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Abstract

The opioid receptors modulate a wide variety of physiological and behavioral
functions, including pain, mood, and reward. There are three main types of opioid
receptors — kappa (KOR), mu (MOR), and delta (DOR), and many agonists and
antagonists for these receptors have been developed. Because of the complex
pharmacology of this system, selective opioid ligands have limited therapeutic potential;
however, multifunctional opioid compounds, those which act simultaneously at more
than one type of receptor, have shown clinical promise. It has been well-demonstrated
that minor changes in the chemical structure of an opioid ligand can result in drastic
changes in the associated pharmacological profile. Therefore, selective opioid scaffolds
represent a rational starting point for the development of multifunctional opioid ligands.
The dimethyltyrosine-tetrahydroisoquinoline (Dmt-Tiq) scaffold is well-known in the
creation of DOR antagonist selective peptides, and many such compounds have been
reported. However, the constraints of traditional peptide synthesis have limited the
exploration of chemical space surrounding the tetrahydroisoquinoline (Tiq) core. This
work reports the repurposing of this classically DOR selective scaffold in the creation of
novel, multifunctional opioid peptidomimetics through the introduction of previously
unexplored modifications. Installation of a 7-benzyl pendant on the Tiq aromatic ring
introduced KOR agonism. Further exploration of the structure-activity relationships
surrounding this pendant resulted in the development of compounds which exhibit a

variety of multifunctional profiles. Ortho and meta substitution on the 7-benzyl pendant

Xiv



or replacement of the benzyl ring with a bicyclic ring that mimics 1-naphthyl resulted in a
KOR agonism and MOR partial agonism. This profile is being explored in the
development of a treatment for cocaine addiction, for which there is currently no
available therapeutic. Other modifications, including a tetrahydroisoquinoline or
isoindoline pendant at the 7-position or replacement of the pendant linker with an
aniline, led to a MOR agonist/DOR antagonist profile, which has potential for use as a
treatment for pain with lower addiction potential than conventional opioids. Ultimately,
the work presented here describes a library of novel Dmt-Tiq opioid peptidomimetics

which display a variety of pharmacologically useful multifunctional profiles.
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Chapter 1
Introduction

1.1 History of Opioids

“If the entire materia medica at our disposal were limited to the choice and use of only
one drug, | am sure that a great many, if not the majority, of us would choose opium...”

-David |. Macht, Johns Hopkins University, 19151

Opioids have one of the longest known histories of any drug class. Medicinal,

ritual, and/or recreational use of opium, a milky white substance derived from the poppy

plant, papaver somniferum, (Figure 1) dates back to ancient Mesopotamia (circa 3400

BC). The Sumerians named the substance gil (“joy”) and the plant hul gil (“joy plant”),

presumably as a result of opium’s euphoric effects. Over the next several thousand

years, opium use spread throughout the known world - to Egypt, Greece, Persia, India,

and eventually China, Europe, and the United States.>™

Figure 1. Stages of the Opium Poppy

The three stages of papaver somniferum, the opium poppy — bud, flower, capsule (left to right)
This image by Alvesgaspar is licensed under CC BY-SA 3.0.


https://creativecommons.org/licenses/by-sa/3.0/legalcode

In the early 1800s, Friedrich Wilhelm Adam Serturner, a German pharmacist,
isolated the primary active ingredient of opium (Figure 2). He named the substance
morphine, after the Greek god of dreams, Morpheus, because of the observation that it
caused sleep.? In 1827, Merck began commercial manufacture and sale of morphine,
which was hailed as a miracle drug.® The invention of the hypodermic needle by
Alexander Wood in the 1850s gave morphine a further boost in popularity and
dramatically transformed the medical field. Injections of morphine became known as
“‘God’'s Own Medicine,” and the drug became a medical mainstay, prescribed widely to
treat pain, insanity, morning sickness, and a host of other conditions.*

Figure 2. Structure of Morphine
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Chemical structure of morphine, the primary active ingredient of opium

It was not long, however, before doctors and patients came to realize the
addictiveness of this wonder drug. The aftermath of widespread morphine use for
treatment of battlefield ailments during the U.S. Civil War lent morphine addiction the
nickname “soldier's disease.” Opium and morphine addiction fueled the search for a
non-addictive alternative and drove the discovery and development of new opioids as
both therapeutics and chemical tools. As clinicians have sought new, less addictive
treatments for pain, scientists have explored the mechanisms behind these drugs,

ultimately leading to the booming field of modern opioid research.



1.2 Opioid Receptors

Widespread medicinal and recreational use of opium and morphine eventually
led to mechanistic research that enabled discovery of the opioid receptors. Ever since,
the opioid system has been intensely studied, and many biological functions of these
receptors have been determined.

1.2.1 Discovery

“There is a long history of receptors in pharmacology, going back over a century, but the
qpiates” were unique in that their receptor was identified without a known endogenous
toand -Gavril W. Pasternak, Memorial Sloan-Kettering Cancer Center, 2014°

The existence of specific recognition sites in the brain for morphine and its
analogues was widely accepted nearly a decade prior to biochemical evidence for the
opioid receptors, due in part to the clear structure-activity relationships of the morphinan
scaffold.”® In 1971, Goldstein et al. reported a method for measuring specific binding of
radiolabeled levorphanol, an opioid agonist, in the presence of nonspecific interactions
in brain tissue.® Building on this work, three groups independently reported the first
biochemical evidence for the existence of opioid receptors in 1973.1%-2 Shortly following
this evidence for opioid receptors came the discovery of endogenous opioid ligands.

The known existence of multiple endogenous opioids (see Section 1.3.1) led to
postulation that more than one type of opioid receptor might exist.? In 1976, Martin et al.
provided the first evidence for this assumption. By studying the physical and behavioral
effects of morphine, ketocyclazocine, and SKF-10,047 administration on dogs, they
identified three different receptors on which they believed these drugs to act. Two of
these receptors, mu and kappa — named for the drugs used in the study which led to

their initial discovery, Morphine and Ketocyclazocine (Figure 3) — are still recognized as

3



opioid receptors, while the third — sigma (SKF-10,047) is not.'® Later, knowledge of
endogenous enkephalins led to identification of the third opioid receptor, delta — named
for the inhibition of contractions in the mouse vas Deferens which led to its discovery.'4
More recent work has focused on the elucidation of multiple opioid receptor subtypes,
which have been proposed for decades, but existence of the three main opioid receptor
types — the mu opioid receptor (MOR), the kappa opioid receptor (KOR), and the delta
opioid receptor (DOR) — is uncontested.®'°

Figure 3. Structures of Ketocyclazocine and SKF-10,047

(A) (B)

o) \/\
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~

(A) Chemical structure of ketocyclazocine (B) Chemical structure of SKF-10,047

HO

1.2.2 Structure
“Recent opioid receptor crystal structures provide unprecedented molecular details of
opioid ligand binding and specificity... there is still much to be learned about opioid
receptor structure and dynamics before we can fully understand the molecular
mechanisms underlying opioid function.”
-Marta Filizola and Lakshmi A. Devi, Mount Sinai School of Medicine, 201316
Despite the evidence for multiple opioid receptors, the structure of these
receptors remained unknown until the 1990s. In 1992, two groups independently
reported the cloning of cDNAs encoding the delta opioid receptor.'”'® This work
revealed high sequence homology between DOR and other G protein-coupled receptors
(GPCRs). Further work confirmed that all three opioid receptors are Class A GPCRs,

characterized by seven transmembrane helices with an extracellular N-terminus and

intracellular C-terminus. The three opioid receptors display 55-60% sequence identity

4



with closest homology within the transmembrane portion of the receptors which contains
the orthosteric binding site.'>:'°

Prior to the availability of crystal structures for the opioid receptors, homology
models based on similar rhodopsin family GPCRs were commonly used.?® In 2012, the
first crystal structure was reported for each of the opioid receptors (KOR, PDB
ID:4DJH;?" MOR, PDB ID:4DKL;??> DOR, PDB ID:4EJ4%3). A 2014 paper by Fenalti et al.
which reported a high resolution crystal structure of DOR bound to naltrindole (PDB
ID:4N6H) provided the first clear evidence in support of an allosteric sodium binding
site, which had been suggested for decades.?* To date, in addition to these antagonist-
bound crystal structures, agonist-bound structures have been solved for KOR (PDB
ID:6B73%°) MOR (PDB ID:5C1M?%). These structures are used extensively to study
structural features of the opioid receptors and represent valuable tools in the structure-

based design of opioid ligands.®



Figure 4. Comparison of Tertiary Structure of the Opioid Receptors

Comparison of the similar tertiary structure of the three major opioid receptors — MOR (red), DOR (blue), KOR
(wheat) — based on the first reported crystal structure of each receptor (PDB IDs: 4DJH, 4DKL, 4EJ4)



1.2.3 Function
“By untangling [multiple layers of complexity of opioid receptor function], basic research
into the chemistry and pharmacology of opioid receptors is guiding the way towards
deciphering the mysteries... that have plagued the field and is providing a platform for
the development of more effective and safer opioids.”
-Rita J. Valentino and Nora D. Volkow, National Institute on Drug Abuse, 201827
As GPCRs, opioid receptors elicit biological effects primarily through interaction
with heterotrimeric G proteins. In a 2015 review, Hanlon and Andrew summarize: “The
GPCR cycle... is an elegant cellular solution for sensing a specific exogenous signal,
transducing it to a signaling cascade, and then terminating the signal.”® The structure
and function of these receptors have been comprehensively reviewed.?®-32 In brief,
GPCR-mediated G protein activation, illustrated in Figure 5, is initiated upon agonist
binding to the receptor. Subsequent activation of the GPCR causes a conformational
change which results in activation of an associated G protein. Nucleotide exchange
occurs at the a subunit of the G protein in which guanidine diphosphate (GDP) is
exchanged for guanidine triphosphate (GTP). Upon GTP binding, the Ga subunit
dissociates from the GPCR and from the B and y subunits of the G protein. The free G
protein subunits then interact with downstream targets, resulting in GPCR signaling.
Over time, the GTP attached to the Ga subunit is hydrolyzed to GDP, resulting in an
inactivated G protein and a completed cycle. GPCRs, including the opioid receptors,

also have G protein independent signaling pathways. In particular, recent research has

indicated a growing role of the interactions between opioid receptors and B arrestin.?’



Figure 5. lllustration of GPCR-mediated G protein activation
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Upon agonist binding to a GPCR, nucleotide exchange occurs at an associated G protein. The a subunit of the G
protein dissociates from the 8 and y subunits of the G protein and the GPCR, and downstream signaling occurs.

These molecular and cellular effects and the ubiquitous expression of the opioid
receptors throughout the peripheral and central nervous systems result in the
involvement of the opioid system in a wide variety of biological and physiological
processes. The most common and well-known clinical use of opioids is for pain
management,33-35 but opioid receptors also play a role in many other functions including

mood,3-38 reward,3% stress,’® respiration,*4! and gastrointestinal function.4?>-%



Relevant functions of the opioid system will be discussed in more detail in later
chapters.
1.3 Opioid Ligands

Opioid receptor function is modulated by endogenous and exogenous opioids,
giving these ligands great potential as chemical and pharmacological tools and
therapeutic agents for a wide assortment of indications. To date, thousands of
endogenous, semi-synthetic, and synthetic opioid ligands have been discovered and
developed. These molecules are widely used in the clinic and the laboratory.
1.3.1 Endogenous Opioid Ligands

“Opioid peptides... are implicated in a wide variety of biological events...”
-Brigitte L. Kieffer, Ecole Supérieure de Biotechnologie de Strabourg, 19954°

Because of the long history of opium use and the early discovery of morphine,
the postulation and discovery of opioid receptors predated the discovery of the
associated endogenous ligands. It was not long after the discovery of the opioid
receptors, however, that the search for these endogenous ligands began in earnest.®
The first identification of such ligands occurred in 1975 with two pentapeptides now
known as Leu- and Met-enkephalin (Figure 6), named for the terminal leucine and
methionine residues, respectively.*® Since then, many other endogenous opioid ligands
have been discovered, all of which are peptides, and their pharmacology and structure-
activity relationships (SAR) have been well-studied. This work has been extensively
reviewed,?>47-4% and as a result of this work, many novel opioid ligands have been

developed.



Figure 6. Structures of Leu- and Met-enkephalin
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(A) Chemical structure of Leu-enkephalin (B) Chemical structure of Met-enkephalin

1.3.2 Selective Opioid Ligands

Early progress in the discovery of synthetic opioids focused on the development
of selective ligands for each receptor type. Before the complexity of opioid
pharmacology was known, it was assumed that following the traditional drug discovery
convention of using selectivity to minimize unwanted off-target side effects would lead to
clinically useful compounds. While not always therapeutically relevant, selective
agonists and antagonists for each opioid receptor have been useful tools in further
elucidating the functions of each opioid receptor. Of note, this work uses DAMGO
(MOR),®® U69,593 (KOR),®' and DPDPE (DOR)% as standard agonists at each
receptor.
1.3.3 Multifunctional Opioid Ligands

More recently, the opioid field has shifted from synthesis of selective agonists

and antagonists to multifunctional ligands, leaving room for the development of new

10



generations of opioids. Because of the complex pharmacology of the opioid system,
unwanted effects often result from the same interaction of an opioid ligand with its target
that causes the desired effect. The development of multifunctional ligands that
simultaneously act at multiple opioid receptors represents one strategy for overcoming
such undesired on-target effects.4”:53-55

The development of multifunctional ligands offers several advantages over the
co-administration of multiple selective drugs. Drug cocktails, also known as combination
therapies, complicate dosing regimens because of the differing pharmacokinetic
properties of each active component. The more complex schedules, in turn, reduce
patient compliance. Simultaneous administration of multiple drugs also increases the
risk of drug-drug interactions and patient-to-patient variation in efficacy and adverse
drug reactions. Multifunctional ligands, single compounds that act simultaneously at
multiple targets, while often more difficult to develop, reduce this clinical complexity.
These compounds can be divided into two main categories: (1) bivalent or bidentate
ligands, in which two separate pharmacophores are linked by a flexible spacer and (2)
multifunctional or mixed efficacy ligands, which contain a single set of binding elements

that interacts with multiple targets (Figure 7).%°
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Figure 7. Drug Cocktail vs. Bivalent Ligand vs. Multifunctional Ligand

(A) (B) (C)

Drug Cocktail Bivalent Ligand Multifunctional Ligand

(A) A drug cocktail containing two selective drugs with distinct pharmacophores (B) A bivalent ligand in which two
separate pharmacophores are connected by a flexible linker to form a single molecule (C) A multifunctional drug in
which multiple separate pharmacophores are merged into a single ligand which displays properties of each
pharmacophore

This figure, used with permission, has been reproduced from reference 55.

This work focuses on the development of mixed efficacy ligands which interact
with multiple opioid receptor types. The following chapters will describe the design,
synthesis, and pharmacological evaluation of novel, multifunctional opioid ligands.
These compounds have been designed from a well-known selective opioid scaffold.
Structural modifications on this scaffold have led to the development of new opioids with

a variety of potentially useful multifunctional profiles.
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Chapter 2

Introduction of Substitution on the Tetrahydroisoquinoline Aromatic Ring of
Dimethyltyrosine-Tetrahydroisoquinoline Opioid Peptidomimetics'

2.1 Introduction

In the mid-1990s, the most selective opioid peptides known were the
dermorphins (MOR agonists) and deltorphins (DOR agonists).®® Structure-activity
relationship (SAR) studies of these endogenous peptides, derived from amphibian skin,
resulted in the identification of two residues — Tyr' and Phe® — of their common N-
terminal tripeptide sequence (Tyr-D-Xaa-Phe) which were essential for interaction with
the opioid receptors.>’=%° The incorporation of 1,2,3,4-tetrahydroisoquinoline carboxylate
(Tic) at position 2 resulted in conformationally restricted tri- and tetrapeptides with
varied opioid profiles.®? Further work led to the development of TIPP[y], a stable and
extraordinarily selective DOR antagonist and an important pharmacological tool (Figure

8).61

i Most of the work in this chapter was originally published in ACS Chemical Neuroscience.''? The in vitro data
presented here were acquired by Dr. Jessica P. Anand and Dr. Nicholas W. Griggs with assistance from Thomas J.
Fernandez, Joshua G. Hartman, and Ashley A. Sanchez-Santiago under the supervision of Dr. John R. Traynor at the
University of Michigan. Modeling studies were completed by Dr. Irina D. Pogozheva at the University of Michigan.
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Figure 8. Structure of TIPP[y]

O O

HO 4 e} OH
NH HN 4

N NH,

Chemical structure of TIPP[y], a selective delta opioid receptor antagonist

Subsequently, Phe® was shown to be unnecessary for opioid activity by the
shortening of this sequence to a series of Tyr-Tic dipeptides, the first opioid peptides
with only two residues.®? Further conformational restriction by replacement of the
tyrosine residue with 2’,6’-dimethyltyrosine (Dmt) gave rise to exceptionally potent and
selective DOR antagonists such as Dmt-Tic-OH.%6.63 As a result, the dimethyltyrosine-
tetrahydroisoquinoline carboxylic acid (Dmt-Tic) peptide scaffold (Figure 9) has been
the basis for the creation of a host of additional DOR antagonists.?*-% Through further
structural modifications, ligands with other pharmacological profiles have been
developed from this originally DOR antagonist selective scaffold. These ligands include
DOR agonists,%” DOR inverse agonists,® and MOR antagonists.5°

