Boc-deprotection time was reduced from 12 h to 1 h via heating of the reaction mixture

to give compound E at > 99% conversion, further reducing the process timeframe.

e Complete substitution of the original workup procedure which involved a wash stepped
followed by rotary evaporation to give the product as a foam that had to be manually
scraped out of the vessel. Instead, the product could be purified via several rounds of
washing and extraction, followed by precipitation to give compound E oxylate salt as a
fine white powder. This procedure eliminated the need for rotary evaporation, removed
the need for manually scraping the product from a vessel, and gave a much denser product

compared to the free-base foam making it easier to transport.
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These improvements have been utilized for the efficient production of compound E oxylate salt,
and has already enabled several kilograms of product to be delivered to the client in the weeks

following the conclusion of the placement.
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Throughout this work, various topics have been explored relating to the study of opi-
oid receptor pharmacology, as well as general opioid chemistry. Specifically, the development
and synthesis of a fluorescent probe for the MOR based on the clinically used partial agonist
morphine has been described. Further to this, we have commenced work on the development
of a novel imaging system based on AuNRs that we hope will add another tool for the study
of GPCR pharmacology. Finally, work was done to explore greener alternatives for the N-
demethylation of alkaloids, which is an important reaction for the discovery and synthesis of

opioid analogues with clinically relevant outcomes.

Chapter 2: Molecular Modelling with the Opioid Receptors

This chapter primarily focused on the 6 week rotation done with Dr David Chalmers with
regards to the molecular modelling of the opioid receptors. Here, we found that subtype
selectivity studies based on the antagonist crystal structures could not be performed, as no rank-
based correlation between the Glide docking score and the literature K value was consistently
observed. However, a Spearman rank correlation of 0.77 was observed for the antagonist-bound
MOR crystal structure,’ suggesting the potential of using these for the discovery of new opioids.
Indeed, using the more recently published agonist crystal structure,? a novel opioid agonist for
the MOR lacking some of the classical opioid side effects was discovered by Mangliket al.’

Moving on, MD studies were conducted using the antagonist-bound crystal structure
of the MOR in an attempt to generate an agonist homology,” which was unavailable at the
time. Using the MD program DESMOND), the reconstructed MOR docked with morphine
was simulated for 70 ns. Although this failed to produce an agonist homology as desired,
some interesting observations were made. Compared to the crystal structure ligand S-FNA,
morphine formed different water-mediated hydrogen-bonding network. Comparison of the ge-
nerated structure shows that indeed, the simulation time was insufficient in order to generate
the agonist homology.

Additional work prolonging the MD simulation time could provide interesting data, gi-

ving an insight to the transition between the antagonist and agonist state and the movement
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of the TM helices. However, a large amount of computer time would be required for this,

potentially using a supercomputer cluster or using a Monte-Carlo approach.

Chapter 3: Fluorescent Opioid Partial Agonist Probes for the ;-Opioid
Receptor

Development of agonist probes for the MOR have always been desired. Historical development
has only resulted in peptide-based fluorescent opioid agonist probes. Small molecule-based
fluorescent probes have previously all resulted in antagonists. Here, utilizing the clinically used
opiate morphine, a partial agonist probe was successfully synthesized and characterized. A
variety of linkage methods were explored to find an appropriate modification that would enable
conjugation of the fluorescent tag Sulfo-Cy5 without loss of partial agonist activity. From this,
the model compound 5 was developed containing an ether linkage with a free acid for further
spacer elongation. Using this method, the probe compound 21 was successfully developed

(Figure 31).

Figure 31. Compound 21, the first morphine-Cy5 conjugate, retaining the partial agonist activity of
morphine.

Although the probe was approximately an order of magnitude less potent than the
parent compound, it maintained partial agonist activity, as well as specific binding to the
MOR. Furthermore, little background fluorescence was observed during confocal microscopy,

suggesting this compound may be a useful tool to simulate the behavior of morphine.
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Currently, this probe is being used in further imaging experiments at the University of
Nottingham, Queen’s Medical Centre and at the Drug Discovery Biology theme of the Mo-
nash Institute of Pharmaceutical Sciences as a tool compound for visualizing the behavior of
morphine under confocal microscopy. These results will aid in the understanding of MOR phar-
macology, and the behavior of morphine at a cellular level. This probe could be used to explore
the effects of morphine administration on receptor translocation on the cell surface, as well as
to understand the trafficking pathways of the ligand upon MOR internalization. Furthermore,
it may give insight into the behavior of the MOR when administered in the presence of other
GPCRs that may form heterodimers. Although much fluorescence characterization of the MOR
has been described in literature, no work has been done with regards to the trafficking of the
ligand due to the historical lack of a suitable small-molecule fluorescent probe. This new probe
may be used to fill this gap in knowledge.

Further exploration into different linkage methods and fluorophores may also lead to the
development of a more potent morphine-based fluorescent probe. In addition, this method of
development could be used design and synthesize other fluorescent probes based on clinically
interesting MOR agonists, such as fentanyl or herkinorin. In combination with the literature
data and other fluorescent probes, this could give a clearer indication as to the factors that are

involved in MOR-mediated tolerance and dependence.

Chapter 4: Development of Gold Nanorod-based Imaging Systems

An exploration into the use of AuNRs as an imaging platform was conducted. Using clearly
defined, discreet chemical entities, AuNRs were coated to give a variety of potential imaging
tools. Utilizing morphine-based congeners based on prior data, AuNRQZW (MorPEG 10%)
was assembled. Furthermore, the DOR antagonist congener based on naltrindole was also
synthesized and coated alongside MorPEG to give AuNRQZW (MorPEG 5%, NaltPEG 5%).
This multivalent AuNR system could potentially be used to image the MOR-DOR heterodimer,
elucidating the mechanism by which MOR-DOR biased ligands exhibit their analgesic effects.