Figure 9. Dimethyltyrosine-Tetrahydroisoquinoline Carboxylic Acid Scaffold

DMT-Tic

Chemical structure of the dimethyltyrosine-tetrahydroisoquinoline carboxylic acid (DMT-Tic) scaffold
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Since relatively minor structural modifications often result in significant changes
in the pharmacological profiles of opioid ligands, selective scaffolds such as Dmt-Tic
also represent an important starting point for the creation and discovery of
multifunctional compounds. The addition of a third aromatic center led to the
development of DOR agonist and bifunctional DOR antagonist/MOR agonist ligands,
depending on the spacer between Dmt-Tic and the third aromatic ring.”® Bivalent
compounds with Dmt-Tic linked to endomorphin-2 or morphine display various
multifunctional profiles.”"”2 Several monovalent MOR agonisttDOR antagonist
compounds have also been reported based on the Dmt-Tic scaffold.”>74 Notably, the
evaluation of Dmt-Tic ligands with modified C-termini suggests that the DOR selectivity
observed in the original compounds in this series is primarily imparted by the negative
charge of the C-terminal carboxylate.”>’® The removal or modification of this moiety
results in a dimethyltyrosine-tetrahydroisoquinoline (Dmt-Tiq) core useful in the
development of multifunctional ligands (Figure 10)

Figure 10. Dimethyltyrosine-Tetrahydroisoquinoline Scaffold

DMT-Tiq

Dimethyltyrosine-tetrahydroisoquinoline (DMT-Tiq) scaffold with carbon numbering on the tetrahydroisoquinoline

Despite the plethora of Dmt-Tig compounds that have been reported,
modifications to this scaffold have been limited by the constraints of traditional peptide
synthesis. As a result, substitution on the tetrahydroisoquinoline (Tiq) aromatic ring has

been largely underexplored. In 2000, Pagé et al. reported a series of DOR antagonist

15



Dmt-Tic compounds with substitutions at the 6-, 7-, and 8-positions of Tig ranging from
hydroxy and methoxy substituents to aryl rings.%® In the same year, Santagada et al.
published Dmt-Tig compounds with small substituents at the 7-position of Tiq.”* These
analogues showed a similar DOR antagonist profile to the standard peptide. Overall, a
severely limited range of substitutions has been reported at these positions, and for
these compounds there remain gaps in the knowledge of their binding and efficacy.
Given this gap, we set out to explore the structure-activity relationships between the
aromatic region of Tig within the Dmt-Tiq scaffold and its opioid profile by synthesizing
novel Dmt-Tiq analogues with substitution on the Tiq aromatic ring.
2.2 Benzyl Scan Around the Tetrahydroisoquinoline Aromatic Ring

To investigate the SAR of the tetrahydroisoquinoline aromatic region of the Dmt-
Tiq scaffold, novel analogues were synthesized and evaluated for opioid activity. Initial
exploration began with the installation of a benzyl pendant onto each available carbon
of the Tiq aromatic ring. These pendants were larger than any substituents previously
reported at these positions.
2.2.1 Synthesis

Analogues 4a-4d were prepared according to the synthetic route shown in
Scheme 1. Commercially available bromo-substituted tetrahydroisoquinolines 1a-1d
were Boc-protected, and the resulting bromides 2a-2d were coupled with benzylboronic
acid pinacol ester via Suzuki reaction to produce intermediates 3a-3d. Deprotection of
the tetrahydroisoquinoline nitrogen with hydrochloric acid, peptide coupling with diBoc-

protected dimethyltyrosine, and subsequent deprotection with trifluoroacetic acid (TFA)
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yielded peptidomimetics 4a-4d. Detailed experimental procedures can be found in
Chapter 6.
Scheme 1. Synthesis of Benzyl Pendant Dmt-Tiq Analogues 4a-4d

NH i N/BOC 1a, 2a, R = 5-Br
— 1b, 2b, R = 6-Br
Br Br 1c, 2c, R=7-Br

1a-d 2a-d 1d, 2d, R = 8-Br

3a, 4a, R = 5-Bn

(0]
I N iii, iv, v N Y 3b, 4b, R = 6-Bn
E—— NH 3c,4c, R=7-Bn
Bn Bn OH 3d, 4d, R = 8-Bn
3a-d 4a-d

(i) Bocz0; (i) benzylboronic acid pinacol ester, Pd(dppf)Clz, K2COs, acetone/water; (jii) HCI, 1,4-dioxane; (iv)
diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; (v) TFA, DCM
2.2.2 Pharmacological Evaluation

The binding and efficacy profile of each compound was determined individually at
KOR, MOR, and DOR. Binding at each receptor was evaluated by competitive
displacement of [*H]diprenorphine, and efficacy and potency were determined by a
[*°S]GTPyS binding assay. Reported percent stimulation values are from comparison to
a standard agonist for each receptor and are used as a surrogate for efficacy. Detailed
experimental procedures can be found in Chapter 6.

Each of these analogues (4a-4d) shows single to triple digit nanomolar binding at
each of the opioid receptors (Table 1). At both KOR and MOR, 4c binds tightest,
followed by 4b and 4d, with 4a having the lowest affinity for these two receptors. The
binding profiles of these compounds at DOR differ from the other receptors, with all
analogues displaying single digit nanomolar binding except for 4d, which has much

lower affinity for DOR. None of these compounds displays agonism at MOR or DOR;

however, the efficacy profile at KOR differs widely. While 4a and 4b display no KOR
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agonism, 4c shows potent full (85%) agonism at KOR, and 4d shows weak partial
(46%) agonism at KOR. The compounds that bind best at KOR, 4c and 4d, also show
the highest efficacy at this receptor.

Table 1. Binding, Potency, and Efficacy Data for Benzyl Pendant Dmt-Tiq
Analogues 4a-4d

OH  Ki(nM) ECso (nM) % Stimulation
KOR MOR DOR KOR MOR DOR KOR MOR DOR

112 17 3.3
4a 5-Bn - - - dns dns dns
(13) (5) (0.2)

38 9.9 43

4b 6-Bn (5) (1.6) (0.6) - - - dns dns dns
3.9 2.7 6.1 33 85

4c 7-Bn - - dns dns
(0.8) (0.8) (2.1) (6) (8)
26 41 185 319 46

4d 8-Bn - - dns dns
(5) (0.4) (28)  (49) (6)

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR or C6 cells expressing rat MOR or rat DOR. Potency (ECso)
and efficacy values determined by [3*S]GTPyS binding in the same membrane preparations. Efficacy expressed
as percent stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values
expressed as mean (SEM) of three or more separate assays run in duplicate. Bn = benzyl; dns = does not
stimulate, average maximal stimulation <10% at concentrations up to 10 yM

2.2.3 Computational Modeling

To explore potential differences in binding between the various benzyl pendant
Dmt-Tiq analogues, we employed a computational model of 4a, 4b, and 4c docked to
the inactive conformation of KOR (Figure 11). Whereas 4a and 4b are shown in a
fashion typical of the binding of other Dmt-Tiq compounds to the opioid receptors, our
model suggests that 4c binds in a different conformation. The unique binding mode of
4c likely allows for accommodation of this ligand by the active conformation of KOR

which may explain the observed KOR agonism.
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Figure 11. Compounds 4a, 4b, and 4c Docked in the KOR Orthosteric Site

Compounds 4a (yellow), 4b (cyan) and 4c (magenta) docked to the inactive conformation of the KOR orthosteric
site. The tetrahydroisoquinoline core of 4c is oriented differently than that of 4a and 4b.

2.3 Substituted 7-Benzyl Pendant Analogues

Based on the interesting profile of compound 4c¢ — potent full KOR agonism and
high, non-specific opioid receptor binding affinity — we decided to use this compound as
a starting point to further explore the SAR of this series. To investigate steric and
electronic effects of 7-benzyl pendant substitutions on opioid binding and activity, we
synthesized analogues of 4c¢ with various functional groups installed at each position of
the phenyl ring. We introduced a methyl group at each position to test the steric effects
of para, meta, and ortho substitutions. To further probe electronic effects at these
positions, we used a nitro group (electron withdrawing, hydrogen bond accepting) and

an amino group (electron donating, hydrogen bond donating).
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2.3.1 Synthesis

Synthesis of Substituted 7-Benzyl Pendant Dmt-Tiq Analogues 7a-7f, 7h.
Analogues 7a-7f and 7h were prepared according to the synthetic route shown in
Scheme 2. Common intermediate 5 was prepared from 2c. Suzuki coupling of 5 with
various substituted benzyl bromides yielded intermediates 6a-6d and 6f. Deprotection of
the tetrahydroisoquinoline nitrogen with hydrochloric acid, peptide coupling with diBoc-
protected dimethyltyrosine, and subsequent deprotection with trifluoroacetic acid yielded
peptidomimetics 7a, 7b, 7d, 7e, and 7h. For peptidomimetics 7¢c and 7f, reduction of the
nitro group with zinc dust and ammonium chloride in acetone and water was performed
prior to final deprotection. Detailed experimental procedures can be found in Chapter 6.

Scheme 2. Synthesis of Substituted 7-Benzyl Pendant Dmt-Tiq Analogues 7a-7f
and 7h

2c 5
B 6a, R = p-Me
i N’ oc 6b, R= p'N02
. 6c, R = m-Me
R 6d, R = m-NO,
6f, R =0-NO,
7a, R = p-Me
7b, R= p-NOz
i, iv, v, vi 7¢, R = p-NH;
7d, R = m-Me
OR 7e, R =m-NO,
ii, iv, Vi 7f, R =m-NH,
7h, R = 0-NO,

(i) bis(pinacolato)diboron, Pd(dppf)Clz2, CH3sCO:2K, DMSO; (ii) substituted aryl boronic acid, Pd(dppf)Clz, K2COs,
3:1 acetone:water; (iii) HCI, 1,4-dioxane; (iv) diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; (v) Zn, NH4ClI,
acetone/water; (vi) TFA, DCM
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Synthesis of Substituted 7-Benzyl Pendant Dmt-Tiq Analogues 7g and 7i.
Analogues 7g and 7i were prepared according to the synthetic route shown in Scheme
3. Commercially available 8 was reduced with borane dimethylsulfide to secondary
alcohol 9 which was then converted to the corresponding secondary bromide 10 via
Appel reaction. Suzuki coupling of 10 with 2-methylphenylboronic acid or 2-
aminophenylboronic acid produced intermediate 6e or 6g. Deprotection of the
tetrahydroisoquinoline nitrogen with hydrochloric acid, peptide coupling with diBoc-
protected dimethyltyrosine, and subsequent deprotection with trifluoroacetic acid yielded
peptidomimetic 7g or 7i. Detailed experimental procedures can be found in Chapter 6.

Scheme 3. Synthesis of Substituted 7-Benzyl Pendant Dmt-Tiq Analogues 7g and
7i

0]
/B . e e 7
8 9 10

6e, R = Me
’ 79, R=Me
69, R =NH, 7 R = NH,

(i) BHs SMez, THF; (ii) CBrs, PPhs, DCM (iii) substituted aryl boronic acid, Pd(dppf)Clz, K2COs, acetone/water; (iv)
HCI, 1,4-dioxane; then diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; then TFA, DCM
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2.3.2 Pharmacological Evaluation
Table 2 shows binding and efficacy data for substituted 7-benzyl pendant Dmt-
Tig analogues 7a-7i.

Table 2. Binding, Potency, and Efficacy Data for Substituted 7-Benzyl Pendant
o Dmt-Tiqg Analogues 7a-7i

B \
S OH
Ki (nM) ECso (nM) % Stimulation
R KOR MOR DOR KOR MOR DOR KOR MOR DOR
3.9 2.7 6.1 33 85
4c H - - dns dns
(0.8) (0.8) (2.1) (6) (8)
233 114 6.0 158 23
7a -Me - - dns dns
P (41) (22) (1.2) (49) (3)
22 2.6 2.9 424 33
7b -NO - - dns dns
p-INL2 (4) (0.5)  (0.3)  (84) (8)
91 47 3.1
7c p-NH2 7) (10) (0.4) - - - dns dns dns
2.7 3.1 3.0 80 42 83 30
7d m-Me - dns
(0.3) (0.6) (0.8) (25) (13) (5) (2)
2.5 3.1 2.5 97 76
Te m-NO2 (0.5) (0.8) 0.7) (30) - - (6) dns dns
28 9.7 55 405 24
7f m-NH - - dns dns
? (4) (2.4) (0.9)  (69) (3)
7g o-Me 1.2 2.5 5.8 28 48 ) 96 21 dns
(0.2) (0.3) (1.1) (7) (16) (9) (4)
2.6 10 4.7 32 77
7h o-NO - - dns dns
? (1.0) (2) (1.5) (6) (2)
. 25 2.1 9.0 471 116 96 27
7i o-NH - dns
2 (5) (0.1) (22) (56)  (40) (11) (4)

Binding affinity (Ki) values determined by competitive displacement of [3H]diprenorphine in membrane
preparations from CHO cells expressing human KOR or C6 cells expressing rat MOR or rat DOR. Potency
(ECs0) and efficacy values determined by [**S]GTPyS binding in the same membrane preparations. Efficacy
expressed as percent stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE
(DOR). All values expressed as mean (SEM) of three or more separate assays run in duplicate. dns = does not
stimulate, average maximal stimulation <10% at concentrations up to 10 yM

Para substitutions (7a-7c) decrease KOR binding and result in a loss of KOR

efficacy versus lead compound 4c with no significant gain in MOR or DOR binding or
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agonism. Analogues with a meta or ortho substituent (7d-7i) display binding profiles
similar to that of parent 4c, mostly in the single digit nanomolar range at KOR, MOR,
and DOR, with the notable exception of meta and ortho amino analogues (7f, 7i) which
show an approximately tenfold decrease in binding affinity at KOR versus 4c. Overall,
however, small meta and ortho substitutions are accommodated by the orthosteric site
of each opioid receptor. Meta substitutions (7d-7f) all retain some degree of KOR
agonism. Methyl and nitro substitutions at the meta position (7d, 7e) retain high (>75%)
KOR efficacy while the amino analogue (7f) displays only partial (24%) KOR agonism.
The meta methyl analogue (7d) also displays partial (30%) MOR agonism, while the
nitro and amino analogues do not. Ortho substitutions (7g-7i) all retain high (>75%)
KOR efficacy, suggesting that small substituents at this position are allowed by the
active conformation of KOR. Methyl (7g) and amino (7i) analogues not only display
higher KOR efficacy than lead compound 4c but also introduce partial (21-27%) MOR
agonism.

Overall, no strong trend is seen with electron withdrawing or electron donating
groups on the 7-benzyl pendant. As such, the pharmacological profiles of these
compounds are likely more influenced by steric, space-filling effects in the opioid
receptor binding sites than specific, electronic interactions.

2.3.3 Computational Modeling

To further investigate interactions of this series of Dmt-Tiq compounds with the
opioid receptors, we employed computational models similar to those previously
developed’”-’8 and used”®® by our group. Figure 12 shows each of the methyl-

substituted analogues (7a, 7d, 7g) docked in the recent crystal structure of KOR in the
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active conformation (PDB ID: 6B73).2° The drastic decrease in KOR binding affinity and
efficacy for para substituted analogues compared to lead compound 4c is likely due to a
lack of space in the KOR binding site. As shown, the para methyl group of 7a causes a
steric clash with V118 and W124 in the active configuration of KOR, suggesting that
para substitutions are unfavorable for KOR agonism and binding. However, the meta
and ortho methyl groups of 7d and 7g respectively are directed towards a different area
of the binding site where there is space for them to be accommodated.

Figure 12. Compounds 7a, 7d, and 7g Docked in the KOR Orthosteric Site

KOR. Dashed yellow lines represent distance, labeled in angstroms. The para methyl group of 7a sterically
clashes with V118 and W124 of KOR.

2.4 Conclusions

Several compounds in this series display KOR agonism and MOR partial
agonism, a bifunctional profile which may be useful in the treatment of cocaine
addiction.®'-8% |t has previously been demonstrated that KOR agonists have the
potential to reduce cocaine self-administration in non-human primates.?48 However,
negative side effects such as dysphoria are associated with activation of KOR, so the
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clinical utility of selective KOR ligands is limited. Since MOR agonists cause euphoria, it
has been suggested that MOR partial agonism may mitigate dysphoria associated with
KOR agonism, increasing the therapeutic potential of a KOR agonist.82.86-88

Three compounds from this series (7d, 7g, 7i) show potential to be investigated
for this purpose. Notably, the KOR potency and MOR potency of 7d and 7g are higher
than that of 7i, making them the most promising KOR/MOR ligands in this series. These
compounds show little to no selectivity for KOR and MOR over DOR; however, there is
evidence from our group and others to suggest that DOR antagonist activity may help
mitigate the addictive potential of MOR agonists.2%%> Since none of the compounds
reported here show agonism at DOR, this lack of selectivity may be beneficial for the
development of a therapeutic for the treatment of addiction. The in vivo opioid activity of
4c, 7d, and 7g is currently being evaluated.

In conclusion, the selective DOR antagonist Dmt-Tiq scaffold can be converted to
multifunctional opioid peptidomimetics through the addition of 7-position pendants on
the aromatic Tiq ring. The addition of a 7-benzyl pendant to the Tiq aromatic ring of
Dmt-Tiq introduced strong KOR agonism. The introduction of ortho and meta
substituents on the 7-benzyl pendant resulted in retention of KOR agonism and addition
of partial MOR agonism, a profile which has shown promise for the treatment of cocaine
addiction. This work provides a foundation for further exploration of the Tiq aromatic
region of the Dmt-Tiq scaffold. The installation of additional 7-position pendants is

described in Chapter 3.
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Chapter 3

Further Exploration of the Structure-Activity Relationships of 7-Substituted
Dimethyltyrosine-Tetrahydroisoquinoline Opioid Peptidomimetics'

3.1 Introduction

The work described in Chapter 2 demonstrates that the classically delta opioid
receptor (DOR) antagonist selective dimethyltyrosine-tetrahydroisoquinoline (Dmt-Tiq)
scaffold can be used in the development of multifunctional opioid ligands. Specifically,
the installation of a 7-position benzyl pendant on the tetrahydroisoquinoline (Tiq) core
results in kappa opioid receptor (KOR) agonism, and the addition of ortho and meta
substituents imparts a KOR agonist/mu opioid receptor (MOR) partial agonist profile.
This initial work inspired further exploration of the structure-activity relationships (SAR)
surrounding the 7-benzyl pendant.