In order to demonstrate the robustness of this system, as well as to act as a "control"
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Figure 32. The two opioid-based congeners synthesized for attachment to AuNRs. Compound 6 was
based on the clinically used opiate morphine, while 27 was based on the well known DOR antagonist
naltrindole.

system, the adenosinergic ligand NECA was functionalized to give 34 (Figure 33), conjugated
to AuNRs in the same fashion as the morphine congener to give AuNRQZW (NECA-PEG 5
or 10%). This system is currently undergoing further study at the University of Nottingham,
Queen’s Medical Centre as a potential imaging agent for visualizing the adenosine receptors.
Differences between it and the literature NECA-BODIPY conjugate could reveal differing phar-
macologies when receptors act as single units compared to oligomers.

Further work may be conducted in order to optimize the coating of these systems such
that they may be used directly without the need to exchange buffers to something more bi-
ologically suitable. Full biological characterization of these nanoparticle systems, particularly
of AuUNR@QZW (MorPEG 5%, NaltPEG 5%), needs to be carried out. This could reveal previ-
ously unknown behaviors of MOR-DOR heterodimer trafficking, giving a better understanding
of the dimer biases involved in these drugs. Other clinically interesting ligands such as fen-
tanyl or oxycodone could also be integrated into this approach, giving more insight into the

receptor trafficking behavior of these drugs in a heterodimer paradigm. Critical to all of this
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is the development of an imaging approach that enables visualization of both the AuNR using
a multi-photon luminescence method, as well as seeing organic or biological fluorophores using
a standard confocal microscopy approach. While this is still under development, other appro-
aches may be used in the interim to utilize the currently available facilities, such as switching

out the AuNRs for QDs.
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Figure 33. A congener based on the previously used adenosinergic ligand NECA, which was synthesi-
zed to act as a control system for comparison to previously established literature NECA-based organic
fluorescent probes.

Further experiments need to be done in order to develop an imaging protocol for the
visualization of both the nanoparticle tag in conjunction with the organic fluorophores that
are typically used to visualize proteins and other small molecules. The development of such a
method would allow a variety of imaging tags to be used together without interference. Should
these be successful, imaging studies using AuNRs decorated with multiple ligands could be

done in order to determine the effect the formation of heterodimers has on receptor trafficking.

Chapter 5: Alternative Catalysts for Non-Classical Polonovski

N-Demethylation of Alkaloids

Fe;(CO),, was explored as an alternative catalyst for the N-demethylation of alkaloids. This
organic soluble iron(0)-carbonyl complex was found to rapidly catalyse this reaction in a variety
of green solvents such as isopropanol and ethyl acetate as suggested by the GSK guide to solvent

selection.” Although the majority of the alkaloids tested proceeded to completion with good
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to reasonable yields, further optimization of each alkaloid may be required to achieve optimal
yield using this solution-phase catalyst. Further to this, it was found that a mixture of 9:1 ethyl
acetate /isopropanol was an ideal solvent to facilitate this reaction with a variety of alkaloids,
although optimization of this may further increase the yield. Further to this work, optimization
of the precursor N-oxidation step was performed using a green chemistry methodology. Using
hydrogen peroxide and methanol instead of the typical mCPBA in chloroform, a method for
generating DXM N-oxide was developed that did not require further use of any solvents and

produced minimal waste.

o Hel
N Fe3(CO)12 /H
Rl \RZ

Rz Rl/ \RZ

Figure 34. The non-classical Polonovski reaction utilizing Feq(CO),q as the catalytic species. Ou-
idation can be achieved using a variety of methods. The N-demethylation could be carried out in a
variety of solvents, with optimal conditions depending on the alkaloid.

Further exploration of green chemistry methodologies for this reaction could be done in
order to reduce the environmental impact and waste produced from this clinically important
reaction. Catalyst exploration and solvent substitution could be done in order to further
explore the scope of this reaction. One possible alternative catalyst could be iron pentacarbonyl
(Fe(CO);), a liquid iron complex that is cheaper compared to Fe;(CO),, and can potentially
be recovered via distillation. Other directions may be to explore iron complexes that may be
amenable to solid support to be used in continuous flow processes, or to explore solvent-free

methods.

Chapter 6: Industrial Placement at Sun Pharmaceutical Industries

A five week placement at Sun Pharmaceutical Industries was conducted working on the op-
timization of two reactions for the synthesis of compound E. As a part of this optimization,
hazardous reagents and issues with scale were addressed to ensure the synthesis could be carried

out in a safe manner. For this work, a procedure provided by a third party was modified to
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reduce the turnover time and to improve the safety of the procedure.

The procedure was modified to remove the intermediate workup step, as well as drasti-
cally reducing the reaction and processing times. The total reaction time was reduced by 21 h
overall in addition eliminating more than half of the workup time. Furthermore, the modified
procedure eliminated the need for any halogenated solvents and reagents, making the process
much safer for both the staff working on the project and for the staff on site, as the safety
equipment available was not rated to handle these types of materials. Finally, the procedure
was modified to eliminate the need to evaporate solvents, giving the final product compound

E by extraction and precipitation as an oxylate salt.
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8.1 Molecular Modelling Compounds
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Figure 35. NMR spectra of the apparent 7’-nitrosonaltrindole (CDCl,, spectra 1, red) compared
to the starting material 18 (DMSO-dg, spectra 2, turquoise). Although the general features of the
structure are evident (such as the cyclopropyl methyl group (0 - 1 ppm) and the aromatic signals,

no fine splitting was observed. Deconvolution of the alkyl region was also not possible due to signal
overlap.
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Figure 36. LC-MS spectra of the reduction of 18 using Pd/C in an H, atmosphere (60 PSI). The
459 mass corresponds to the starting material, whilst the 443 mass suggests reduction to the nitroso

compound.
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Figure 37. Crude NMR of the attempted synthesis of 2-aminophenylhydrazine (DMSO-dg, 401 MHz).
Compound 28 was reduced using Pd/C under an H, atmosphere, followed by deprotection using TFA,
after which this crude spectra was acquired. This spectra suggests degradation of the sample, with no
clear evidence of product formation.
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Figure 38. LC-MS data of the attempted synthesis of 2-aminophenylhydrazine. Here, 4 clear peaks
were observed by UV-Vis absorbance, corresponding to 4 different byproducts. Two of these were iden-
tified by mass as being 1,2-phenylenediamine (109 m/z) and benzotriazole (120 m/z). No indication
of the desired hydrazine was observed.
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This work was performed by Karina Pombo-Garcia and Carmen L. Riihl investigating utility
of zwitterionic coatings on nanoparticles and their resistance to protein-corona formation. The
zwitterionic ligand "ZW-L1" was synthesized as the contribution to this work. Screening against
a selection of model proteins showed this particular coating performed well, adhering to the

fewest number of proteins of the coatings tested, as well as having low protein adsorption.
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Polyacrylic-acid-coated ultra-small super-paramagnetic iron
oxide nanoparticles were surface-modified with low-molecular-
weight sulfobetaines or 3-(diethylamino)propylamine in order
to generate nanoparticles with zwitterionic character (ZW-NPs).
The ZW-NPs proved highly resistant to serum protein corona
formation in vitro, as revealed by atomic force microscopy,
SDS-PAGE and proteomics analysis, and exhibited low cytotox-

Introduction

The success of ultrasmall superparamagnetic iron oxide nano-
particles (USPIONs) in in vivo biomedical applications, such as
magnetic resonance imaging (MRI), relies on chemical modifi-
cations that lead to controlled biodistribution, reduced toxicity
and extended circulation times of these particles within the
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icity towards A431 and HEK293 cells. The presence of unreact-
ed carboxylic acid groups enabled additional functionalization
with fluorescent (Cy5) and radioactive [**Cu-dmptacn;
dmptacn= 1,4-bis(2-pyridinylmethyl)-1,4,7-triazacyclononane]
moieties. Overall, the ZW-NPs represent promising platforms
for the development of new multimodal diagnostic/therapeu-
tic agents possessing “stealth” properties.

bloodstream."® Appropriate surface modification of USPIONs
so as to fulfill these pharmacokinetic requirements presents
a key challenge. It is particularly important that USPIONs are
able to resist extensive nonspecific adsorption of proteins (for-
mation of a “protein corona”) and opsonization, so as to avoid
rapid scavenging by the mononuclear phagocyte
system.">67'% One way to achieve this is through the introduc-
tion of zwitterionic species onto the nanoparticle (NP) sur-
face.">&127) Zwitterionic surfaces confer antifouling properties
similar to poly(ethylene glycol) (PEG) coatings, but without
adding substantially to the hydrodynamic size of the coated
NPs. Zwitterionic NPs (ZW-NPs) are also less prone to aggrega-
tion under high ionic strength conditions."'”2432

Recently, we reported a detailed in vitro investigation of the
“stealth” properties of USPIONs coated with a 3-(dimethylami-
no)propylamine derivative of poly(maleic anhydride-alt-1-
decene) (PMAL), an amphiphilic zwitterionic polymer!*3¥ The
PMAL-USPIONs proved superior to USPIONs coated with octyl-
amine-modified polyacrylic acid, a negatively charged polymer,
in terms of their ability to resist protein corona formation."’
Encouraging results from that study, along with a continued in-
terest in developing NP-based multimodal imaging agents for
in vivo use, have now led us to investigate the effect of zwit-
terionic modifications on the properties of polyacrylic-acid-
coated USPIONs (PAA-USPIONSs). Herein, we present the results
of a study examining the serum protein adsorption characteris-
tics, cellular uptake and cytotoxicity of PAA-USPIONs function-
alized with three low-molecular-weight compounds that
impart zwitterionic character to the NP surface. Given that pre-
vious studies have shown that the interactions of NPs with
proteins and cells are nanomaterial-specific and dictate their
ultimate metabolic fate,'%1416:21-23.27,30.34-38] ay amination of such

638 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tt Europe

interactions represents an important first step in the develop-
ment of new nanomaterials intended for in vivo use.

Results and Discussion

Synthesis and physicochemical characterization of zwitter-
ionic nanoparticles

Water-soluble PAA-USPIONs were prepared using the co-pre-
cipitation method described by Rosseinsky and co-workers>”
To reduce the negative surface charge and impart zwitterionic
character to the NPs, one of three compounds (L1, L2, or L3)
was covalently attached to their surface using 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDC)/N-hydroxysulfosuccini-
mide (sulfo-NHS) coupling conditions (Figure 1).? L1 and L2

N = T80,
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O N NN
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Figure 1. Surface modification of PAA-USPIONs with L1, L2 and L3 to gener-
ate ZW-NPs ZW-L1, ZW-L2, and ZW-L3, respectively.

are sulfobetaines, a class of compounds that has been widely
used in the development of zwitterionic coatings,' ')
whereas 3-(diethylamino)propylamine (L3) has been previously
used by Xiao etal. to generate NPs with long in vivo circula-
tion times.”" The new zwitterionic USPIONs, ZW-L1, ZW-L2,
and ZW-L3, were purified by size-exclusion chromatography
(SEQ).

Transmission electron microscopic (TEM) analysis (Figure 2A)
revealed that the USPIONs remained unaggregated after sur-
face modification, retaining a reasonably uniform iron oxide
core diameter of 5-6 nm, whereas dynamic light scattering
(DLS) measurements indicated a small increase in the hydrody-
namic diameter (HD; 11.7+1.3, 12.8+2.0, and 14.0+2.3 nm
for ZW-L1, ZW-L2, and ZW-L3, respectively, versus 8.3+0.3 nm
for PAA-USPIONs; Figure 2B). The overall negative surface
charge of the NPs decreased (zeta potential, z= —21.7+0.4,
—15.74+2.1, and —16.04+3.1 mV for ZW-L1, ZW-L2, and ZW-L3,
respectively, versus —423+1.5mV for PAA-USPIONs; Fig-
ure 2C), which can be ascribed to the expected reduction in
the number of surface carboxylate groups after attachment of
compounds L1-L3.