Building on our previous work, this study further explores installation of various 7-
position pendants on the Tiq ring as a means of developing ligands with
pharmacologically useful, multifunctional profiles. Previously, we reported ligands in this
series that demonstrate KOR agonism and MOR partial agonism, a bifunctional profile
which has shown promise for the treatment of addiction to cocaine and other drugs of
abuse. Here, we further explore the SAR of this novel series of opioid ligands and report

compounds with this and other multifunctional opioid profiles.

i The work in this chapter is being submitted for publication. The in vitro data presented here were acquired by Dr.
Jessica P. Anand with assistance from Jack J. Twarozynski, Joshua G. Hartman, Lennon J. Delong, and Ashley C.
Brinkel under the supervision of Dr. John R. Traynor at the University of Michigan. Compounds 12¢, 12d, and 12f
were synthesized by Mason A. Baber under the direction of the author of this dissertation and the supervision of Dr.
Henry I. Mosberg.
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The importance of screening conditions in the collection and analysis of
pharmacological data is often underappreciated. Compounds reported in Chapter 2
were all screened for binding, potency, and efficacy at human KOR and rat MOR and
DOR. Based on the availability of cell lines expressing human MOR and DOR,
respectively, we altered our screening paradigm. Rather than using C6 cells expressing
rat MOR or rat DOR, membranes in the new screening method were prepared from
Chinese hamster ovary (CHO) cells expressing human MOR or human DOR. The
preparation of membranes containing human KOR from CHO cells was unchanged.
Since the ultimate goal of this work is the development of novel opioids for therapeutic
use in humans, we believe that the new screening paradigm provides data that gives a
more accurate representation of the potential of these compounds to be developed for
clinical use. As such, the activity of compounds reported in this chapter was evaluated
solely at human opioid receptors.

Table 3 shows a direct comparison of data for compound 4¢ from each of the two
screening paradigms. The data for the old screening paradigm was originally reported in
Chapter 2. As expected, the binding profile for this compound is similar across the
receptors at both rat and human receptors. Notably, in the newer screening paradigm,
4c exhibits partial agonism at both human MOR and human DOR. In both screening
paradigms, compounds were evaluated at human KOR. The slight drop in potency at

KOR is a result of variability in the assay over time.
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Table 3. Comparison of Pharmacological Data for 4c at Rat and Human Opioid

Receptors
Screening Ki (nM) ECso (nM) % Stimulation
Compound Paradigm KOR MOR BDOR KOR MOR DOR KOR MOR DOR
3.9 27 6.1 33 85
4c old? - - dns dns
(0.8) (0.8) (2.1) (6) (8)

23 5.3 3.0"* 97 68 7.0** 82 39 18**
(0.3) (0.5) (1.1) (24) (15) (2.0 (6) (4) 4)

Comparison of data for compound 4c in old and new screening paradigms

4c newP

a Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR and C6 cells expressing rat MOR or rat DOR. Potency
(ECs0) and efficacy values determined by [33S]GTPyS binding in the same membrane preparations.

b Binding affinity (Ki) values determined by competitive displacement of [3H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, human MOR, or human DOR. Potency (ECso) and
efficacy values determined by [3S]GTPyS binding in the same membrane preparations.

Efficacy expressed as percent stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or
DPDPE (DOR). All values expressed as mean (SEM) of three or more separate assays run in duplicate unless
otherwise indicated. **n=2; dns = does not stimulate, average maximal stimulation <10% at concentrations up to
10 pM.

3.2 Substituted 7-Benzyl Pendant Analogues

Based on the initial results from this series reported in Chapter 2, we believed
ortho and meta substituents on a 7-benzyl pendant to be promising structural
modifications for the development of KOR agonist/MOR partial agonist ligands from the
Dmt-Tiq series. As such, a series of additional ortho and meta substitutions on the
benzyl ring, including the o-,m-dimethyl analogue, were evaluated to confirm whether
they would exhibit the anticipated profile (Table 4).
3.2.1 Synthesis

All compounds were prepared from commercial starting materials according to
one of the synthetic routes shown in Scheme 4. In the first route, commercially available

carboxylic acid 8 was reduced to the corresponding secondary alcohol (9) using borane
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dimethylsulfide. An Appel reaction was performed to convert alcohol 9 to benzyl
bromide 10. The pendant was then attached via Suzuki coupling of 10 with the
corresponding boronic acid or Sn2 reaction with the corresponding nucleophile.
Intermediates 11a and 11b were prepared according to this route.

In the second route, Boc-protected 2c was prepared from commercially available
7-bromotetrahydroisoquinoline (1c¢). This intermediate was converted to boronic ester 5,
and the appropriate pendant was attached by Suzuki coupling with the corresponding
benzyl bromide. Intermediates 11¢c-11i were prepared according to this route.

In each case, after the pendant was attached, the Boc group was removed from
intermediate 11a-z with acid, and the deprotected tetrahydroisoquinoline intermediate
was coupled with diBoc-protected dimethyltyrosine. Finally, the Boc groups were
removed to yield the final peptidomimetic (12a-z). Detailed experimental procedures for

all compounds can be found in Chapter 6.
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Scheme 4. Synthesis of 7-Substituted Dmt-Tiq Analogues 12a-12z

0
.B . - " .
> B
8 9 10

jiiiORiv
5 QL 3
r Br Boc .
NH v N~ Vi -B .Boc .Boc
—_—
1c 2c 5

11a-z

l viii, ix, X

a, R =o0-Me phenyl j, R = 3-pyridyl

b, R =0-OH phenyl k, R = 4-pyridyl s, R = 5-isoquinolinyl

¢, R =0-CF; phenyl I, R = piperidinyl t, R = 5-quinolinyl

d, R =0-CN phenyl m, R = pyrrolidinyl u, R =4-quinolinyl

e, R =m-Me phenyl n, R = morpholinyl v, R =4-isoquinolinyl Rm
f, R =m-OH phenyl o, R = 1-naphthyl w, R = tetrahydroisoquinolinyl

g, R=m-CF3 phenyl p, R = 2-naphthyl X, R = tetrahydroquinolinyl

h, R=m-CN phenyl q, R =8-quinolinyl y, R =indolinyl 12az
i, R=o0,m-diMe phenyl r R =8-isoquinolinyl 2z, R =isoindolinyl

(i) BHs SMez, THF; (ii) CBra4, PPhs, DCM; (iii) substituted aryl boronic acid, Pd(dppf)Clz2, K2COs, 3:1 acetone:water;
(iv) amine, K2COs, DMF; (v) Boc20, microwave; (vi) bis(pinacolato)diboron, Pd(dppf)Clz, CH3COzK, DMSO; (vii)
substituted benzyl bromide, Pd(dppf)Clz2, K2COs, 3:1 acetone/water; (viii) HCI, 1,4-dioxane or TFA, DCM; (ix)
diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; (x) TFA, DCM

3.2.2 Pharmacological Evaluation

The binding and efficacy profile of each compound was determined individually at
human KOR, MOR, and DOR. Binding at each receptor was evaluated by competitive
displacement of [*H]diprenorphine, and efficacy and potency were determined by a
[35S]GTPyS binding assay. Reported percent stimulation values are from comparison to
a standard agonist for each receptor and are used as a surrogate for efficacy. Detailed
experimental procedures can be found in Chapter 6.

The results of the pharmacological evaluation of ortho and meta-substituted
compounds 12a-12i are shown in Table 4. Data for the previously reported 7-benzyl
analogue, 4c, are shown for comparison. Previously, this compound was evaluated at

human KOR, rat MOR, and rat DOR. As discussed above, the profile shown here differs
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slightly from that previously reported because all subsequent compounds in this chapter
were evaluated at human receptors.

All ortho and meta substituted analogues reported here display single digit
nanomolar or subnanomolar binding at all three opioid receptors. In general, ortho
analogues show highest affinity for KOR compared to the other receptors, while most
meta analogues show highest affinity for DOR. Each of these analogues retains
moderate (54%) to high (89%) efficacy at KOR and low (29%) to high efficacy (81%) at
MOR. Most analogues show no DOR agonism, but the ortho trifluoromethyl analogue
(12c) shows weak partial DOR agonism. Potency for these compounds remains
primarily in the double or triple digit nanomolar range. The balance of potencies varies
for ortho analogues, while meta analogues and the disubstituted analogue are
consistently more potent at MOR than KOR.

As expected, ortho and meta substitutions on the 7-benzyl pendant are favorable
for the development of KOR/MOR ligands. Because di-substitution (12i) results in a
notable drop in KOR potency, it shows no advantage over a single ortho or meta
substituent. A few of the ligands in this series, including 12¢, show DOR agonism, which
represents a problem for the development of a therapeutically useful KOR/MOR ligand
because DOR agonism is associated with problematic side effects, including
convulsions.389.97 DOR antagonism, on the other hand, may be beneficial for the
development of a treatment for addiction since it has been shown to lower the addiction
potential of MOR agonists.89:9%° The strong MOR agonism of some compounds in this
series (12c¢, 12f) is also a concern for the development of a therapeutic, as this activity

would likely impart greater abuse potential. The most promising compound in this series
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for the development of a KOR agonist/MOR partial agonist for treatment of cocaine
addiction, 12b, shows high potency and efficacy at KOR, high potency and low efficacy
at MOR, and is devoid of DOR agonism. This compound also has higher affinity for
KOR and MOR than for DOR (eight-fold and two-fold, respectively), making it a
promising candidate for further evaluation.

Table 4. Binding, Potency, and Efficacy Data for Substituted 7-Benzyl Pendant

o) Dmt-Tiqg Analogues 12a-12i
R NT Y
NH

O K (nMm) ECso (nM) % Stimulation

R KOR MOR DOR KOR MOR DOR KOR MOR DOR
12a Of”i 3.1 37 27 130 92 ) 72 37 e

09) (0.6) (0.7) (41)  (26) (1) (8)

032 12 25 11 43 89 60 .
12b ©f 0.01) (0.1) (03) (1) (13) - (6) ) IS
12¢ @fﬁ 26 43 49 173 53 368 81 76 24

(0.6) (1.3) (2) 65) (1) (25  (11) (6) 3)
124 ©f5 05 68 36 37 664 ) 80 31

0.1) (0.2) (08) (0.8) (515) @  (9)

126 30 27 17 148 24 ) 7448

(0.9) (06) (04) (38) 3) (4) (6)
12f 08 06 14 148 18 ) 8 81 .

020 (02) (0.1)  (33) 3) (5) 9)
12¢ 54 38 26 319 205 ) 68 45 .,

(1.1)  (1.3)  (0.1) (115)  (96) 8  (3)

50 34 15* 287 53 60 29 "
12h ©)E ©9) (13 ©3 ©6) 6 - ©® @
12i 52 36 1028 380 ] 54 34,

(14)  (06) (50)  (187) @ ()

Binding affinity (Ki) values determined by competitive displacement of [3H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECso) and efficacy values
determined by [*®S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise indicated. **n=2; dns = does
not stimulate, average maximal stimulation <10% at concentrations up to 10 uM
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3.3 Pyridyl 7-Position Pendant Analogues

Next, we explored the incorporation of nitrogen into the aromatic ring of the
pendant. In place of the benzyl pendant, 3- and 4-pyridyl pendants were added at the 7-
position of the tetrahydroisoquinoline ring with a methylene spacer (Table 5). Due to
well-known synthetic difficulties,'® the 2-pyridyl analogue was not successfully
synthesized.
3.3.1 Synthesis

Compounds 12j and 12k were prepared according to the second synthetic route
shown in Scheme 4. Detailed experimental procedures can be found in Chapter 6.
3.3.2 Pharmacological Evaluation

Evaluation of the pyridyl analogues revealed a loss in binding and a drastic loss
of potency at KOR with low efficacy at MOR and no agonism at DOR. Introduction of a
nitrogen to the 7-benzyl ring was not favorable for the development of a KOR/MOR
ligand. Rather, these analogues are selective for DOR over KOR and MOR and display
low potency and efficacy at KOR and MOR.

Table 5. Binding, Potency, and Efficacy Data for Pyridyl 7-Position Pendant

J\/;@\Dmt-ﬂq Analogues 12j and 12k

Ki (nM) ECso (nM) % Stimulation
OR MOR DOR KOR MOR DOR KOR MOR DOR
12j N 56 54 1.5 988 145 ) 40 23 dns
L (0.9) (0.3) (0.2) (277) (30) (7) ()]
12k S 44 58 2.6 1177 179 ) 44 28 dns
N~ (12) 3) (1.0) (287) (17) (9) (1)

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECso) and efficacy values
determined by [*®S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate. dns = does not stimulate, average maximal
stimulation <10% at concentrations up to 10 yM
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3.4 Aliphatic 7-Position Pendant Analogues

Non-aromatic pendants were also explored. Table 6 shows pharmacological data
for analogues with saturated, cyclic amine pendants.
3.4.1 Synthesis

Compounds 121-12n were prepared according to the first synthetic route shown
in Scheme 4. Detailed experimental procedures can be found in Chapter 6.
3.4.2 Pharmacological Evaluation

Replacement of the benzyl pendant with a saturated, cyclic amine pendant
decreases MOR potency drastically and eliminates KOR agonism altogether (Table 6).
Unlike many of the compounds reported here, these analogues do not show particularly
useful opioid profiles.

Table 6. Blndlng, Potency, and Efficacy Data for Aliphatic 7-Position Pendant
Dmt-Tiq Analogues 12]-12n

NH
OH

Ki (nM) ECso (nM) % Stimulation

R KOR MOR DOR KOR MOR DOR KOR MOR DOR
% 29 4.7 87 845 34

121 ) ’ - - dns dns
O (11) (0.9  (19) (97) ()
% 69 57 175 639* 40%

12m N : - - dns dns**
G (3) (1.3) 9 (162) (22)
%3 43 12 56 1000** 24*

N .
12n o 7)) (1) (e - (04 - 9 4 dns

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECso) and efficacy values
determined by [¥S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise indicated. **n=2; dns = does
not stimulate, average maximal stimulation <10% at concentrations up to 10 yM

3.5 Naphthyl 7-Position Pendant Analogues
To test whether opioid activity could be maintained in the presence of larger

pendants at the Tiq 7-position, we synthesized analogues with 1- and 2-naphthyl

34



pendants (Table 7). Though the high clogP (5.6) and associated insolubility of these
compounds is a problem for the ultimate development of a therapeutic, they were
prepared as useful probes to further explore what might be tolerated in this series.
Based on our previous observations from ortho, meta, and para substitutions, we
hypothesized that the 1-naphthyl pendant would be favorable for the development of a
KOR agonist while the 2-naphthyl pendant would not. The 1-naphthyl pendant points in
the same direction as ortho and meta substituents, where there is room for additional
steric bulk to be accommodated in the active configuration of the KOR orthosteric site.
The 2-naphthyl pendant, on the other hand, points in the direction of meta and para
substituents, where it clashes with the receptor.
3.5.1 Synthesis

Compounds 120 and 12p were prepared according to the second synthetic route
shown in Scheme 4. Detailed experimental procedures can be found in Chapter 6.
3.5.2 Pharmacological Evaluation

As expected, the 1-naphthyl analogue (120) displays a KOR agonist/MOR partial
agonist profile, while the 2-naphthyl analogue (12p) results in a drastic loss in KOR
binding and a complete loss of KOR agonism. Both analogues show only weak potency
at MOR, and 120 shows even weaker potency at KOR than MOR. These results
suggest that larger pendants can be accommodated as long as the added steric bulk
points in the appropriate direction of the KOR binding site. However, optimizing for

higher potency remains a challenge.

35



Table 7. Binding, Potency, and Efficacy Data for Naphthyl 7-Position Pendant

0 Dmt-Tiq Analogues 120 and 12p
NH
OH

Ki (nM) ECso (nM) % Stimulation
R KOR MOR DOR KOR MOR DOR KOR MOR DOR

120 O 47 52 32 349 1382 83 59
O (0.5)

(1.0)  (0.6) (112) (76) 14) (1)

12p OO 142 58 3.5 224 g 2 s
23) (16) (0.7) (84) @)

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECso) and efficacy values
determined by [3°S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise indicated. **n=2; dns = does
not stimulate, average maximal stimulation <10% at concentrations up to 10 yM

3.6 Nitrogen Scan of 7-Position 1-Naphthyl Pendant

Given the MOR/KOR profile of 120, a nitrogen scan was conducted to further
explore the structure-activity relationships around the 1-naphthyl pendant. The
introduction of a single nitrogen drops the clogP by approximately 1.5 units, making
these analogues much more promising candidates for use in animal studies and clinical
settings. Similar to the pyridyl analogues, synthetic difficulties prevented the synthesis
and evaluation of the 1-isoquinolinyl analogue.
3.6.1 Synthesis

Compounds 12g-12v were prepared according to the first synthetic route shown
in Scheme 4. Detailed experimental procedures can be found in Chapter 6.
3.6.2 Pharmacological Evaluation

Overall, single digit nanomolar or stronger binding is observed at all three
receptors for analogues in this series, and these compounds favor binding to DOR over

MOR and KOR. The efficacy profiles of these analogues differ widely based on the
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placement of the nitrogen. Only 12v shows DOR agonism, and MOR and KOR activity
ranges from no agonism to high efficacy across this series. Only 12t displays the
desired KOR agonist/MOR partial agonist profile. Notably, this compound is equipotent
at KOR and MOR and is a promising candidate for further study. It is approximately
three-fold selective for KOR and DOR over MOR which may lower the abuse potential
of such a compound. 12u displays no agonism at any of the receptors but high affinity
for DOR, a profile similar to that of classic Dmt-Tiq compounds. Finally, 12v has a
potent KOR agonist/DOR partial agonist profile and is weakly selective for these two
receptors over MOR. While interesting, this profile is likely clinically irrelevant.
Ultimately, the addition of a single nitrogen to this ring results in compounds that show a

wide range of multifunctional opioid profiles.
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Table 8. Nitrogen Scan of 7-Position 1-Naphthyl Pendant on the Dmt-Tiq Scaffold:
Binding, Potency, and Efficacy Data for Analogues 12q-12v

0
R N Y
NH
OH K (nM) ECso (nM) % Stimulation
R KOR MOR DOR KOR MOR DOR KOR MOR DOR
SN
12q | 19 1.4 0.46 271* 24 23** 63 dns**
(2) (0.3) (0.08) (13) 4) (3) (8)
N\
12r 2.7 1.8 0.69 65 24 42 36 dns**
(0.7) (0.3) (0.24) (19) (6) (15) (5)
N
12s | 10 9.7 1.2 609 43 ) 24 28 dns**
(1 (1.4) (0.2) (226) (21) (3) (8)
I X
1.5 4.6 1.2 58 54 69 31
12t N - dns**
(0.5) (0.5) (0.4) (11) (15) @) (6)
8.6 6.6 0.79 ok o o
12u I B (0.4) (1.0) (0.25) - - dns dns dns
N~
[ l % 0.73 1.4 0.30 14 19 71 39
12 X - dns**
v | _ (0.03) (0.2) (0.04) (1) (10) (16) (7)
N

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECso) and efficacy values
determined by [¥S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise indicated. **n=2; dns = does

not stimulate, average maximal stimulation <10% at concentrations up to 10 yM

3.7 Bicyclic Aliphatic 7-Position Pendant Analogues

Finally, bicyclic pendants with a saturated, cyclic amine attached to an aromatic

ring were explored (Table 9).