ChemPlusChem2017, 82, 638 - 646 www.chempluschem.org
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Figure 2. Physicochemical characterization of NP samples. A) TEM images
showing well-dispersed PAA-USPIONs (left) and ZW-L1 (right) with a uniform
core diameter of 5-6 nm; inset: size distributions derived from the analysis
of 200 NPs. B) HD of PAA-USPIONs (8.3+0.3 nm), ZW-L1 (11.7+1.3 nm), ZW-
L2 (12.8+£2.0 nm), and ZW-L3 (14.0+ 2.3 nm), measured by DLS. C) Zeta po-
tential of PAA-USPIONs (—42.3+ 1.5 mV), ZW-L1 (-21.7£0.4 mV), ZW-L2
(—15.74+2.1 mV), and ZW-L3 (—16.0£3.1 mV); 50 mm NaCl, pH 7.5. D) IR
spectra of NPs. E) Photographs of aqueous dispersions of ZW-L1 at different
pHs in the range of 4-10.

Elemental microanalyses confirmed the presence of nitrogen
and sulfur in ZW-L1, ZW-L2, and the presence of nitrogen in
ZW-L3, providing further evidence for the successful attach-
ment of L1-L3 to the surface of the USPIONs. FTIR spectra
showed bands attributable to amide and carboxylic acid func-
tionalities in ZW-L1, ZW-L2, and ZW-L3, as well as the sulfo-
nate groups in ZW-L1 and ZW-L2 (Figure 2D). Bands within
the region 1700-1400 cm™" are related to the C=0O,y ey C—O—
Hpenar and C—O ey Vibrations of the carboxylic acid groups.?
In accordance with the expectation that successful coupling

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. AFM micrographs of ZW-L1 (A and B) and PAA-USPIONSs (C and D) after incubation with 80% HS for 30 min. Panels A and C show height images

(scan size= 2.6x0.76 mm); B and D show 3D images (scan size= 0.21x0.49 nm).

would decrease the amount offree carboxylic acid groups in
ZW-NPs, the relative intensities of these bands are lower in the
spectra of ZW-L1, ZW-L2, and ZW-L3. Prominent bands in the
region of 1100-850 cm™' correspond to C—Hpangs S=Ogypetcny and
S—Oyyeten Vibrations. Amide | and Il bands are visible between
1500 and 1600 cm™', as is an Fe—O,.. Vibration band at
580 cm™'.

The ZW-NPs displayed good colloidal stability under physio-
logical conditions, with no signs of aggregation in response to
pH changes in the range of 6-10 after 24 h incubation. Fig-
ure 2E shows representative photographs of aqueous disper-
sions of ZW-L1 at different pH, thus demonstrating their stabil-

ity.

Analysis of serum protein-nanoparticle interactions

The ability of the ZW-NPs to resist serum protein adsorption
was evaluated using a combination of atomic force microscopy
(AFM), sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and proteomics analysis.

Figure 3A and B show representative AFM images of ZW-L1
after 30 min of exposure to 80% human serum (HS). The NPs
remained well dispersed and did not increase beyond about
12 nm in diameter. In contrast, PAA-USPIONs formed large ag-
gregates (~ 100 nm diameter) upon exposure to HS (Figure 3C
and D).

The absence of significant protein corona formation for ZW-
L1, ZW-L2, and ZW-L3 was further confirmed through SDS-
PAGE analysis of adsorbed serum proteins (removed by dena-
turation and heating to 958C with 2x Laemmli sample buffer
containing 2-mercaptoethanol). As shown in Figure 4A, only
very faint protein bands were observed compared to those
found for PAA-USPIONs exposed to 80% HS.

The identity of the NP-binding proteins was established
using MS-based proteomics techniques. The relative quantifica-
tion of the amounts ofindividual proteins within the coronas
of the serum-exposed ZW-NPs versus that of the PAA-USPIONs
was performed using isotope dimethyl labeling."****¥ This in-
volved detachment of the adsorbed proteins using a denatur-
ant containing 8m urea, followed by reduction, digestion with
trypsin, and labeling with non-deuterated (“light”) formalde-

ChemPlusChem2017, 82, 638 - 646
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Figure 4. Analysis of HS proteins adsorbed by ZW-NPs and PAA-USPIONs.
A) Coomassie-stained 12% SDS polyacrylamide gel of adsorbed proteins.
B) Venn diagram of all proteins identified by proteomic analysis within the
protein coronas of the HS-exposed ZW-NPs (refer to Tables S1-S4 for a de-
tailed list of the proteins identified).

hyde in the case of the PAA-USPIONs and deuterated (“heavy”)
formaldehyde in the case of the ZW-NPs. The labeled tryptic
digests were then mixed in equal amounts for each combina-
tion of PAA-USPIONs/ZW-NPs and analyzed by LC-MS/MS in
order to determine the identity and relative quantity of ad-
sorbed proteins.">*? Only two, nine and ten serum proteins
were identified with a high degree of confidence in the coro-
nas of ZW-L1, ZW-L2, and ZW-L3, respectively (Figure 4B). One
of these proteins was common to all three protein coronas,
and a further seven to the coronas of ZW-L2 and ZW-L3. The
majority of the identified proteins were vastly enriched in the
corona of the PAA-USPIONs relative to those of the ZW-NPs
(Tables S1-5S4 in the Supporting Information).

Collectively, these data suggest that the imidazolium-con-
taining sulfobetaine derivative L1 is the most effective in re-
ducing protein corona formation, and provide further evidence
of the general ability of zwitterionic surfaces to limit formation
of a protein corona and enhance the stability of NPs within
biological fluids.>*#27:34%4 Reduced protein adsorption in
serum has previously been observed for Au NPs featuring zwit-
terionic sulfobetaine groups,''” and we have recently reported

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the similar behavior of other zwitterionic polymer-coated US-
PIONs.™!