3.7.1 Synthesis

Compounds 12w-12z were prepared according to the second synthetic route

shown in Scheme 4. Detailed experimental procedures can be found in Chapter 6.
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3.7.2 Pharmacological Evaluation

This subset of analogues displays two distinct profiles. 12x and 12y show
balanced affinity and efficacy at KOR and MOR, while 12w and 12z display a loss in
KOR binding and no KOR agonism. However, the latter two compounds show potent,
moderate to high efficacy at MOR and strong binding but no agonism at DOR. This
difference in profile is likely due to the placement of the second ring within the receptor
binding site. As expected, those that would most closely mimic the 1-naphthyl pendant,
12w and 12z, exhibit a KOR agonistMOR agonist profile. The binding and efficacy
profile at KOR and MOR for these two compounds is remarkably balanced, though they
are more potent at MOR (five-fold and two-fold, respectively). As discussed above, the
higher MOR efficacy and potency of these compounds compared to others would likely
impart greater addiction potential. On the other hand, those compounds which more
closely mimic the 2-naphthyl pendant, 12w and 12z, show no KOR agonism, as
expected. However, these analogues exhibit MOR agonism and DOR antagonism, a
bifunctional profile being explored in the development of a less addictive treatment for
pain.5255.101 Both compounds display potent MOR agonism and selectivity for MOR and
DOR over KOR (18-fold and 43-fold, respectively). In addition, 12z shows balanced
affinity at MOR and DOR, a quality previously explored by our group as a way to
mitigate addiction potential.’® These compounds represent a starting point for further

study for the development of a MOR agonist/DOR antagonist.
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Table 9. Binding, Potency, and Efficacy Data for Bicyclic Aliphatic 7-Position

Pendant Dmt-Tiq Analogues 12w-12z
OO %

Ki (nM) ECso (nM) % Stimulation
KOR MOR DOR KOR MOR DOR KOR MOR DOR
% 42 06 2.3 8.2 85

N . . *k

12w @Q @® (1) @©6 - (10 - 4 g dns
71 72 66 375 73 67 65 "

12x N® 14 (18 (10) (109) (22) - @) (10) 9ns
22 17 106 42 66 65 "

12y %}3 0 6 06) (05) (20) (10) " © () 9IS

15 13 27 63 "
12z C@ (23 ©02) (04 - (3 - 9 g dns

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane preparations
from CHO cells expressing human KOR, MOR, or DOR. Potency (ECso) and efficacy values determined by
[®5S]GTPYS binding in the same membrane preparations. Efficacy expressed as percent stimulation versus standard
agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed as mean (SEM) of three or more
separate assays run in duplicate unless otherwise indicated. **n=2; dns = does not stimulate, average maximal
stimulation <10% at concentrations up to 10 uM

3.8 Conclusions

Further  exploration  surrounding the 7-position pendant on the
tetrahydroisoquinoline ring of the classically DOR antagonist selective Dmt-Tiq scaffold
revealed that this scaffold can be used to create novel opioid ligands with a variety of
multifunctional profiles. We have further elucidated structure-activity relationships in this
region and developed compounds with pharmacological profiles being explored for a
variety of therapeutic uses.

As shown in Chapter 2, ortho and meta substitution on a 7-benzyl pendant on the
Dmt-Tiq scaffold show promise for the development of a KOR agonist/MOR partial
agonist ligand. The exploration of additional substituents at these positions revealed
that this trend holds for a larger selection of ortho and meta substituents. However, the
increased MOR potency and efficacy for some of these compounds is likely to impart
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abuse potential, limiting the ability of certain analogues to be developed for clinical use.
Replacement of one atom in the benzyl pendant ring with a nitrogen resulted in a drastic
loss of KOR potency, and replacement of the benzyl ring with a saturated, cyclic amine
resulted in abolishment of KOR agonism.

Naphthyl pendant analogues, though too lipophilic for use in animal or clinical
studies, provided proof of concept that larger pendants may be tolerated if they fit into
an available pocket of the KOR binding site. A nitrogen scan of the 1-naphthyl ring
resulted in compounds with a vast array of multifunctional opioid profiles, including a
promising KOR/MOR candidate (12t). Finally, the combination of a cyclic amine with an
aromatic ring linked by a methylene to the 7-position of Tiq resulted in two distinct
pharmacological profiles — balanced KOR/MOR agonism and MOR agonism/DOR
antagonism.

In conclusion, ortho substituted analogues (especially 12b) and select bicyclic
pendant analogues (especially 12t) show promise for the development of a KOR
agonist/MOR partial agonist, a profile being investigated for the treatment of cocaine
addiction. Two bicyclic pendant analogues, 12w and 12z, exhibit a balanced MOR
agonist/DOR antagonist profile and have potential to be investigated as a treatment for
pain with lowered addiction potential. These compounds are promising candidates for

further development and in vivo investigation.
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Chapter 4

Exploration of Non-Pendant Regions of Dimethyltyrosine-Tetrahydroisoquinoline
Opioid Peptidomimetics'!

4.1 Introduction

As discussed and demonstrated in previous chapters, small changes in ligand
structure can result in drastic changes in opioids’ pharmacological profiles. As a result,
we sought to explore structure-activity relationships around areas of the repurposed
dimethyltyrosine-tetrahydroisoquinoline (Dmt-Tiq) scaffold beyond the 7-position
pendant on the tetrahydroisoquinoline (Tiq). The work discussed here includes minor
alteration to the dimethyltyrosine (Dmt) portion of this scaffold as well as modification of
the linker between the Tiq core and the pendant in the 7- and 8-positions.
4.2 Substitution of Dimethyltyrosine with Tyrosine

The importance of dimethyltyrosine in the creation of opioid peptides and
peptidomimetics is well-documented.'®® The use of this residue arose from modification
of the tyrosine (Tyr) residue in opioid peptides modeled after endogenous opioids. We
sought to explore the effects of removing this conformational restriction by trading the
dimethyltyrosine residue for a tyrosine residue in this series. Tyrosine analogues have
lower molecular weight and lower clogP, two favorable changes for increasing the
“drug-likeness” of this series. In addition, the synthesis of tyrosine analogues is more
time- and cost- effective, allowing them to be more easily translated into animal studies

and clinical settings.

i Compounds 25a-25d were synthesized by Mason A. Baber under the direction of the author of this dissertation.
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4.2.1 Synthesis

Synthesis of dimethyltyrosine analogues (4a-4d) is described in Chapter 2.
Tyrosine analogues (13a-13d) were prepared according to the synthetic route shown in
Scheme 5. Commercially available bromo-substituted tetrahydroisoquinolines 1a-1d
were Boc-protected, and the resulting bromides 2a-2d were coupled to benzylboronic
acid pinacol ester via Suzuki reaction to produce intermediates 3a-3d. Deprotection of
the tetrahydroisoquinoline nitrogen with hydrochloric acid, peptide coupling with Boc-
protected tyrosine, and subsequent deprotection with trifluoroacetic acid yielded
peptidomimetics 13a-13d. Detailed experimental procedures can be found in Chapter 6.

Scheme 5. Synthesis of Tyrosine Analogues 13a-13d

NH ) _Boc 1a,2a,R=5-Br
@Q i N 1b, 2b, R = 6-Br
1c, 2¢c, R=7-Br

Br Br

1a-d pand 1d, 2d, R = 8-Br

o}
. _Boc i 3a,13a, R = 5-Bn
y N v, v N™ > 3b, 13b, R = 6-Bn
NHz 3c,13c, R=7-Bn
Bn 3ad Bn OH 3d,13d, R =8-Bn

a- 13a-d

(i) Bocz20; (ii) benzylboronic acid pinacol ester, Pd(dppf)Clz, K2COs, acetone/water; (i) HCI, 1,4-dioxane; (iv) Boc-
Tyr-OH, PyBOP, 6CI-HOBt, DIEA, DMF; (v) TFA, DCM

4.2.2 Pharmacological Evaluation

The binding and efficacy profile of each compound was determined individually at
KOR, MOR, and DOR. Binding at each receptor was evaluated by competitive
displacement of [*H]diprenorphine, and efficacy and potency were determined by a

[35S]GTPyS binding assay. Reported percent stimulation values are from comparison to
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a standard agonist for each receptor and are used as a surrogate for efficacy. Detailed
experimental procedures can be found in Chapter 6.

Table 10 shows binding and efficacy data for benzyl pendant Dmt-Tiq
compounds (also reported in Chapter 2) and their tyrosine analogues. First, we explored
the substitution of tyrosine into the 5-benzyl Dmt-Tiq compound (13a). Surprisingly, this
compound shows only a small (~4-fold) loss in binding at MOR compared to the parent
Dmt analogue. It also displays low potency but high efficacy at MOR. Given this
interesting result, we explored incorporating Tyr into the other benzyl pendant
compounds in this series, hypothesizing that the methyl groups on the Tyr ring may not
be necessary for opioid activity in this series. However, we observed drastically reduced
binding across the opioid receptors for these analogues. The results shown in Table 10

confirm the importance of dimethyltyrosine for the opioid activity of this series.
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Table 10. Substitution of Dimethyltyrosine with Tyrosine in Benzyl Pendant
Dmt-Tiq compounds: Binding, Potency, and Efficacy Data for Analogues 13a-13d

7 _R
N
6 @Q Ki (nM) ECso (nM) % Stimulation

B g R KOR MOR DOR KOR MOR DOR KOR MOR DOR
4a 5-Bn Dmt (11132) (157) ((3):2) - - - dns dns dns
4b 6-Bn Dmt (358) (?:2) (g:g) - - - dns dns dns
4c 7-Bn  Dmt (8:2) ((2):;) (g:l) ?63) - - ?85) dns dns
4d 8-Bn Dmt (256) (g:l> (12885) (3415% - - (466) dns dns
13a  5-Bn 1400* (7;) 58%) i ?;23’5) - dns* 68) dns*
13b  6-Bn 1(2157%;* ‘(321;’85; 8100 - i - dns*  dns*  dns*
13c  7-Bn 650* 1700* 1000* - - - dns* dns*  dns*
13d  8Bn 2000* 3(%%%;* 7200 - - nd  dns* dns™ nd

Binding affinity (Ki) values determined by competitive displacement of [3H]diprenorphine in membrane
preparations from CHO cells expressing human KOR or C6 cells expressing rat MOR or rat DOR. Potency
(ECs0) and efficacy values determined by [*®*S]JGTPyS binding in the same membrane preparations. Efficacy
expressed as percent stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR).
All values expressed as mean (SEM) of three or more separate assays run in duplicate unless otherwise noted.
*n=1; **n=2; nd = no data; Bn = benzyl; Dmt = dimethyltyrosine; Tyr = tyrosine; dns = does not stimulate,
average maximal stimulation <10% at concentrations up to 10 uM

4.3 Exploration of Linker Length in 7- and 8-Substituted Analogues

Given the observed KOR agonism of 7-benzyl analogue 4c and 8-benzyl
analogue 4d, reported in Chapter 2 and Table 10, we decided to explore the length of
the linker between the Tiq core and these pendants. The linker was eliminated in the
synthesis of phenyl analogues and extended by one methylene unit in the synthesis of

phenethyl analogues.
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4.3.1 Synthesis

Synthesis of benzyl analogues (4c, 4d) is described in Chapter 2. Phenyl (15a,
17a) and phenethyl (15b, 17b) analogues were prepared according to the synthetic
routes shown in Scheme 6 and Scheme 7. Synthesis of intermediates 2¢ and 2d from
commercially available bromo-substituted tetrahydroisoquinolines is described in
Chapter 2. The appropriate Boc-protected bromotetrahydroisoquinoline was coupled to
phenyl boronic acid or phenethyl boronic acid via Suzuki reaction to produce
intermediates 14a, 16a, 14b, or 16b. Deprotection of the tetrahydroisoquinoline nitrogen
with hydrochloric acid, peptide coupling with diBoc-protected dimethyltyrosine, and
subsequent deprotection with trifluoroacetic acid yielded peptidomimetics 15a, 15b,
17a, and 17b. Detailed experimental procedures can be found in Chapter 6.

Scheme 6. Synthesis of 7-Phenyl and 7-Phenethyl Pendant Dmt-Tiq Analogues

15a and 15b
n=0,2
14b n=2
i, i, iv 15a,n =0
— 15b, n =2
OH

(i) phenyl boronic acid or phenethyl boronic acid, Pd(dppf)Cl2, K2COs, 3:1 acetone:water; (ii) HCI, 1,4-dioxane; (iii)
diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; (iv) TFA, DCM

46



Scheme 7. Synthesis of 8-Phenyl and 8-Phenethyl Pendant Dmt-Tiq Analogues
17a and 17b

n=0,2

Br
_Boc _Boc
@3“ i N i, i, iv
— —_—
2d
16a,n=0 17a,n=0
16b. n = 2 17b.n =2

(i) phenyl boronic acid or phenethyl boronic acid, Pd(dppf)Clz, K2COs, 3:1 acetone:water; (ii) HCI, 1,4-dioxane; (iii)
diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; (iv) TFA, DCM

4.3.2 Pharmacological Evaluation

Table 11 shows binding and efficacy data for 7-phenyl, benzyl, and phenethyl
pendant Dmt-Tiq analogues 15a, 4c, and 15b. Elimination of the linker (15a) results in a
loss in binding across the opioid receptors, most drastically at KOR. This analogue also
shows no KOR agonism. On the other hand, extension of the linker to two carbons
(15b) maintains single digit nanomolar binding at each of the opioid receptors. This
compound also displays a promising KOR agonist/MOR partial agonist profile. Of note,
this compound shows equal affinity for KOR and MOR, but is slightly more potent at
KOR. This compound represents a good starting point for further exploration of
structure-activity relationships towards the development of a multifunctional KOR/MOR
ligand. However, analogues of the 7-benzyl compound (4c) were selected for further

exploration instead because they were more synthetically tractable.
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Table 11. Modification of Linker Length in 7-Substituted Dmt-Tiq Compounds:
Binding, Potency, and Efficacy Data for Analogues 15a and 15b

Ki (nM) ECso (nM) % Stimulation
n KOR MOR DOR KOR MOR DOR KOR MOR DOR
15a 0 2(%1,:;* (Z:;) (258) - - - dns** dns**  dns**
i = (8:2) (gig) (2:1) (363) ; ; (885) dns dns
15 N (‘1122) (?:3) ?1'(.5;; (11214) (25431) ] ?80) (213) dns™

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR or C6 cells expressing rat MOR or rat DOR. Potency
(ECs0) and efficacy values determined by [3®S]GTPyS binding in the same membrane preparations. Efficacy
expressed as percent stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR).
All values expressed as mean (SEM) of three or more separate assays run in duplicate unless otherwise noted.
**n=2; dns = does not stimulate, average maximal stimulation <10% at concentrations up to 10 uM

Table 12 shows binding and efficacy data for 8-phenyl, benzyl, and phenethyl
pendant Dmt-Tiq analogues 17a, 4d, and 17b. As in the 7-substituted series, elimination
of the linker (17a) between the 8-position pendant and the Tiq core results in substantial
loss of binding across the opioid receptors and no agonism. In this series, extending the
linker by one carbon (17b) maintains KOR and MOR binding and increases DOR
affinity; however, there is a notable loss of potency and efficacy at KOR. Ultimately, the
7-substituted series shows much more promise for the development of KOR/MOR

ligands than the 8-substituted series.
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Table 12. Modification of Linker Length in 8-Substituted Dmt-Tiq Compounds:
Binding, Potency, and Efficacy Data for Analogues 17a and 17b

Ki (nM) ECso (nM) % Stimulation
n KOR MOR DOR KOR MOR DOR KOR MOR DOR
17a 0 (?‘11% (13565) 1(%51%;* - - - dns** dns** dns*
L R R @ s dns
17b 2 (255) (8:2) (350) (52519) - - (210) dns**  dns**

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR or C6 cells expressing rat MOR or rat DOR. Potency
(ECs0) and efficacy values determined by [3®S]GTPyS binding in the same membrane preparations. Efficacy
expressed as percent stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR).
All values expressed as mean (SEM) of three or more separate assays run in duplicate unless otherwise noted.
*n=1; **n=2; dns = does not stimulate, average maximal stimulation <10% at concentrations up to 10 yM

4.4 Carbonyl-containing Linker Modifications

Based on the promising KOR/MOR profile of the 7-phenethyl analogue (15b),
other analogues with two-atom linkers were synthesized. Due to the change in
screening paradigm discussed in Chapter 3, these analogues were evaluated only at
human opioid receptors. For this reason, the data shown in tables below cannot be
directly compared to the data for 15b shown in Table 13.
4.4.1 Synthesis

Synthesis of Amide Linker Analogue 19. Analogue 19 was prepared according
to the synthetic route shown in Scheme 8. Commercially available carboxylic acid 8 was
coupled to aniline to yield intermediate 18. Deprotection of the tetrahydroisoquinoline

nitrogen with hydrochloric acid, peptide coupling with diBoc-protected dimethyltyrosine,
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and subsequent deprotection with trifluoroacetic acid yielded peptidomimetic 19.
Detailed experimental procedures can be found in Chapter 6.