Cellular uptake and cytotoxicity of nanoparticles

Next, we investigated the cellular uptake properties of the ZW-
NPs. A431 cancer cells were exposed to ZW-NPs in serum-free
media as well as cell media supplemented with 10% and
100% fetal bovine serum (FBS) for 24 h. This was followed by
ICP-MS analysis to quantify the concentration of Fe arising
from the magnetite core of the NPs (prior experiments per-
formed in the absence of NPs confirmed that the cells were
able to grow under all conditions examined). A control experi-
ment without NPs was performed to quantify the endogenous
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Figure 5. Degree of uptake of ZW-NPs into A431 cells in the absence or
presence of 10% or 100% FBS. Cells were incubated with 50 or 100 mgmL™"
of ZW-NPs for 24 h before digestion.
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cellular iron concentration. As shown in Figure 5, low cellular
uptake was observed for all three of the ZW-NPs, with values
ranging from 1 to 10 pg Fe per cell.*” Furthermore, the uptake
decreased with increasing serum concentration, that is, little
uptake was detected in 100% FBS. In the presence of an
excess of proteins, NPs that do not possess a protein corona
have a lower probability ofinteracting with the cellular mem-
brane, thus slowing down their endocytic uptake by the cell,
which is concordant with our findings for other NPs!"** A no-
table observation is the approximately fivefold greater uptake
of ZW-L3 versus ZW-L1 and ZW-L2, which is in accordance
with the differing degrees of protein corona formation for
these ZW-NPs.

We speculate that the lower protein adsorption and de-
creased cellular uptake of ZW-L1 is attributable to its higher
surface hydrophilicity. The predicted distribution coefficient
values at pH 7.4 please define D,, (logD,,) of —6.2, —5.5 and
—2.0 for amide derivatives of the zwitterionic headgroups L1,
L2, and L3, respectively (calculated using the ACD Labs 2016
software program), suggest that ZW-L1 is more hydrophilic
compared to ZW-L2 and ZW-L3. The results are in agreement
with previous studies, in which greater NP-protein interactions
and enhanced cellular uptake of NPs were observed with in-
creasing surface hydrophobicity."

To assess cell viability following exposure to the ZW-NPs, the
metabolic activities of both cancerous (A431) and non-cancer-
ous cells (HEK293) cells were measured using a 3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) based cell proliferation assay (Figure 6 A
and B). In addition, membrane integrity was assessed as a mea-
sure of viability and necrosis by monitoring the NP-induced
leakage of active lactate dehydrogenase (LDH) into the cell cul-
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Figure 6. Nanotoxicity of ZW-NPs and PAA-USPIONs. A) and B) Viability of A431 and HEK293 cells measured after 24 h exposure to increasing concentrations
of NPs, expressed as a percentage with respect to the negative control (cells without NPs). C) and D) LDH release from A431 and HEK293 cells measured after
24 h exposure to increasing concentrations of NPs. Cells were incubated with supplied lysis buffer to obtain maximum LDH release (positive control). All ex-
periments were independently repeated three times, with triplicate determinations for each NP concentration.
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ture media (Figure 6C and D). The ZW-NPs showed low and
comparable cytotoxicity up to their highest dosed concentra-
tions (100 mgmL™"), indicating no major damage to the mito-
chondria (MTS assay) or lysis of the cell membrane upon incu-
bation (LDH assay).

Generation of bimodal imaging agents

The availability of unreacted carboxylate functionalities
prompted us to investigate the possibility of conjugating addi-
tional moieties to the surface of the ZW-NPs, thereby providing
a facile route to bimodal or multimodal imaging agents. In the
first instance, covalent attachment of a near-infrared fluores-
cent dye (Cy5) to ZW-L1 was investigated, with the aim ofin-
stalling an optical imaging capability. Using conventional EDC/
sulfo-NHS-mediated coupling conditions,"** an amine-bearing
derivative of Cy5 was successfully linked to the NPs (Figure 7),
as verified by UV/Vis absorption and photoluminescence spec-
troscopic measurements (Figure 8), performed following SEC
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purification to remove low-molecular-weight material. The
spectra displayed the characteristic absorption and emission
bands of Cy5, with the | .., values (=650 and 655 nm, respec-
tively) slightly red-shifted relative to those of unincorporated
Cy5 itself, as already reported for other dye-NP interfaces*® A
fluorescence quantum yield of 0.18 was calculated, which is
about two-thirds that offree Cy5, % presumably due to self-
quenching effects or quenching by the iron oxide core of the
NPs.

To generate a potential design for dual imaging by MRI and
positron emission tomography (PET), a preformed ®Cu com-
plex ([**CulCu-dmptacn; dmptacn= 1,4-bis(2-pyridinylmethyl)-
1,4,7-triazacyclononane)®® was coupled to ZW-L2, also by
using EDC/sulfo-NHS-mediated coupling (Figure 7). Radio-SEC
was used to remove unreacted complex and confirm success-
ful radiolabeling of the NPs (Figure 9A). The %Cu-labeled NPs
were found to be resistant to metal ion leakage when chal-
lenged with EDTA for a 24 h period, as indicated by radio-TLC
analysis (Figure 9B). It should be noted that a post-labeling

?MSOI\‘ 2N Q/\_ o

EDClsulfo-NHS, PBS (pH 7.0)

5O
I/%I/\ﬁ”j N-#

o Hh\@
N80 \_/~NH,

(ZW-L2)

EDC/sulfo-NHS, PBS (pH 6.9)

(I**CulCu-dmptacn-ZW-L2)

Figure 7. Conjugation of a near-IR fluorophore (Cy5) and a radiochelate ([**Cu]Cu-dmptacn) to ZW-NPs to generate potential bimodal MRI/optical imaging

and MRI/PET imaging agents.
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Figure 8. A) Electronic absorbance and B) emission spectra of Cy5-functionalized ZW-L1 (green) and free Cy5 (blue).
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Figure 9. Analysis of [*Cu]lCu-dmptacn-labeled ZW-L2. A) Radio-SEC of [**Cu]lCu-dmptacn-labeled ZW-L2 (green) and [**Cu]lCu-dmptacn (gray). B) Radio-TLC
of EDTA-challenged [**Cu]Cu-dmptacn-labeled ZW-L2 (R;= 0 versus 0.8 for [**Cu]Cu-EDTA) recorded using a neutral Al,O; stationary phase and a mobile

phase of 2m NH,OAc/MeOH (1:1, v/v).

strategy was also attempted, in which the dmptacn chelator
was first attached to the NPs and then complexation of **Cu?*
ions was attempted. However, the results were not promising,
with a very low radiochemical yield obtained.

Overall, these results clearly demonstrate that tethering ad-
ditional groups to the ZW-NPs is feasible, despite them having
a reduced number of carboxylate functionalities on their sur-
face after zwitterionic modification.

Conclusion

The studies reported herein demonstrate that modifying the
surface of PAA-USPIONs with sulfobetaines or 3-(diethylamino)-
propylamine is an effective strategy for limiting protein corona
formation. AFM, SDS-PAGE and proteomics analysis all showed
that adsorption of serum proteins was greatly reduced by im-
parting a degree of zwitterionic character to the NP surface.
The ZW-NPs exhibit minimal cytotoxicity (A431 cells) and only
low levels of cellular uptake (A431 and HEK293 cells). We have
shown that a fluorophore and a radiochelate can be readily
coupled to the NPs. Collectively, these results indicate that the
ZW-NPs provide an attractive foundation for the development
of stealth multimodal imaging and theranostic agents. Our
future research will focus on investigating the in vivo behavior
of the NPs, as well as the development of more sophisticated
designs featuring a combination of bifunctional chelators, dye
molecules, active targeting agents (e.g., peptides, antibodies)
and/or therapeutic agents attached to the NP surface.

Experimental Section
Materials

All chemicals and solvents were purchased from reputable com-
mercial suppliers and used as received without further purification.
Compound L2 and the [**Cu]Cu-dmptacn radiochelate were syn-
thesized by adapting the procedures described by Kim et al.*® and
Pombo-Garcia et al.,®* respectively. Ultrapure water with resistivity
of 18 MWcm was obtained from an inline Millipore RiOs/Origin
System (Millipore Corporation).

ChemPlusChem2017, 82, 638 - 646 www.chempluschem.org

643

Instrumentation and methods

'H and *C NMR spectra were recorded at 400.13 and 100.61 MHz,
respectively, using a Bruker Avance Ill Nanobay 400 MHz spectrom-
eter coupled to a BACS 60 automatic sample changer. Data acquisi-
tion and processing was managed using Topspin software package
version 3. Additional processing was handled with MestReNova
software (PC). Chemical shifts (d) were measured in parts per mil-
lion (ppm), referenced to an internal standard of residual solvent"
Spectroscopic data are given using the following abbreviations: s,
singlet; d, doublet; dd, doublet of doublets; dt, doublet of triplets;
t, triplet; app p, apparent pentet; m, multiplet; J, coupling con-
stant [Hz]. MS was performed using an Agilent 6100 Series Single
Quad LC/MS instrument coupled to an Agilent 1200 Series HPLC
system with the following mass spectrometer conditions: multi-
mode ESI mode, 3008C drying gas temperature, 2008C vaporizing
temperature, capillary voltage 2000 V (positive), capillary voltage of
4000 V (negative), scan range between m/z 100-1000 with an 0.1 s
step size and a 10 min acquisition time. Absorbance spectra were
recorded on a Varian Cary 50 Bio UV/Vis spectrophotometer. Fluo-
rescence emission spectra were acquired using a Varian Cary
Eclipse fluorescence spectrophotometer.

Synthesis of L1

N-(3-Phthalimidopropyl)imidazold1): A mixture ofimidazole (2.96 g,
44.8 mmol), N-(3-bromopropyl)phthalimide (4.00 g, 14.9 mmol) and
K,CO; (2.06 g, 14.9 mmol) in MeCN (30 mL) was heated at reflux for
17 h. The reaction mixture was allowed to cool to RT and filtered.
The filtrate was evaporated and the resulting residue purified by
flash chromatography (CHCl;/MeOH, 9:1 v/v, on silica) to afford
1 as an off-white solid (1.81 g, 48%). "H NMR (400 MHz, CDCl,): d=
7.85-7.78 (m, 2H), 7.75-7.66 (m, 2H), 7.58 (s, 1H), 7.02 (s, TH), 6.98
(t, J=1.2Hz, TH), 400 (t, J=7.0Hz, 2H), 3.71 (t, J= 6.6 Hz, 2H),
3.44 (s, TH), 2.17 ppm (app p, J= 6.8 Hz, 2H); *CNMR (101 MHz,
CDCly): d=168.4, 137.2, 134.3, 131.9, 129.4, 123.5, 118.9, 50.5, 44.6,
35.2, 30.2 ppm; MS (ESI): m/z: caled for C;,H,4,N;0,: 256.11 [M+HI*;
found: 256.2.

1-(3-Phthalimidopropyl)-3-(3-sulfonatopropyl)imidazoliurf2): Com-
pound 1 (1.79g, 7.03 mmol) and 1,3-propanesultone (0.944 g,
7.73 mmol) were added to anhydrous MeCN (40 mL) and the mix-
ture was heated at reflux for 3 h. The reaction mixture was allowed
to cool to RT, the formed precipitate was collected by filtration,
washed with CHCl; and air-dried to afford 2 as a white solid
(2.26 g, 85%). 'H NMR (400 MHz, [DgIDMSO): d=9.19-9.11 (m, 1H),
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7.93-7.81 (m, 4H), 7.79 (dd, J=3.3, 1.6 Hz, 2H), 4.29 (t, J= 6.9 Hz,
2H), 422 (t, J=7.3Hz, 2H), 3.61 (t, J=63Hz, 2H), 242 (t, J=
7.1 Hz, 2H), 2.17 (dt, J=13.5, 6.8 Hz, 2H), 2.13-2.04 ppm (m, 2H);
3CNMR (101 MHz, [DJDMSO): d= 168.1, 136.4, 134.4, 131.9, 123.1,
122.5, 122.3, 47.9, 47.3, 46.6, 34.4, 28.5, 26.2 ppm; MS (ESI): m/z:
calcd for C;,H,0N;0:S: 378.11 [M+ HI*; found: 378.2.