Scheme 8. Synthesis of Amide Linker 7-Substituted Dmt-Tiq Analogue 19

O o}
_.Boc Boc
HO N ) N N~
. H
18

8

ii, iii, iv
B ——

(i) aniline, PyBOP, DMF; (ii) HCI, 1,4-dioxane; (iii) diBoc-Dmt, PyBOP, 6CI-HOBt, DIEA, DMF; (iv) TFA, DCM
Synthesis of Amide Linker Analogue 23. Analogue 23 was prepared according
to the synthetic route shown in Scheme 9. 7-nitrotetrahydroisoquinoline (20) was
coupled to diBoc-protected dimethyltyrosine to produce intermediate 21, and the nitro
group was reduced with zinc dust and ammonium chloride in acetone and water.
Coupling of intermediate 22 to benzoic acid and subsequent removal of the Boc groups
with trifluoroacetic acid yielded peptidomimetic 23. Detailed experimental procedures

can be found in Chapter 6.
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Scheme 9. Synthesis of Amide Linker 7-Substituted Dmt-Tiq Analogue 23

(i) diBoc-Dmt, PyBOP, DIEA, DMF; (ii) Zn, NH4Cl, acetone/water; (iii) benzoic acid, PyBOP, DIEA, DMF; (iv) TFA,
DCM

Synthesis of Ketone Linker Analogues 25a-25d. Analogues 25a-25d were
prepared according to the synthetic route shown in Scheme 10. Synthesis of
intermediate 2¢c from commercially available 7-bromotetrahydroisoquinoline is described
in Chapter 2. Intermediates 24a-24d were prepared from the palladium-catalyzed
coupling of 2c and substituted acetophenones. Deprotection of the
tetrahydroisoquinoline nitrogen with hydrochloric acid, peptide coupling with diBoc-
protected dimethyltyrosine, and subsequent deprotection with trifluoroacetic acid yielded
peptidomimetics 25a-25d. Detailed experimental procedures can be found in Chapter 6.

Scheme 10. Synthesis of Ketone Linker 7-Substituted Dmt-Tiq Analogues 25a-25d

Br

2c

ii, iii, iv
R

25a-d

(i) substituted acetophenone, Pdz(dba)s, BINAP, NaOtBu, THF; (ii) HCI, 1,4-dioxane; (iii) diBoc-Dmt, PyBOP,
DIEA, DMF; (iv) TFA, DCM
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4.4.2 Pharmacological Evaluation

Table 13 shows pharmacological data for analogues of 15b in which the two
methylene units have been replaced by an amide. For both orientations of the amide,
affinity is highest at MOR then DOR then KOR. These compounds (19, 23) show no
KOR or DOR agonism and partial agonism or no agonism at MOR.

Table 13. Binding, Potency, and Efficacy Data for Amide Linker 7-Substituted
Dmt-Tiqg Analogues 19 and 23

= \f@@ﬁ:@

Ki (nM) ECso (nM) % Stimulation
KOR MOR DOR OR MOR DO KOR MOR DOR
0
294 55 11.3 193** 47**
19 5”)1\:5 44)  (13) (22) (59) - dns g  dns
H
N 64 7.5 14.5 >k
23 f\fo( X (26) (1.8) 2.1) - - - dns dns dns

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECs0) and efficacy values
determined by [®®S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise noted. **n=2; dns = does not
stimulate, average maximal stimulation <10% at concentrations up to 10 uM

An analogue of 15b with a two-atom linker containing a ketone adjacent to the
aromatic ring of the pendant (25a) was also synthesized. A methyl scan was performed
around the pendant aromatic ring (25b-25d). Data for these compounds are shown in
Table 14. Overall, these compounds display single digit nanomolar binding across the
opioid receptors and have highest affinity for DOR. All of the analogues in this series
show agonism at KOR and MOR; however, each analogue is more potent and
efficacious at MOR than KOR, a profile undesirable for the development of a KOR

agonist/MOR partial agonist.
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Table 14. Binding, Potency, and Efficacy Data for Ketone Linker 7-Substituted
Dmt-Tiq Analogues 25a-25d

Ki (nM) % Stimulation
R KOR MOR DOR KOR KOR MOR DOR
WG @ 27 ) BT g
25b - pMe (513:2) (?:g) ((1):3) 2((65;* 133* (5075) dns*
B mMe 07 43 (Gon (6 28
2/ oMe W 03 02 (s oy - @ @ O

Binding affinity (Ki) values determined by competitive displacement of [*H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECs0) and efficacy values
determined by [®®S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise noted. *n=1; **n=2; Me =
methyl; dns = does not stimulate, average maximal stimulation <10% at concentrations up to 10 yM

4.5 Aniline Linker Analogue

Substitution of the methylene linker in 4c with a heteroatom allows for further
exploration of the structure-activity relationships of this region. Though several possible
heteroatoms may be incorporated, only the aniline analogue (28) was successfully
synthesized. This compound was evaluated at human opioid receptors, and human
receptor data for 4¢ is shown in Table 15 for direct comparison.
4.5.1 Synthesis

Analogue 28 was prepared according to the synthetic route shown in Scheme 11.
Synthesis of intermediate 2c from commercially available 7-
bromotetrahydroisoquinoline is described in Chapter 2. Intermediate 26 was prepared
from the palladium-catalyzed coupling of 2¢ and aniline. The Boc group was removed

from the tetrahydroisoquinoline nitrogen with trifluoroacetic acid to yield TFA salt 27.
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Finally, peptide coupling with diBoc-protected dimethyltyrosine and subsequent
deprotection with trifluoroacetic acid yielded peptidomimetics 28. Detailed experimental
procedures can be found in Chapter 6.

Scheme 11. Synthesis of Aniline Linker 7-Substituted Dmt-Tiq Analogue 28

Br _.Boc H Boc H
I ii NH
—_— .
©/ \E;(; TFA
2¢ 26
27
H (0]
Z
NH
OH
28

(i) aniline, Pd(dppf)Clz, NaOtBu, 1,4-dioxane; (ii) TFA, DCM,; (iii) diBoc-Dmt, PyBOP, DIEA, DMF; (iv) TFA, DCM

4.5.2 Pharmacological Evaluation

Results of the pharmacological evaluation of 28 are shown in Table 15. The
replacement of the methylene linker of 4c with an aniline linker results in a loss of KOR
binding and a complete loss of KOR agonism. However, 28 maintains single digit
nanomolar binding at MOR and DOR and moderate potency and efficacy at MOR with
no DOR agonism. As such, 28 represents a good starting point for the development of a

MOR agonist/DOR antagonist ligand.
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Table 15. Binding, Potency, and Efficacy Data for Aniline Linker 7-Substituted
Dmt-Tiq Analogue 28

H
N
SRS
28
Ki (nM) ECso (nM) % Stimulation
X KOR MOR DOR KOR MOR DOR KOR MOR DOR

OH

4c CH:2

70** 3.3** 6.0** 22** 65**
28 NH - - dns dns
(2) (03) (1.9 (8) 4)

Binding affinity (Ki) values determined by competitive displacement of [®H]diprenorphine in membrane
preparations from CHO cells expressing human KOR, MOR, or DOR. Potency (ECs0) and efficacy values
determined by [*®*S]GTPyS binding in the same membrane preparations. Efficacy expressed as percent
stimulation versus standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). All values expressed
as mean (SEM) of three or more separate assays run in duplicate unless otherwise noted. **n=2; dns = does not
stimulate, average maximal stimulation <10% at concentrations up to 10 yM

4.6 Conclusions

Despite unusual MOR activity of the 5-benzyl tyrosine analogue (13a), the
synthesis of tyrosine analogues of benzyl pendant Dmt-Tig compounds confirmed the
necessity of the dimethyltyrosine residue for opioid binding and activity. Shortening and
lengthening the linker between the tetrahydroisoquinoline core and the pendant in the 7-
and 8-positions further elucidated the structure-activity relationships in this region.
Analogues with 8-position pendants show little to no KOR agonism and are not useful in
the development of opioid ligands with pharmacologically useful multifunctional profiles.
On the other hand, 7-position pendant analogues show significant promise for the
development of KOR agonist/MOR partial agonist ligands. Pharmacological data for the
7-phenyl analogue (15a) compared to the 7-benzyl (4¢c) and 7-phenethyl (15b)
analogues confirms that a linker of some sort is necessary for KOR activity. Because of
the high KOR efficacy and potency of the 7-benzyl analogue (4c) and the synthetic
tractability of benzyl pendant analogues, this compound served as a lead compound for
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the development of many multifunctional opioid ligands in this series, described in
Chapter 2 and Chapter 3. The 7-phenethyl analogue (15b) shows a promising KOR
agonist/MOR partial agonist profile and is a useful starting point for future exploration.
Modifications to the two-atom linker were explored through the synthesis of 7-
substituted Dmt-Tiq compounds that mimic 15b. Replacement of the two-carbon linker
with an amide (19, 23) eliminates KOR agonism, while incorporation of a ketone at the
carbon adjacent to the pendant (25a) reverses the pharmacological profile. A methyl
scan around the aromatic ring of the pendant (25b-25d) confirmed that this linker
consistently imparts higher efficacy at MOR than KOR. Finally, replacement of the
methylene linker with an aniline (28) results in a promising lead for the development of a
MOR agonist/DOR antagonist compound. Ultimately, modification of the linker in 7-
substituted Dmt-Tiq compounds results in the creation of novel opioids with a variety of

multifunctional profiles, some of which have therapeutic potential.
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Chapter 5
Conclusions and Future Directions'v
5.1 Summary

For hundreds, if not thousands, of years, opioids have been important medicinal
compounds. This class of drugs has been used widely in the treatment of pain and other
conditions. Recent decades have seen a shift away from the development of selective
opioids as the complex pharmacology of this system has been revealed. The advent of
multifunctional opioid ligands, compounds which act simultaneously at more than one
type of opioid receptor, has opened new doors for the development of useful chemical
and pharmacological probes and therapeutics.

Because relatively minor structural modifications often result in significant
changes in the pharmacological profiles of opioid ligands, selective scaffolds represent
an important starting point for the creation and discovery of multifunctional compounds.
The dimethyltyrosine-tetrahydroisoquinoline (Dmt-Tiq) scaffold is well-known in the
opioid literature as the basis for a series of delta opioid receptor (DOR) antagonist
selective peptides. Many Dmt-Tig compounds have been reported, but the constraints
of traditional peptide synthesis have previously limited the structural diversity of these
analogues. Here, using synthetic methods often applied to the creation of small
molecules, we introduced previously unexplored modifications to this scaffold to convert

the pharmacological profile from selective to multifunctional.

v The in vivo studies discussed at the end of this chapter are being conducted by Bryan Sears under the direction of
Dr. Emily M. Jutkiewicz.

57



The installation of a benzyl pendant at each position of the Tig aromatic ring at
the core of the Dmt-Tiq scaffold revealed that a 7-benzyl pendant could introduce kappa
opioid receptor (KOR) agonism. As a result, the 7-benzyl Dmt-Tiq analogue (4c) was
used as a lead compound to further explore structure-activity relationships (SAR) in this
new series and create a variety of multifunctional opioid ligands. Further substitution on
this pendant created compounds (7d, 7g) that exhibit a KOR agonist/mu opioid receptor
(MOR) partial agonist profile, which is being explored for the treatment of addiction to
cocaine and other drugs of abuse.

These initial results led to further exploration of the SAR surrounding this new 7-
position pendant on the Dmt-Tiq scaffold. Ortho and meta substituents on the benzyl
ring reliably resulted in a KOR agonist/MOR partial agonist profile, with 12b being one
of the most promising compounds in this series because of its high affinity and potency
for KOR and MOR. Other 7-position pendants imparted different profiles. Most notably,
introduction of a tetrahydroisoquinoline pendant (12w) or isoindoline pendant (12z)
resulted in a MOR agonist/DOR antagonist profile. These compounds have potential to
be explored as a treatment for pain with lowered addiction potential.

Finally, we explored the SAR around non-pendant regions of this new series.
Replacement of dimethyltyrosine with tyrosine resulted in a dramatic loss of opioid
activity, consistent with previous results in opioid peptides and peptidomimetics.
Modification of the linker between the 7-position pendant and the Tiq core revealed that
a two-carbon linker imparts a KOR agonist/MOR partial agonist profile. Addition of a
ketone in the linker adjacent to the aromatic ring of the pendant resulted in compounds

that are more potent and efficacious at MOR than KOR. Introduction of an aniline linker
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decreased KOR affinity and abolished KOR agonism, but this compound (28) may
represent a promising lead for the development of a MOR agonist/DOR antagonist.

Ultimately, the work presented here describes novel structural modifications to
the classically DOR antagonist selective Dmt-Tiq scaffold that result in the development
of multifunctional opioid ligands with a variety of pharmacologically useful profiles.
5.2 Additional Analogues

The results reported in Chapters 2-4 introduce avenues for additional structural
modifications to further evaluate the SAR of this novel series of Dmt-Tiq
peptidomimetics. Based on the consistent results of ortho and meta substituents on the
7-benzyl pendant imparting KOR agonism and MOR partial agonism, further substitution
at these positions should be explored. From a nearly endless list of possible
substituents, ones with hydrogen bond donating groups at the ortho position may show
the most promise for development of KOR/MOR ligands. As reported in Chapter 3, the
ortho hydroxy analogue (12b) shows higher affinity for KOR than do similar analogues.
Though we were not able to identify a specific interaction between this substituent and
the receptor in our modeling studies, it is possible that a water-mediated hydrogen bond
is responsible for this higher affinity. A proposed future analogue that also has a
hydrogen bond donor, an acetylated aniline, at this position is shown in Figure 13.

Figure 13. Structure of Proposed Acetylated Aniline Analogue

NHAc

Proposed future analogue with a hydrogen bond donor, acetylated aniline, at the ortho position of the 7-benzyl
pendant on the Dmt-Tiq scaffold
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Additionally, bicyclic analogues which mimic the 1-naphthyl pendant show
promise for the development of a KOR/MOR ligand. Select analogues in Chapter 3 with
bicyclic pendants (120, 12t, 12x, 12y) show KOR agonism and MOR agonism and
represent a starting point for further exploration. In particular, heterocyclic bicycle
pendants show promise for the development of a KOR/MOR ligand with the desired
pharmacological profile and improved pharmacokinetic properties due to the lower
clogP of such analogues. Two of these possible analogues are shown in Figure 14.
Initial attempts at synthesis of these analogues were unsuccessful, but a variety of
alternative synthetic possibilities remain to be explored.

Figure 14. Structures of Proposed Heterocyclic Bicycle Pendant Analogues

/—NH O N—NH 0
N /
SRS J% k/;@
NH N
OH NH OH

Proposed future analogues with heterocyclic bicycle pendants at the Tiq 7-position of the Dmt-Tiq scaffold

Linker modifications represent another promising area for exploration in this
series. The 7-phenethyl Dmt-Tiq analogue (15b) displays a KOR agonist/MOR partial
agonist profile. Analogues containing this two-carbon linker with a modified pendant
represent a large possible area of exploration in the development of multifunctional
opioid ligands. Synthetic difficulties prevented the synthesis of methyl-substituted
analogues of 15b in initial attempts, but future work could explore these and other
substitutions on the aromatic ring as well as replacement of the aromatic ring with other
pendants. A sample of these compounds is shown in Figure 15. Additionally,
conformational restriction could be added through synthesis of 15b analogues with
unsaturated linkers. These proposed analogues are shown in Figure 16.
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Figure 15. Structures of Proposed Two-Carbon Linker Analogues

OH

R = Me, OH, OMe

R = piperidine, pyrrolidine, thiophene

Proposed future analogues with two-carbon linker between the 7-position pendant and the Tiq core of the Dmt-Tiq
scaffold

Figure 16. Structures of Proposed Unsaturated Two-Carbon Linker Analogues

Proposed future analogues with unsaturated two-carbon linker between the 7-position pendant and the Tiq core
of the Dmt-Tiq scaffold

Further modification of the linker also represents a promising area of study. As
reported in Chapter 4, replacement of the methylene linker of 4c with an aniline linker
resulted in a MOR agonist/DOR antagonist (28). The incorporation of other heteroatom
linkers may result in this or other interesting multifunctional profiles. Some possible
analogues with heteroatom linkers are shown in Figure 17.

Figure 17. Structures of Proposed Heteroatom Linker Analogues

X=0,S, S0, SO,

Proposed future analogues with heteroatom linkers between the 7-position pendant and the Tiq core of the Dmt-
Tiq scaffold

5.3 Combination of Substitution at the 3-Position and 7-Position of Tiq
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Previous reports in the literature have shown that modification at the 3-position of
the tetrahydroisoquinoline ring of DMT-Tiq peptides can allow them to manifest binding
and agonism at MOR.7376.104 Ag g result, these compounds show promise for the
development of a MOR agonist/DOR antagonist ligand. Some of the compounds we
report here also show potential for the development of this profile. Thus, combining
these substitutions represents a promising avenue for further exploration of the
structure-activity relationships of Dmt-Tiq peptidomimetics with the goal of developing
MOR/DOR ligands. In particular, compounds with 3-substitution and a
tetrahydroisoquinoline or isoindoline pendant or an aniline linker at the 7-position would
be interesting starting points for further development. Structures for these proposed
compounds are shown in Figure 18.

Figure 18. Structures of Proposed 3- and 7-Substituted Analogues

R' = Bn, C(O)NHPh R' = Bn, C(O)NHPh
R? = tetrahydroisoquinoline, isoindoline

Proposed future analogues with 3- and 7-substitution on the Tiq core of the Dmt-Tiq scaffold

5.4 Future in Vivo Testing

A variety of studies to examine the in vivo pharmacology of the novel opioid
ligands reported here are already underway. Because kappa opioid receptor agonists
have been reported to increase urination, the in vivo effects of 4¢, 7d, and 7g are being
evaluated in mice in a micturition assay. The effects of administration of these

compounds on the effects of other KOR agonists is also being examined. Other
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promising candidates for in vivo evaluation include 12b, 12t, and 15b. Compounds with
promising in vitro and in vivo KOR/MOR profiles will be further screened for effects on
cocaine self-administration,'51% cocaine discrimination,’” and conditioned place
preference.108-110

Compounds with promising MOR agonist/DOR antagonist profiles, including 12w,
12z, and 28 will be evaluated for in vivo antinociceptive properties in mice. These tests
may include a warm water tail withdrawal assay, hot plate assay, or von Frey assay.!""
Candidates that demonstrate antinociception will be further evaluated in vivo to
determine duration of action and development of tolerance.
5.5 Conclusion

In conclusion, the work reported here describes a new library of multifunctional
dimethyltyrosine-tetrahydroisoquinoline opioid peptidomimetics. This series includes
several promising KOR agonistMOR partial agonist ligands, some of which are
currently being evaluated in vivo. The profile demonstrated by these compounds shows
promise in the development of a treatment for addiction to cocaine and other drugs of
abuse. This collection of novel compounds also includes promising leads for evaluation
and further development of a MOR agonist/DOR antagonist ligand, which may be useful
as a pain treatment with lowered abuse and addiction potential. This work represents
substantial progress in the investigation of underexplored regions of the Dmt-Tiq
scaffold and opens new avenues for exploration of the structure-activity relationships of

this series and the development of multifunctional opioid peptidomimetics.
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Chapter 6
Experimental Section

6.1 Chemistry

Unless otherwise noted, all reagents and solvents were purchased from
commercial sources and used without additional purification. DiBoc-DMT was prepared
from commercially available dimethyltyrosine according to standard procedures.'?
Microwave reactions were performed in a CEM Discover SP microwave synthesizer in a
closed vessel with maximum power input of 300 W. Column chromatography was
carried out on silica gel cartridges using a Biotage Isolera One flash purification system.
Before chromatographic purification, crude reaction mixtures were analyzed by thin
layer chromatography in hexanes/ethyl acetate. Purification of final compounds was
performed using a Waters semipreparative HPLC with a Vydac protein and peptide C18
reverse phase column using a linear gradient of 100% solvent A (water with 0.1% TFA)
to 100% solvent B (acetonitrile with 0.1% TFA) at a rate of 1% per minute with UV
absorbance monitored at 230 nm. Purity of final compounds was determined on a
Waters Alliance 2690 analytical HPLC with a Vydac protein and peptide C18 reverse
phase column using the same gradient with UV absorbance monitored at 230 nm. Purity
of final compounds used for testing was 295% as determined by HPLC. 'H NMR data
for intermediates and final compounds in CDCls or CD3OD was obtained on a 400 MHz
or 500 MHz Varian spectrometer. LC-MS data was obtained using an Agilent 6130 LC-
MS in positive ion mode. HRMS data was obtained using an Agilent QTOF HPLC-MS in

positive ion mode.
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6.1.1. General Procedures

General Procedure A for Boc Protection of Tetrahydroisoquinoline
Bromides. The appropriate aryl bromide (1.0 eq) and di-tert-butyl dicarbonate (1.1 eq)
were combined in a microwave vessel equipped with a teflon stirbar. The system was
flushed with argon, and the reaction was heated in a microwave to 100 °C for 15
minutes. The reaction mixture was diluted with DCM and washed with saturated
aqueous NaHCOs and brine. The organic layer was dried over MgSOy, filtered, and
concentrated under vacuum to obtain the pure product.

General Procedure B for Suzuki Coupling of Boc-protected
Tetrahydroisoquinoline Bromide and Pendant Boronic Acid or Boronic Ester. The
appropriate Boc-protected aryl bromide (1.0 eq), the appropriate boronic acid or boronic
acid pinacol ester (2.0 eq), Pd(dppf)Cl2 (0.1 eq), and K2COs (3.0 eq) were combined in
a microwave vessel equipped with a teflon stirbar. The system was flushed with argon.
A degassed mixture of 3:1 acetone:water (2-3 mL) was added, and the reaction was
heated in a microwave to 100 °C for 30 minutes. The product was purified via silica gel
chromatography in ethyl acetate/hexanes.

General Procedure C for HCI Boc Deprotection, Peptide Coupling, and TFA
Boc Deprotection for Synthesis of Final Products. The appropriate Boc-protected
amine intermediate was dissolved in 1,4-dioxane (2-5 mL) and excess concentrated HCI
(100-500 pL) was added. The reaction mixture stirred at room temperature for 1-3.5
hours. Solvent was removed under vacuum to yield the deprotected amine. The amine
intermediate (1.0 eq), diBoc-DMT (1.05 eq) or BocTyrOH (1.05), PyBOP (1.0 eq), and

6CI-HOBt (1.0 eq) were combined, and the reaction flask was flushed with argon. Dry
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DMF (3-12 mL) and DIEA (10 eq) were added. The reaction mixture stirred at room
temperature for 6-24 hours. Solvent was removed under vacuum, and the coupled
product was purified via silica gel chromatography in ethyl acetate/hexanes. The Boc-
protected compound was dissolved in DCM (2-2.5 mL). An equal volume of TFA was
added, and the reaction mixture stirred at room temperature for 1-1.5 hours. Solvent
was removed under vacuum, and the product was purified by semi-preparative HPLC
and lyophilized.

General Procedure D for Suzuki Coupling of Boronic Ester
Tetrahydroisoquinoline and Pendant Benzyl Bromide. The appropriate benzyl
bromide (1.0 eq), 5 (1.5 eq), Pd(dppf)Cl2 (0.1 eq), and K2COs3 (3.0 eq) were combined in
a microwave vessel equipped with a teflon stirbar. The system was flushed with argon.
A degassed mixture of 3:1 acetone:water (2-3 mL) was added, and the reaction was
heated in a microwave to 100 °C for 30 minutes. The product was purified via silica gel
chromatography in ethyl acetate/hexanes. NMR spectroscopy indicated the presence of
5 as a remaining impurity in a 1:1 or lower ratio with the desired product. As a result, not
all intermediates were isolated and characterized, and reported yields are adjusted
accordingly.

General Procedure D2 for Suzuki Coupling of Boronic Ester
Tetrahydroisoquinoline and Pendant Benzyl Bromide. The appropriate benzyl
bromide (1.5-2.0 eq), 5 (1.0 eq), Pd(dppf)Cl2 (0.1 eq), and K2COs (3.0 eq) were
combined in a microwave vessel equipped with a teflon stirbar. The system was flushed

with argon. A degassed mixture of 3:1 acetone:water (2-3 mL) was added, and the
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reaction was heated in a microwave to 100 °C for 30 minutes. The product was purified
via silica gel chromatography in ethyl acetate/hexanes.

General Procedure E for HClI Boc Deprotection, Peptide Coupling, Nitro
Reduction, and TFA Boc Deprotection for Synthesis of Final Products. The
appropriate Boc-protected amine was dissolved in 1,4-dioxane (3-5 mL), and excess
(200-300 pL) concentrated HCI was added. The reaction mixture stirred at room
temperature for 2 hours. Solvent was removed under vacuum to yield the deprotected
amine. The amine intermediate (1.0 eq), diBoc-DMT (1.05 eq), PyBOP (1.0 eq), and
6CI-HOBt (1.0 eq) were combined, and the reaction flask was flushed with argon. Dry
DMF (5-7 mL) and DIEA (10 eq) were added. The reaction mixture stirred at room
temperature overnight. Solvent was removed under vacuum, and the coupled product
was purified via silica gel chromatography in ethyl acetate/hexanes. The resulting nitro
intermediate (1.0 eq) was dissolved in acetone (2 mL). NH4Cl (40 eq), Zn dust (20 eq),
and water (220 eq) were added. The mixture stirred at room temperature for 1 hour.
Solvent was removed under vacuum, and the crude product was partitioned between
ethyl acetate and water. The layers were separated, and the aqueous layer was
extracted with ethyl acetate. The combined organic layers were washed with brine,
dried over MgSOy, filtered, and concentrated under vacuum to obtain the corresponding
aniline. The Boc-protected compound was then dissolved in DCM (1.5 mL). An equal
volume of TFA was added, and the reaction mixture stirred at room temperature for 1
hour. Solvent was removed under vacuum, and the product was purified by semi-

preparative HPLC.
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General Procedure F for Microwave Suzuki Coupling of Benzyl Bromide
Tetrahydroisoquinoline and Pendant Boronic Acid. Benzyl bromide 10 (1.0 eq), the
appropriate boronic acid (1.5 eq), Pd(dppf)Cl2 (0.1 eq), and K2COs (3.0 eq) were
combined in a microwave vessel equipped with a teflon stirbar. The system was flushed
with argon. A degassed mixture of 3:1 acetone:water (3 mL) was added, and the
reaction was heated in a microwave to 100 °C for 30 minutes. The product was purified
via silica gel chromatography in ethyl acetate/hexanes.

General Procedure G for Sn2 reaction of Benzyl Bromide
Tetrahydroisoquinoline and Pendant Nucleophile. Benzyl bromide 10 (1.0 eq), the
appropriate nucleophile (1.2 eq), and K2COs (1.2 eq) were dissolved in dry DMF (3 mL)
under an inert atmosphere. The reaction stirred at room temperature overnight. The
reaction mixture was partitioned between 2 M NaOH and ethyl acetate. The aqueous
layer was extracted with additional ethyl acetate. Combined organic layers were dried
over MgSOq, filtered, and concentrated under vacuum to obtain the product.

General Procedure H for Coupling of Boc-Protected Tetrahydroisoquinoline
Bromide and Pendant Acetophenone. Intermediate 2c¢ (1.0 eq), the appropriately
substituted acetophenone (2.0 eq), Pd2(dba)s (0.1 eq), racemic BINAP (0.24 eq), and
sodium tert-butoxide (1.3 eq) were combined in a microwave vessel equipped with a
teflon stirbar. The system was flushed with argon. Degassed THF (2—-3 mL) was added,
and the reaction mixture was heated in a microwave to 100 °C for 1 hour. The crude
reaction mixture was filtered through celite, and the product was purified via silica gel

chromatography in ethyl acetate/hexanes.
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6.1.2. Procedures and Characterization for Compounds Contained in Chapter 2

Scheme 12. Synthesis of 4a-4d

NH i N/BOC 1a, 2a, R = 5-Br
—_— 1b, 2b, R = 6-Br
Br Br 1c,2¢c, R=7-Br

1a-d 2a-d 1d, 2d, R = 8-Br

3a, 4a, R = 5-Bn

0]
. .Boc . .
n N iii, iv, v N : 3b, 4b, R = 6-Bn
- H 3c,4c, R=7-Bn
Bn Bn OH
3a-d 4a-d

Zh

3d, 4d, R = 8-Bn

Tert-butyl 5-bromo-3,4-dihydroisoquinoline-2(1H)-carboxylate (2a). 2a was
synthesized following General Procedure A from 5-bromo-1,2,3,4-tetrahydroisoquinoline
(100 mg, 0.47 mmol, 1.0 eq) and di-tert-butyl dicarbonate (113 mg, 0.52 mmol, 1.1 eq)
to yield the product as an off-white solid (136 mg, 93%). "H NMR (500 MHz, CDCl3) &
7.41 (m, 1H), 7.04 (m, 2H), 4.56 (s, 2H), 3.65 (t, J = 6.0 Hz, 2H), 2.84 (t, J = 6.1 Hz,
2H), 1.48 (s, 9H).

Tert-butyl 5-benzyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (3a). 3a was
synthesized following General Procedure B from 2a (136 mg, 0.40 mmol, 1.0 eq),
benzylboronic acid pinacol ester (180 uL, 0.81 mmol, 2.0 eq), Pd(dppf)Cl2 (29 mg, 0.04
mmol, 0.1 eq), and K2COs (167 mg, 1.21 mmol, 3.0 eq) to yield the product as a
colorless oil (101 mg, 77%). '"H NMR (500 MHz, CDCl3) & 7.29 (t, J = 7.5 Hz, 2H), 7.23
(m, 1H), 7.18 (t, J= 7.6, 1H), 7.13 (d, J = 7.6, 2H), 7.04 (d, J = 7.5, 2H), 4.60 (s, 2H),
4.00 (s, 2H), 3.62 (br. s, 2H), 2.71 (t, J = 6.0 Hz, 2H), 1.50 (s, 9H).

(S)-2-amino-1-(5-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-hydroxy-2,6-
dimethylphenyl)propan-1-one (4a). Following General Procedure C, 3a (50 mg, 0.15
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mmol) was deprotected to yield the amine intermediate as a white solid. This
intermediate was coupled to diBoc-DMT (67 mg, 0.16 mmol, 1.05 eq) in the presence of
PyBOP (81 mg, 0.15 mmol, 1.0 eq), 6CI-HOBt (26 mg, 0.15 mmol, 1.0 eq), and DIEA
(217 pL, 1.5 mmol, 10 eq). Silica gel chromatography yielded the coupled product as a
colorless oil. TFA deprotection yielded the product as a white, fluffy solid (21 mg, 29%,
3 steps). Two rotamers were visible by NMR and present in about 1:1 ratio. '"H NMR
(500 MHz, CD3OD, rotamers) & 7.26 (t, J = 7.6 Hz, 2H), 7.23 (t, = 7.6 Hz, 2H), 7.23 (d,
J =13.0 Hz, 1H) 7.14 (quin, J = 7.4 Hz, 3H), 7.11 (d, J = 8.2 Hz, 2H), 7.07 — 7.03 (m,
4H), 7.01 (d, J = 8.0 Hz, 1H), 6.99 (d, J = 10.2 Hz, 1H), 6.57 (dd, J = 6.5, 2.5 Hz, 1H),
6.42 (s, 2H), 6.26 (s, 2H), 4.66 (d, J = 16.7 Hz, 1H), 4.57 (d, J = 16.5 Hz, 1H), 4.56 (t, J
=4.4 Hz, 1H), 4.53 (t, J = 4.5 Hz, 1H), 4.21 (d, J = 15.8 Hz, 1H), 3.93 (s, 2H), 3.84 (d, J
= 4.3 Hz, 2H), 3.78 (dt, J = 12.9, 5.4 Hz, 1H), 3.49 (m, 1H), 3.43 (d, J = 15.9 Hz, 1H),
3.26 — 3.14 (m, 3H), 3.07 (m, 2H), 2.73 (dt, J = 12.7, 5.9 Hz, 1H), 2.62 (dt, J = 16.5, 5.5
Hz, 1H), 2.55 — 2.47 (m, 1H), 2.32 (dt, J = 16.4, 5.8 Hz, 1H), 2.19 (s, 6H), 2.17 (s, 6H),
1.82 (dt, J = 16.5, 6.4 Hz, 1H). HPLC retention time: 37.4 min. HRMS calculated for
[C27H30N202 + H]*: 415.2380, found: 415.2386.
4b

Tert-butyl 6-bromo-3,4-dihydroisoquinoline-2(1H)-carboxylate (2b). 2b was
synthesized following General Procedure A from 6-bromo-1,2,3,4-tetrahydroisoquinoline
(100 mg, 0.47 mmol, 1.0 eq) and di-tert-butyl dicarbonate (113 mg, 0.52 mmol, 1.1 eq)
to yield the product as yellow oil (143 mg, 97%). '"H NMR (500 MHz, CDClI3) & 7.29 (m,
2H), 6.98 (d, J = 8.0 Hz, 1H), 4.51 (s, 2H), 3.62 (t, J = 5.8 Hz, 2H), 2.80 (t, J = 5.9 Hz,

2H), 1.49 (s, 9H).
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Tert-butyl 6-benzyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (3b). 3b was
synthesized following General Procedure B from 2b (73 mg, 0.23 mmol, 1.0 eq),
benzylboronic acid pinacol ester (102 mg, 0.47 mmol, 2.0 eq), Pd(dppf)Cl2 (17 mg,
0.023 mmol, 0.1 eq), and K2COs3 (97 mg, 0.70 mmol, 3.0 eq) to yield the product as a
colorless oil (76 mg, 100%). '"H NMR (500 MHz, CDCIz) & 7.29 (m, 2H), 7.19 (m, 3H),
7.02 (d, J = 1.5 Hz, 2H), 6.96 (s, 1H), 4.54 (s, 2H), 3.94 (s, 2H), 3.62 (br. s, 2H), 2.78 (t,
J=5.8 Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-1-(6-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-hydroxy-2,6-
dimethylphenyl)propan-1-one (4b). Following General Procedure C, 3b (98 mg, 0.30
mmol) was deprotected to yield the amine intermediate as a yellow solid. This
intermediate was coupled to diBoc-DMT (130 mg, 0.32 mmol, 1.05 eq) in the presence
of PyBOP (158 mg, 0.30 mmol, 1.0 eq), 6CI-HOBt (51 mg, 0.30 mmol, 1.0 eq), and
DIEA (425 pL, 3.0 mmol, 10 eq). Silica gel chromatography yielded the coupled product
as a colorless oil. TFA deprotection yielded the product as a white solid (21 mg, 67%, 3
steps). '"H NMR (500 MHz, CD30D, rotamers) 5 7.24 (t, J = 7.6 Hz, 3H), 7.17 — 7.13 (m,
5H), 7.04 — 6.98 (m, 2H), 6.92 (d, J = 7.9 Hz, 1H), 6.88 (s, 1H), 6.85 (s, 1H), 6.63 (d, J =
7.8 Hz, 1H), 6.43 (s, 2H), 6.34 (s, 2H), 4.66 (dd, J = 16.8, 3.2 Hz, 1H), 4.58 — 4.50 (m,
2H), 4.47 (d, J = 16.9 Hz, 1H), 4.19 (d, J = 15.7 Hz, 1H), 3.88 (s, 4H), 3.70 — 3.62 (m,
2H), 3.32 (d, J = 15.0 Hz, 6H), 3.28 — 3.16 (m, 3H), 3.13 — 3.05 (m, 2H), 2.74 — 2.61 (m,
2H), 2.55 - 2.47 (m, 1H), 2.26 (s, 6H), 2.22 (s, 6H), 2.05 — 1.96 (m, 1H). HPLC retention
time: 38.8 min. HRMS calculated for [C27H30N202 + H]*: 415.2380, found: 415.2388.