1-(3-Aminopropyl)-3-(3-sulfonatopropyl)imidazolium  trifluoroacetate
(L1-TFA): N,H,-H,0 (2.88 mL) was added to a suspension of com-
pound 2 (2.24 g, 5.94 mmol) in MeOH (50 mL) and the mixture was
heated at reflux for 2 h, during which time a white precipitate
formed. The reaction mixture was allowed to cool to RT and fil-
tered. The filtrate was concentrated under reduced pressure and
the resulting crude residue purified by reversed-phase chromatog-
raphy (0.1% TFA in water on Cy; silica) to obtain L1 as a yellow oil,
isolated as a TFA salt (1.86 g, 86%). '"H NMR (400 MHz, [Dg]DMSO):
d=19.20 (s, 1H), 7.81 (dt, J=20.1, 1.7 Hz, 2H), 429 (dt, J=16.8,
6.9 Hz, 4H), 2.85-2.76 (m, 2H), 246 (t, J=7.2Hz, 2H), 2.17-
2.03 ppm (m, 4H); *CNMR (101 MHz, [DJDMSO): d= 136.5, 122.8,
122.4, 47.9, 47.4, 46.0, 35.9, 27.7, 26.0 ppm; MS (ESI): m/z: calcd for
CoH1gN;0,5: 248.11 [M+ HJ*; found: 248.2.

General procedure for the synthesis of zwitterionic nanopar-
ticles

Polyacrylic-acid-coated USPIONs were prepared using the co-pre-
cipitation method reported by Li and co-workers® For the cou-
pling reactions, EDC (5.2 mg, 27 mmol) and sulfo-NHS (5.8 mg,
27 mmol) in 50 mm phosphate buffer (pH 6.0) were added to the
PAA-USPIONs (5mg). A solution (0.5mL) of L1, L2, or L3
(13.5 mmol), note: DEAPA=L3, in 300 mm phosphate buffer
(pH 7.5) was then added to the activated PAA-USPIONs. The pH of
the mixture was adjusted to 7.5 by addition of phosphate buffer
(300 mm, pH 7.5, 3 mL), and the reaction solution was stirred for
24 h at 378C. After purification by size-exclusion chromatography
(Sephadex G-25 fine, eluting with 100 mm phosphate buffer,
pH 7.5) and subsequent filtration through a 0.2 nm membrane,
ZW-L1, ZW-L2 and ZW-L3 were stored at 48C until required. The
concentrations of Fe were measured by inductively coupled
plasma mass spectrometry (ICP-MS; ELAN 9000, PerkinElmer) and
used to calculate the final concentrations of the NPs. The measure-
ments were performed with an internal rhodium standard and
a standard curve constructed using ICP standard solutions, for ex-
ample, Fe in HNO; (0.5m; Bernd Kraft GmbH, Duisburg, Germany).

Cy5-labeled ZW-L1 and [*CulCu-dmptacn-labeled ZW-L2 were
prepared and characterized according to previously described
methods.">3

Particle characterization techniques

TEM images of the NPs were recorded on a FEl Tecnai G2 T20
transmission electron microscope with an accelerating voltage of
200 kV and a lanthanum hexaboride (LaB,) thermal emitter. Images
were acquired with a Gatan Orius SC camera and edited using the
Gatan Digital Micrograph program. Samples were prepared by dip-
ping an ultrathin carbon-copper grid in a diluted solution of NPs
in Milli-Q water. The HD of the NPs in the presence of NaCl
(10 mm) was determined by DLS, and zeta potentials were deter-
mined by laser Doppler velocimetry (Zetasizer Nano ZS Malvern In-
struments, Malvern, UK). Infrared spectra (4000-550 cm™') were re-
corded on solid samples of the NPs with a ThermoFisher Scientific
(Waltham, MA) FTIR spectrometer using the attenuated total reflec-

ChemPlusChem2017, 82, 638 - 646 www.chempluschem.org

644

CHEMPLUSCHEM
Full Papers

tance technique. Elemental analyses were performed on a EuroEA
3000 instrument from EuroVector (Milan, Italy).

Atomic force microscopy

AFM was performed using a Multimode 8 scanning probe micro-
scope (Bruker) and PPP-NCLR cantilevers from Nanosensors (nomi-
nal force constant 48 Nm™', tip radius < 10 nm). Images were pro-
cessed using Gwyddion open source software. Samples were pre-
pared by adding a stock solution of NPs (30 mgmL~', 20 ni) that
had been incubated for 30 min at 378C with water or HS to a fresh-
ly cleaved mica surface and air-drying before imaging.

Isolation of proteins from nanoparticles and SDS-PAGE

NP samples were incubated in HS at different concentrations for
30 min at 378C. After incubation, serum-NP mixtures were centri-
fuged (20000x g, 4 h). In each case, the supernatant was carefully
removed and the pellet washed four times with phosphate-buf-
fered saline (PBS, pH 7.4, 1 mL) by suspension followed by pellet-
ing and removal of the supernatant (a serum-only sample showed
no sedimentation offree proteins under such conditions). Proteins
were eluted from the NP surfaces by adding 2x Laemmli sample
buffer (Bio-Rad) containing 2-mercaptoethanol (350 mm) to the
final pellets and subsequent incubation at 958C for 5 min. For SDS-
PAGE analysis, recovered proteins in sample buffer (20 L) were
separated on a 4-12% SDS-PAGE gel (NuPAGE, Invitrogen). PageR-
uler Plus prestained protein ladder (Thermo Scientific) was used as
a marker and 1x 3-(N-morpholino)propanesulfonic acid (MOPS; In-
vitrogen) as a running buffer. Gels were run at 120V for 1.3 h and
Coomassie staining (InstantBlue, Expedeon, San Diego, USA) was
performed to visualize the bands.