4c
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Tert-butyl 7-bromo-3,4-dihydroisoquinoline-2(1H)-carboxylate (2c). 2c was
synthesized following General Procedure A from 7-bromo-1,2,3,4-tetrahydroisoquinoline
(75 pL, 0.50 mmol, 1.0 eq) and di-tert-butyl dicarbonate (120 mg, 0.55 mmol, 1.1 eq) to
yield the product as a pale orange oil (145 mg, 99%). "H NMR (500 MHz, CDClz) & 7.25
(m, 2H), 6.98 (d, J = 8.0 Hz, 1H), 4.52 (s, 2H), 3.61 (t, J = 5.7 Hz, 2H), 2.75 (t, J = 6.0
Hz, 2H), 1.48 (s, 9H).

Tert-butyl 7-benzyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (3c). 3c was
synthesized following General Procedure B from 2c¢ (145 mg, 0.46 mmol, 1.0 eq),
benzylboronic acid pinacol ester (207 pL, 0.93 mmol, 2.0 eq), Pd(dppf)Cl2 (34 mg, 0.05
mmol, 0.1 eq), and K2COs3 (192 mg, 1.39 mmol, 3.0 eq) to yield the product as a
colorless oil (92 mg, 61%). "H NMR (500 MHz, CDCI3) & 7.30 (m, 2H), 7.21 (m, 3H),
7.05 (m, 2H), 6.95 (s, 1H), 4.55 (s, 2H), 3.96 (s, 2H), 3.65 (br. s, 2H), 2.81 (t, J= 6.1 Hz,
2H), 1.51 (s, 9H).

(S)-2-amino-1-(7-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-hydroxy-2,6-
dimethylphenyl)propan-1-one (4c). Following General Procedure C, 3¢ (92 mg, 0.28
mmol) was deprotected to yield the amine intermediate as an off-white solid. This
intermediate was coupled to diBoc-DMT (122 mg, 0.30 mmol, 1.05 eq) in the presence
of PyBOP (148 mg, 0.28 mmol, 1.0 eq), 6CI-HOBt (48 mg, 0.28 mmol, 1.0 eq), and
DIEA (398 pL, 2.8 mmol, 10 eq). Silica gel chromatography yielded the coupled product
as a colorless oil. TFA deprotection yielded the product as a white solid (13 mg, 9%, 3
steps). '"H NMR (500 MHz, CD30D, rotamers) d 7.28 — 7.22 (m, 4H), 7.17 (s, 3H), 7.15
(s, 3H), 6.99 (d, J = 7.7 Hz, 1H), 6.95 (d, J = 3.6 Hz, 3H), 6.91 (d, J = 7.8 Hz, 1H), 6.49

(s, 1H), 6.40 (s, 2H), 6.32 (s, 2H), 4.61 (d, J = 16.9 Hz, 1H), 4.59 — 4.48 (m, 2H), 4.49
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(d, J = 17.3 Hz, 2H), 4.17 (d, J = 15.8 Hz, 1H), 3.90 (s, 2H), 3.89 (s, 2H), 3.75 (dt, J =
12.1, 5.6 Hz, 1H), 3.65 — 3.55 (m, 1H), 3.36 (d, J = 17.4 Hz, 1H), 3.26 — 3.18 (m, 3H),
3.09 (d, J = 4.1 Hz, 1H), 3.06 (d, J = 4.1 Hz, 1H), 2.70 (q, J = 6.7, 6.3 Hz, 2H), 2.67 —
2.61 (m, 1H), 2.56 — 2.47 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 1.98 (dt, J = 15.7, 5.5 Hz,
1H). HPLC retention time: 38.4 min. HRMS calculated for [C27H30N202 + H]*: 415.2380,
found: 415.2384.

4d

Tert-butyl 8-bromo-3,4-dihydroisoquinoline-2(1H)-carboxylate (2d). 8-bromo-
1,2,3,4-tetrahydroisoquinoline hydrochloride (100 mg, 0.40 mmol, 1.0 eq), di-tert-butyl
dicarbonate (175 mg, 0.80 mmol, 2.0 eq), and DMAP (5 mg, 0.04 mmol, 0.1 eq) were
combined in DCM (10 mL). DIEA (140 pL, 0.80 mmol, 2.0 eq) was added. The reaction
mixture was heated to reflux overnight. The cooled reaction mixture was diluted with
DCM and washed with saturated aqueous NH4ClI. The aqueous layer was extracted with
DCM. The combined organic layers were washed with brine, dried over MgSOg, filtered,
and concentrated under vacuum to yield the product as a pale orange oil (117 mg,
93%). "H NMR (500 MHz, CDCI3) & 7.41 (d, J = 7.7 Hz, 1H), 7.08 (d, J = 7.6 Hz, 1H),
7.03 (t, J = 7.7 Hz, 1H), 4.53 (s, 2H), 3.63 (t, J = 6.1 Hz, 2H), 2.83 (t, J = 5.9 Hz, 2H),
1.50 (s, 9H).

Tert-butyl 8-benzyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (3d). 3d was
synthesized following General Procedure B from 2d (117 mg, 0.37 mmol, 1.0 eq),
benzylboronic acid pinacol ester (164 mg, 0.75 mmol, 2.0 eq), Pd(dppf)Cl2 (27 mg, 0.04
mmol, 0.1 eq), and K2CO3 (155 mg, 1.12 mmol, 3.0 eq) to yield the product as a

colorless oil (83 mg, 69%). '"H NMR (500 MHz, CDCl3) & 7.33 — 7.24 (m, 2H), 7.22 (d, J
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=7.2 Hz, 1H), 7.16 (d, J = 6.6 Hz, 3H), 7.06 (s, 2H), 4.48 (d, J = 29.0 Hz, 2H), 3.96 (s,
2H), 3.62 (s, 2H), 2.86 (s, 2H), 1.46 (d, J = 22.2 Hz, 9H).
(S)-2-amino-1-(8-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-hydroxy-2,6-

dimethylphenyl)propan-1-one (4d). Following General Procedure C, 3d (83 mg, 0.26
mmol) was deprotected to yield the amine intermediate as an off-white solid. This
intermediate was coupled to diBoc-DMT (55 mg, 0.13 mmol, 1.05 eq) in the presence of
PyBOP (66 mg, 0.13 mmol, 1.0 eq), 6CI-HOBt (22 mg, 0.13 mmol, 1.0 eq), and DIEA
(178 uL, 1.3 mmol, 10 eq). Silica gel chromatography yielded the coupled product as a
colorless oil. TFA deprotection yielded the product as a white solid (28 mg, 41%, 3
steps). '"H NMR (500 MHz, CD3OD, rotamers) & 7.27 (dt, J = 20.5, 7.5 Hz, 4H), 7.20
(dd, J=15.7, 7.2 Hz, 2H), 7.16 — 7.06 (m, 4H), 7.08 — 7.00 (m, 3H), 6.97 (t, J = 6.0 Hz,
1H), 6.91 (t, J = 6.9 Hz, 1H), 6.84 (t, J = 5.6 Hz, 1H), 6.38 (s, 4H), 4.55 (d, J = 17.0 Hz,
1H), 4.53 (m, 1H), 4.41 (d, J = 17.4 Hz, 1H), 4.36 — 4.30 (m, 1H), 4.03 (d, J = 16.3 Hz,
1H), 3.98 — 3.94 (m, 2H), 3.93 — 3.83 (m, 1H), 3.73 (d, J = 15.9 Hz, 1H), 3.60 (d, J =
16.2 Hz, 1H), 3.52 — 3.43 (m, 1H), 3.24 — 3.14 (m, 5H), 3.10 — 3.03 (m, 2H), 2.86 — 2.71
(m, 2H), 2.57 — 2.51 (m, 2H), 2.17 (s, 6H), 2.14 (s, 6H), 2.04 — 1.99 (m, 1H). HPLC
retention time: 36.8 min. HRMS calculated for [C27H30N202 + H]*: 415.2380, found:

415.2381.
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Scheme 13. Synthesis of 7a-7f and 7h

2c 5
6a, R = p-Me
; N-BOC 6b, R = p-NO,
. 6c, R = m-Me
R 6d, R = m-NO,
6f, R = 0-NO,
7a, R = p-Me
O 7b, R = p-NO,
i, iv, v, Vi N 7¢, R = p-NH;
- 7d, R = m-Me
OR NH oy 7&R=m-NO,
i, iv, Vi R 7f, R = m-NH,
7h, R = 0-NO,
Tert-butyl 7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-

dihydroisoquinoline-2(1H)-carboxylate (5). Intermediate 2¢ (945 mg, 3.03 mmol, 1.0
eq), bis(pinacolato)diboron (1.54 g, 6.06 mmol, 2.0 eq), Pd(dppf)Cl2 (222 mg, 0.303
mmol, 0.1 eq), and potassium acetate (892 mg, 9.09 mmol, 3.0 eq) were combined in
DMSO (20 mL), and the system was flushed with argon. The reaction was heated to 90
°C overnight. The reaction mixture was concentrated under vacuum to remove most
DMSO. The remaining mixture was diluted with water and extracted with three portions
of DCM. The combined organic layers were washed with water and brine, dried over
MgSOs, filtered, and concentrated under vacuum. The product was purified via silica gel
chromatography in ethyl acetate/hexanes to yield a pale yellow oil (1.05 g, 96%). 'H

NMR (500 MHz, CDCl3) & 7.59 (d, J = 5.7 Hz, 1H), 7.14 (d, J = 5.5 Hz, 1H), 4.58 (s, 2H),

3.63 (br s, 2H), 2.84 (br s, 2H), 1.48 (s, 9H), 1.34 (s, 12H).
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Tert-butyl 7-(4-methylbenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(6a). 6a was synthesized following General Procedure D from 4-methylbenzyl bromide
(51 mg, 0.27 mmol, 1.0 eq), 5 (148 mg, 0.41 mmol, 1.5 eq), Pd(dppf)Cl2 (20 mg, 0.03
mmol, 0.1 eq), and K2COs (114 mg, 0.82 mmol, 3.0 eq) to yield the product (18 mg,
19%).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(4-methylbenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (7a). Following General Procedure C, 6a
(33 mg, 0.098 mmol) was deprotected to yield the amine intermediate as a white solid.
This intermediate was coupled to diBoc-DMT (20 mg, 0.049 mmol, 1.05 eq) in the
presence of PyBOP (24 mg, 0.047 mmol, 1.0 eq), 6CI-HOBt (8 mg, 0.047 mmol, 1.0
eq), and DIEA (66 uL, 0.47 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a colorless oil. TFA deprotection yielded the product as a white, fluffy solid
(15 mg, 30%, 3 steps). '"H NMR (500 MHz, CD3OD, rotamers) d 7.08 — 7.02 (m, 8H),
6.97 (d, J = 8.0 Hz, 1H), 6.92 (p, J = 7.9 Hz, 4H), 6.48 (s, 1H), 6.40 (s, 2H), 6.32 (s, 2H),
4.60 (d, J = 16.9 Hz, 1H), 4.58 — 4.51 (m, 2H), 4.48 (d, J = 16.8 Hz, 1H), 4.16 (d, J =
15.7 Hz, 1H), 3.85 (s, 2H), 3.84 (s, 2H), 3.74 (dt, J = 12.0, 5.7 Hz, 1H), 3.65 — 3.55 (m,
1H), 3.36 (d, J = 15.7 Hz, 1H), 3.26 — 3.18 (m, 3H), 3.09 (dd, J = 4.2, 1.5 Hz, 1H), 3.06
(dd, J =4.3, 1.5 Hz, 1H), 2.70 (q, J = 7.2, 6.6 Hz, 2H), 2.66 — 2.60 (m, 1H), 2.55 — 2.47
(m, 1H), 2.28 (s, 3H), 2.27 (s, 3H), 2.24 (s, 6H), 2.19 (s, 6H), 1.98 (dt, J = 16.1, 6.0 Hz,
1H). HPLC retention time: 41.5 min. MS calculated for [C2sH32N202 + H]*: 429.2, found:

429.3.
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Tert-butyl 7-(4-nitrobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (6b).
6b was synthesized following General Procedure D from 4-nitrobenzyl bromide (59 mg,
0.27 mmol, 1.0 eq), 5 (146 mg, 0.41 mmol, 1.5 eq), Pd(dppf)Cl2 (20 mg, 0.03 mmol, 0.1
eq), and K2COs (112 mg, 0.81 mmol, 3.0 eq). Additional purification was performed by
silica gel chromatography in DCM to yield the product as a yellow oil (15 mg, 15%). 'H
NMR (400 MHz, CDCls) 6 8.15 (d, J = 8.7 Hz, 2H), 7.34 (d, J = 8.7 Hz, 2H), 7.10 (d, J =
7.8 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.93 (s, 1H), 4.54 (s, 2H), 4.03 (s, 2H), 3.64 (t, J =
5.9 Hz, 2H), 2.82 (t, J = 5.9 Hz, 2H), 1.50 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(4-nitrobenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (7b). Following General Procedure C, 6b
(20 mg, 0.054 mmol) was deprotected to yield the amine intermediate as a yellow solid.
This intermediate was coupled to diBoc-DMT (24 mg, 0.059 mmol, 1.05 eq) in the
presence of PyBOP (29 mg, 0.056 mmol, 1.0 eq), 6CI-HOBt (10 mg, 0.056 mmol, 1.0
eq), and DIEA (79 uL, 0.56 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a yellow oil. TFA deprotection yielded the product as a white, fluffy solid (15
mg, 65%, 3 steps). '"H NMR (500 MHz, CD3OD, rotamers) & 8.17 (t, J = 2.0 Hz, 1H),
8.15 (d, J = 2.6 Hz, 2H), 8.14 (t, J = 2.0 Hz, 1H), 7.43 (d, J = 2.3 Hz, 2H), 742 (d, J =
2.3 Hz, 2H), 7.05 - 6.99 (m, 3H), 6.99 — 6.94 (m, 2H), 6.50 (s, 2H), 6.40 (s, 2H), 6.30 (s,
2H), 4.63 (d, J = 17.0 Hz, 1H), 4.54 (ddd, J = 11.3, 10.7, 4.1 Hz, 2H), 4.54 (d, J = 17.6
Hz, 1H), 4.18 (d, J = 15.7 Hz, 1H), 4.05 (s, 2H), 4.03 (s, 2H), 3.83 (dt, J = 12.9, 5.6 Hz,
1H), 3.58 — 3.52 (m, 1H), 3.41 (d, J = 15.7 Hz, 1H), 3.26 — 3.19 (m, 3H), 3.09 (t, J=4.0

Hz, 1H), 3.06 (t, J = 4.1 Hz, 1H), 2.72 (t, J = 5.9 Hz, 2H), 2.68 — 2.62 (m, 1H), 2.53 (dt, J
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= 16.1, 5.9 Hz, 1H), 2.24 (s, 6H), 2.20 (s, 6H), 1.99 (dt, J = 16.1, 5.9 Hz, 1H). HPLC
retention time: 37.3 min. MS calculated for [C27rH20N304 + H]*: 460.2, found: 460.3.

7c

(S)-2-amino-1-(7-(4-aminobenzyl)-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-

hydroxy-2,6-dimethylphenyl)propan-1-one (7c). Following General Procedure E, 6b
(20 mg, 0.054 mmol) was deprotected to yield the amine intermediate as a yellow solid.
This intermediate was coupled to diBoc-DMT (24 mg, 0.059 mmol, 1.05 eq) in the
presence of PyBOP (29 mg, 0.056 mmol, 1.0 eq), 6CI-HOBt (10 mg, 0.056 mmol, 1.0
eq), and DIEA (79 uL, 0.56 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a yellow oil. Half of the nitro intermediate was reduced in the presence of
NH4Cl (39 mg, 0.73 mmol, 40 eq), Zn (24 mg, 0.36 mmol, 20 eq), and water (72 L, 4.0
mmol, 220 eq) to yield the aniline as a yellow oil. TFA deprotection yielded the product
as a white, fluffy solid (10 mg, 65%, 4 steps). '"H NMR (500 MHz, CD30D, rotamers) &
7.36 (d, J = 2.8 Hz, 2H), 7.34 (d, J = 2.9 Hz, 2H), 7.31 — 7.27 (m, 4H), 7.01 — 6.96 (m,
3H), 6.95 — 6.90 (m, 2H), 6.52 (s, 1H), 6.39 (s, 2H), 6.29 (s, 2H), 4.61 (d, J = 17.0 Hz,
1H), 4.58 — 4.52 (m, 2H), 4.50 (d, J = 16.7 Hz, 1H), 4.19 (d, J = 15.7 Hz, 1H), 3.97 (s,
2H), 3.95 (s, 2H), 3.87 — 3.80 (m, 1H), 3.58 — 3.50 (m, 1H), 3.42 (d, J = 15.9 Hz, 1H),
3.26 — 3.19 (m, 3H), 3.11 — 3.09 (m, 1H), 3.08 — 3.06 (m, 1H), 2.73 — 2.68 (m, 2H), 2.67
—2.61 (m, 1H), 2.55 -2.48 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 1.98 (dt, J = 16.4, 6.4 Hz,
1H). HPLC retention time: 21.4 min. MS calculated for [C27H31N30O2 + H]*: 430.2, found:

430.3.
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Tert-butyl 7-(3-methylbenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(6¢). 6¢c was synthesized following General Procedure D from 3-methylbenzyl bromide
(38 pL, 0.28 mmol, 1.0 eq), 5 (152 mg, 0.42 mmol, 1.5 eq), Pd(dppf)Cl2 (20 mg, 0.03
mmol, 0.1 eq), and K2COs (117 mg, 0.85 mmol, 3.0 eq) to yield the product as a
colorless oil (20 mg, 21%).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(3-methylbenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (7d). Following General Procedure C, 6¢
(39 mg, 0.12 mmol) was deprotected to yield the amine intermediate as an oily, white
solid. This intermediate was coupled to diBoc-DMT (50 mg, 0.12 mmol, 1.05 eq) in the
presence of PyBOP (61 mg, 0.12 mmol, 1.0 eq), 6CI-HOBt (20 mg, 0.12 mmol, 1.0 eq),
and DIEA (164 uL, 1.17 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a colorless oil. TFA deprotection yielded the product as a white, fluffy solid
(26 mg, 47%, 3 steps). '"H NMR (500 MHz, CD30OD, rotamers) & 7.13 (td, J = 7.9, 2.8
Hz, 2H), 7.00 — 6.97 (m, 5H), 6.95 (d, J = 5.8 Hz, 5H), 6.91 (d, J = 7.8 Hz, 1H), 6.49 (s,
1H), 6.40 (s, 2H), 6.32 (s, 2H), 4.62 (d, J = 16.8 Hz, 1H), 4.55 (dd, J = 11.8, 4.3 Hz, 1H),
4.51 (dd, J=11.5,4.3 Hz, 1H), 4.50 (d, J = 17.3 Hz, 1H), 4.17 (d, J = 15.7 Hz, 1H), 3.86
(s, 2H), 3.85 (s, 2H), 3.75 (dt, J = 12.1, 5.7 Hz, 1H), 3.65 — 3.58 (m, 1H), 3.37 (d, J =
18.0 Hz, 1H), 3.25 — 3.18 (m, 3H), 3.08 (d, J = 4.2 Hz, 1H), 3.06 (d, J = 4.1 Hz, 1H),
2.71(q, J=7.0,6.4 Hz, 2H), 2.67 — 2.61 (m, 1H), 2.55 - 2.49 (m, 1H), 2.29 (s, 3H), 2.28
(s, 3H), 2.24 (s, 6H), 2.19 (s, 6H), 2.02 — 1.96 (m, 1H). HPLC retention time: 41.4 min.