Identification and relative quantification of proteins by di-
methyl labeling

For the quantitative proteomics analysis, NPs were incubated in
triplicate with 50% HS for 30 min at 378C. Washing of the NPs was
performed in the same way as described for the SDS-PAGE. Detach-
ment of the bound proteins from the corona of the NPs was ach-
ieved using urea (8m) in aqueous tetraethylammonium bromide
(25 mm). The proteins were then reduced, alkylated and digested
using sequencing-grade trypsin, and labeled with formaldehyde
(CH,O for PAA-USPIONs and CD,O for either ZW-L1, ZW-L2, and
ZW-L3) by following the protocol published by Boersema and co-
workers.*¥ Finally, both labeled samples (for each single experi-
ment) were mixed and analyzed by LC-MS/MS as described below.

Mass spectrometry and data analysis

Tryptic digests were analyzed by LC-MS/MS using an LTQ Orbitrap
Elite instrument (Thermo Scientific) with a nanoelectrospray inter-
face coupled to an Ultimate 300 RSLC nanosystem (Dionex). The
nanoLC system was equipped with an Acclaim Pepmap Nanotrap
column (Dionex C18, 100 A, 75 nmx 2 cm) and an Acclaim Pepmap
analytical column (Dionex C18, 2 nm, 100 A, 75 nmx 15 cm). An ali-
quot of the digestion mix (2 L) was loaded onto the trap column
with an isocratic flow of 4 . min~' of 3% CH,CN containing 0.1%
formic acid for 5 min before the enrichment column was switched
in-line with the analytical column. The eluents used for the liquid
chromatography were 0.1% (v/v) formic acid (solvent A) and 100%
CH,CN/0.1% formic acid (v/v) (solvent B). The following gradient
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was used: 3-12% B for 1 min, 12-35% B for 20 min, 35-80% B for
2 min, and then constant 80% B for 2 min, followed by equilibra-
tion at 3% B for 7 min before the next sample injection. The mass
spectrometer was operated in the data-dependent mode with
a nano-ESI spray voltage of + 2.0kV, a capillary temperature of
2508C, and an S-lens RF value of 60%. Spectra were acquired first
in positive-ion mode with a full scan, scanning from m/z 300 to
1650 in the FT mode at 240000 resolution, followed by collision-in-
duced dissociation in the linear ion trap with the 10 most intense
peptide ions with charge states >2 isolated and fragmented using
a normalized collision energy of 35 and an activation Q value of
0.25.

Data analysis was performed using Proteome Discoverer (Thermo
Scientific, version 1.4) with Mascot search engine (Matrix Science
version 2.4) against the Uniprot database of the human genome.
The search parameters included a precursor mass tolerance of
20 ppm, a fragment mass tolerance of 0.6 Da, carbamidomethyla-
tion of cysteine as a fixed modification, and dimethyl labeling
(CH,O, + 28.031 Da; CD,0, + 32.056 Da) at the peptide N terminus
and lysine set as variable modifications. Trypsin was used as the
cleavage enzyme, with no missed cleavages. Search results were
set to a maximum of 1% false discovery rate and at least two
unique peptides required for positive identification.”’ Quantifica-
tion of the dimethyl-labeled peptides was conducted using the
Quant node on Proteome Discoverer, which works by extracting
and comparing the areas corresponding to the light and heavy la-
beled peptides. To add further confidence, proteins were filtered
against the human plasma proteome database*?

Cell culture

Cell culture flasks, dishes and plates (CELLSTAR) were supplied by
Greiner Bio-One GmbH (Frickenhausen, Germany). The epidermoid
human cancer cell line A431 (ATCC number: CRL-1555) and the
human embryonic kidney cell line HEK293 (DMSZ number: ACC
305) were cultured as previously reported™*¥ All cell lines were
confirmed to be mycoplasma-free using the LookOut mycoplasma
PCR detection kit (Sigma-Aldrich) and were tested monthly.

Quantification of uptake by A431 cells

A total of 200000 A431 cells per well in 12-well plates (CELLSTAR,
Greiner Bio-One GmbH) were cultivated for 24 h before exposure
to NPs. After 24 h, media was replaced with NP dispersions (final
concentration of 100 mgmL™"), freshly prepared by diluting NP
stocks in serum-free Dulbecco’s modified Eagle’s medium (DMEM),
or DMEM supplemented with different concentrations of FBS. Fol-
lowing exposure to NPs for a period of 24 h, cells were washed
three times with PBS in order to ensure removal ofloosely at-
tached NPs from the cell membrane. To determine cell numbers,
cells were harvested by trypsinization and counted using a CASY
cell counter (Roche Diagnostics) according to the manufacturer’s
protocol. To measure the cellular iron content by ICP-MS, cells
were lysed by adding 0.1% NaOH (500 ni), dissolved by adding
65% HNO; (100 ni) and finally diluted to 2 mL with distilled H,O
prior to analysis. The iron content was expressed in picograms per
cell. Cells without NP treatment served as controls for calculations.

In vitro assessment of nanotoxicity

To assess cell viability following NP exposure, the A431 and
HEK293 cells were seeded in 96-well plates at a density of 40000
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and 60000 cells per 0.1 mL per well, respectively, and grown for
24 h prior to addition of NPs, which were freshly diluted to differ-
ent final concentrations (0, 5, 10, 50, 100, 1000 ngmL™") in DMEM
supplemented with 10% FBS. After 24 h incubation, the CellTiter 96
AQueous One Solution cell proliferation assay (Promega) and Cyto-
Scan LDH cytotoxicity assay (G-Biosciences, St. Louis, USA/MO)
were performed according to the manufacturer’s instructions. For
the latter assay, a triplicate set of wells was incubated with the
supplied lysis buffer to obtain a maximum LDH release (positive
control). NP-dependent LDH release was calculated relative to this
value. In the proliferation assay, a triplicate set of wells containing
untreated cells served as a negative control. Cell viability upon NP
exposure was expressed as a percentage relative to this negative
control. All experiments were performed three times.
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