MS calculated for [C2sH32N202 + H]*: 429.2, found: 429.3.
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Tert-butyl 7-(3-nitrobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (6d).
6d was synthesized following General Procedure D from 3-nitrobenzyl bromide (57 mg,
0.26 mmol, 1.0 eq), 5 (141 mg, 0.39 mmol, 1.5 eq), Pd(dppf)Cl2 (19 mg, 0.03 mmol, 0.1
eq), and K2COs3 (109 mg, 0.79 mmol, 3.0 eq) to yield the product as a yellow oil (34 mg,
35%). '"H NMR (400 MHz, CDCls) & 8.05 (s, 2H), 7.52 (d, J = 7.7 Hz, 1H), 7.45 (t, J =
7.7 Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H), 6.98 (d, J = 7.9 Hz, 1H), 6.92 (s, 1H), 4.53 (s, 2H),
4.03 (s, 2H), 3.63 (t, J = 5.2 Hz, 2H), 2.80 (t, J = 6.2 Hz, 2H), 1.48 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(3-methylbenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (7e). Following General Procedure C, 6d
(37 mg, 0.10 mmol) was deprotected to yield the amine intermediate as a yellow solid.
This intermediate was coupled to diBoc-DMT (44 mg, 0.11 mmol, 1.05 eq) in the
presence of PyBOP (53 mg, 0.10 mmol, 1.0 eq), 6CI-HOBt (17 mg, 0.10 mmol, 1.0 eq),
and DIEA (143 pL, 1.02 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a yellow oil. TFA deprotection yielded the product as a white, fluffy solid (24
mg, 57%, 3 steps). '"H NMR (500 MHz, CD30D, rotamers) & 8.09 — 8.06 (m, 1H), 8.05
(d, J=2.0 Hz, 1H), 8.03 (t, J = 2.0 Hz, 1H), 7.63 (d, J = 3.5 Hz, 1H), 7.61 (d, J = 3.8 Hz,
1H), 7.53 (dd, J = 15.8, 5.1 Hz, 1H), 7.53 (d, J = 5.1 Hz, 1H), 7.06 — 6.95 (m, 6H), 6.50
(s, 1H), 6.40 (s, 2H), 6.29 (s, 2H), 4.63 (d, J = 17.0 Hz, 1H), 4.59 — 4.49 (m, 2H), 4.53
(d, J =17.1 Hz, 2H), 4.19 (d, J = 15.8 Hz, 1H), 4.06 (s, 2H), 4.05 — 4.04 (m, 2H), 3.83
(dt, J=11.9, 5.7 Hz, 1H), 3.59 — 3.52 (m, 1H), 3.42 (d, J = 15.8 Hz, 1H), 3.26 — 3.18 (m,
3H), 3.09 (t, J = 4.5 Hz, 1H), 3.06 (t, J = 4.5 Hz, 1H), 2.76 — 2.71 (m, 2H), 2.71 — 2.65

(m, 2H), 2.53 (dt, J = 16.0, 6.3 Hz, 1H), 2.23 (s, 6H), 2.20 (s, 6H), 1.98 (dt, J = 16.2, 5.9
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Hz, 1H). HPLC retention time: 37.3 min. MS calculated for [C27H290N304 + H]": 460.2,
found: 460.3.

7f

(S)-2-amino-1-(7-(3-aminobenzyl)-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-

hydroxy-2,6-dimethylphenyl)propan-1-one (7f). Following General Procedure E, 6d
(37 mg, 0.10 mmol) was deprotected to yield the amine intermediate as a yellow solid.
This intermediate was coupled to diBoc-DMT (44 mg, 0.11 mmol, 1.05 eq) in the
presence of PyBOP (53 mg, 0.10 mmol, 1.0 eq), 6CI-HOBt (17 mg, 0.10 mmol, 1.0 eq),
and DIEA (143 pL, 1.02 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a yellow oil. Half of the nitro intermediate was reduced in the presence of
NH4Cl (62 mg, 1.1 mmol, 40 eq), Zn (38 mg, 0.58 mmol, 20 eq), and water (114 pL,
6.34 mmol, 220 eq) to yield the aniline as an orange oil. TFA deprotection yielded the
product as a white, fluffy solid (17 mg, 57%, 4 steps). '"H NMR (500 MHz, CD3OD,
rotamers) 8 7.46 — 7.41 (m, 2H), 7.32 (s, 1H), 7.31 (s, 1H), 7.22 — 7.20 (m, 1H), 7.19 (s,
2H), 7.17 (t, J = 1.8 Hz, 1H), 7.03 — 6.97 (m, 3H), 6.95 (d, J = 7.9 Hz, 1H), 6.94 (dd, J =
8.0, 1.5 Hz, 1H), 6.52 (s, 1H), 6.40 (s, 2H), 6.29 (s, 2H), 4.62 (d, J = 17.1 Hz, 1H), 4.56
(td, J = 11.4, 4.3 Hz, 2H), 4.49 (d, J = 17.1 Hz, 1H), 4.19 (d, J = 15.8 Hz, 1H), 3.99 (s,
2H), 3.97 (s, 2H), 3.82 (dt, J = 12.0, 5.6 Hz, 1H), 3.57 — 3.50 (m, 1H), 3.41 (d, J = 15.7
Hz, 1H), 3.26 — 3.19 (m, 3H), 3.10 (t, J = 3.9 Hz, 1H), 3.07 (t, J = 3.9 Hz, 1H), 2.73 —
2.69 (m, 2H), 2.66 — 2.60 (m, 1H), 2.56 — 2.48 (m, 1H), 2.24 (s, 6H), 2.20 (s, 6H), 1.98
(dt, J=16.3, 5.8 Hz, 1H). HPLC retention time: 21.8 min. MS calculated for [C27H31N302

+ H]*: 430.2, found: 430.3.
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Tert-butyl 7-(2-nitrobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (6f).
6f was synthesized following General Procedure D from 2-nitrobenzyl bromide (43 mg,
0.20 mmol, 1.0 eq), 5 (108 mg, 0.30 mmol, 1.5 eq), Pd(dppf)Cl2 (15 mg, 0.02 mmaol, 0.1
eq), and K2COs (83 mg, 0.60 mmol, 3.0 eq). Additional purification was performed by
silica gel chromatography in DCM to yield the product (8 mg, 11%). "H NMR (500 MHz,
CDCl3) 6 7.94 (d, J=8.1 Hz, 1H), 7.53 (t, J= 7.5 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.31
—7.28 (m, 1H), 7.06 (d, J = 7.8 Hz, 1H), 6.95 (d, J = 7.8 Hz, 1H), 6.89 (s, 1H), 4.51 (s,
2H), 4.19 (d, J = 73.3 Hz, 4H), 3.63 (t, J = 5.7 Hz, 2H), 2.79 (t, J = 5.5 Hz, 2H), 1.48 (s,
9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-nitrobenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (7h). Following General Procedure C, 6f
(10 mg, 0.03 mmol) was deprotected to yield the amine intermediate as an off-white
solid. This intermediate was coupled to diBoc-DMT (11 mg, 0.027 mmol, 1.05 eq) in the
presence of PyBOP (14 mg, 0.026 mmol, 1.0 eq), 6CI-HOBt (4 mg, 0.026 mmol, 1.0
eq), and DIEA (36 uL, 0.26 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a yellow oil. TFA deprotection yielded the product as a white, fluffy solid (11
mg, 53%, 3 steps). '"H NMR (500 MHz, CDsOD, rotamers) & 7.90 (dd, J = 3.1, 1.3 Hz,
1H), 7.89 (dd, J = 3.2, 1.3 Hz, 1H), 7.64 — 7.58 (m, 2H), 7.45 (id, J = 7.9, 1.5 Hz, 2H),
7.42 (td, J=7.9, 1.4 Hz, 2H), 6.96 (d, J = 7.9 Hz, 1H), 6.91 (s, 2H), 6.90 — 6.86 (m, 2H),
6.44 (s, 1H), 6.40 (s, 2H), 6.29 (s, 2H), 4.59 (d, J = 17.1 Hz, 1H), 4.58 — 4.48 (m, 2H),
4.49 (d, J = 16.8 Hz, 2H), 4.24 (s, 2H), 4.22 (d, J = 2.4 Hz, 2H), 4.16 (d, J = 15.8 Hz,

1H), 3.82 (dt, J = 11.9, 5.6 Hz, 1H), 3.59 — 3.51 (m, 1H), 3.40 (d, J = 15.8 Hz, 1H), 3.24
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— 3.18 (m, 3H), 3.08 (t, J = 3.9 Hz, 1H), 3.06 (t, J = 3.9 Hz, 1H), 2.73 — 2.68 (m, 2H),
2.68 — 2.64 (m, 1H), 2.54 — 2.48 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 1.99 — 1.93 (m, 1H).
HPLC retention time: 36.6 min. MS calculated for [C27H290N304 + H]*: 460.2, found:
460.3.

Scheme 14. Synthesis of 7g and 7i
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Tert-butyl 7-(hydroxymethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (9).
To a solution of 8 in dry THF (15 mL), a 2.0 M solution of borane dimethyl sulfide in THF
(2.7 mL, 541 mmol, 3.0 eq) was added dropwise over 15 minutes under inert
atmosphere. The reaction mixture stirred at room temperature overnight. The reaction
was quenched by the addition of methanol (20 mL). Solvent was removed under
vacuum. The crude product was dissolved in ethyl acetate and washed with saturated
aqueous NaHCOs and brine. The combined aqueous layers were extracted with ethyl
acetate. The combined organic layers were dried over MgSOs4, filtered, and
concentrated under vacuum to yield the product as a colorless oil (475 mg, 100%). 'H
NMR (500 MHz, CDCls) 6 7.16 (d, J = 7.9 Hz, 1H), 7.13 (d, J = 5.8 Hz, 1H), 7.12 (s, 1H),

4.65 (s, 2H), 4.57 (s, 2H), 3.63 (t, J = 5.9 Hz, 2H)), 2.82 (t, J = 5.8 Hz, 2H), 1.49 (s, 9H).
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Tert-butyl 7-(bromomethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (10).
To a solution of 9 (950 mg, 3.61 mmol, 1.0 eq) in DCM (40 mL), CBrs (1.32 g, 3.97
mmol, 1.1 eq) and a solution of PPhs (1.14 g, 4.33 mmol, 1.2 eq) in DCM (5 mL) were
added. The reaction stirred at room temperature for 2 hours. The product was purified
via silica gel chromatography in ethyl acetate/hexanes to yield a white solid (1.08 g,
92%). '"H NMR (500 MHz, CDClI3) & 7.19 (d, J = 8.3 Hz, 1H), 7.14 (s, 1H), 7.11 (d, J =
7.8 Hz, 1H), 4.56 (s, 2H), 4.47 (s, 2H), 3.64 (i, J = 6.0 Hz, 2H), 2.82 (i, J = 5.9 Hz, 2H),
1.49 (s, 9H).
7d

Tert-butyl 7-(2-methylbenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(6e). Intermediate 10 (34 mg, 0.10 mmol, 1.0 eq), 2-methylphenylboronic acid (21 mg,
0.16 mmol, 1.5 eq), Pd(dppf)Cl2 (7 mg, 0.01 mmol, 0.1 eq), and K2CO3s (43 mg, 0.31
mmol, 3.0 eq) were combined. The system was flushed with argon. A degassed mixture
of 3:1 acetone:water (15 mL) was added, and the reaction was heated to reflux
overnight. The product was purified via silica gel chromatography in ethyl
acetate/hexanes to yield a colorless oil (30 mg, 86%). '"H NMR (500 MHz, CDCIz) 5 7.19
—7.14 (m, 3H), 7.12 - 7.08 (m, 1H), 7.04 (d, J = 7.8 Hz, 1H), 6.94 (d, J = 7.9 Hz, 1H),
6.87 (s, 1H), 4.51 (s, 2H), 3.95 (s, 2H), 3.64 (br, 2H), 2.80 (t, J = 6.0 Hz, 2H), 2.26 (s,
3H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-methylbenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (7g). Following General Procedure C, 6e
(30 mg, 0.089 mmol) was deprotected to yield the amine intermediate as an off-white

solid. This intermediate was coupled to diBoc-DMT (38 mg, 0.092 mmol, 1.05 eq) in the
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presence of PyBOP (46 mg, 0.088 mmol, 1.0 eq) and DIEA (123 pL, 0.880 mmol, 10
eq) to yield the product as a red oil. No 6CI-HOBt was used. TFA deprotection yielded
the product as a white, fluffy solid (24 mg, 50%, 3 steps). '"H NMR (500 MHz, CDsOD,
rotamers) 8 7.13 — 7.09 (m, 7H), 7.08 (d, J = 3.9 Hz, 1H), 6.94 (d, J = 7.8 Hz, 1H), 6.90
(s, 2H), 6.87 — 6.84 (m, 2H), 6.42 (s, 1H), 6.40 (s, 2H), 6.31 (s, 2H), 4.58 (d, J = 16.8
Hz, 1H), 4.56 — 4.50 (m, 2H), 4.47 (d, J = 16.9 Hz, 1H), 4.15 (d, J = 15.7 Hz, 1H), 3.93
(s, 2H), 3.91 (s, 2H), 3.78 (dt, J = 12.7, 5.6 Hz, 1H), 3.60 — 3.53 (m, 1H), 3.36 (d, J =
15.8 Hz, 1H), 3.24 — 3.18 (m, 3H), 3.09 (t, J = 4.4 Hz, 1H), 3.06 (t, J = 4.5 Hz, 1H), 2.70
(g, J =7.3, 6.4 Hz, 2H), 2.67 — 2.62 (m, 1H), 2.51 (dt, J = 16.1, 6.1 Hz, 1H), 2.23 (s,
6H), 2.19 (s, 3H), 2.19 (s, 6H), 2.18 (s, 3H), 2.00 — 1.93 (m, 2H). HPLC retention time:
40.4 min. HRMS calculated for [C28H32N202 + H]*: 429.2537, found: 429.2594.
7i

Tert-butyl 7-(2-aminobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(6g). 6g was synthesized following General Procedure F from 10 (79 mg, 0.24 mmol,
1.0 eq), 2-aminophenylboronic acid (50 mg, 0.36 mmol, 1.5 eq), Pd(dppf)Cl2 (18 mg,
0.02 mmol, 0.1 eq), and K2COs (100 mg, 0.73 mmol, 3.0 eq) to yield the product as an
orange oil (21 mg, 26%). "H NMR (400 MHz, CDClI3) 5 7.20 — 7.15 (m, 3H), 7.12 (s, 2H),
6.72 (t, J = 7.3 Hz, 1H), 6.65 — 6.63 (m, 1H), 6.63 — 6.61 (m, 1H), 4.56 (s, 2H), 4.28 (s,
2H), 3.64 (br, 2H), 2.82 (t, J = 4.8 Hz, 2H), 1.48 (s, 9H).

(S)-2-amino-1-(7-(2-aminobenzyl)-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-
hydroxy-2,6-dimethylphenyl)propan-1-one (7i). Following General Procedure C, 6g
(21 mg, 0.062 mmol) was deprotected to yield the amine intermediate as a reddish

solid. This intermediate was coupled to diBoc-DMT (27 mg, 0.065 mmol, 1.05 eq) in the
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presence of PyBOP (32 mg, 0.062 mmol, 1.0 eq) and DIEA (87 uL, 0.620 mmol, 10 eq)
to yield the product as a reddish brown oil. No 6CI-HOBt was used. TFA deprotection
yielded the product as a white, fluffy solid (17 mg, 50%, 3 steps). '"H NMR (500 MHz,
CDs3OD, rotamers) 8 7.47 — 7.43 (m, 3H), 7.39 — 7.33 (m, 2H), 7.28 — 7.24 (m, 3H), 7.18
—7.12 (m, 3H), 7.09 (d, J = 7.9 Hz, 1H), 7.04 (d, J = 7.8 Hz, 1H), 6.65 (s, 1H), 6.40 (s,
2H), 6.25 (s, 2H), 4.63 (d, J = 17.0 Hz, 1H), 4.61 — 4.53 (m, 2H), 4.55 (d, J = 17.0 Hz,
1H), 4.50 (s, 2H), 4.45 (s, 2H), 4.20 (d, J = 15.8 Hz, 1H), 3.93 (dt, J = 12.9, 5.5 Hz, 1H),
3.50 (dt, J = 13.1, 6.6 Hz, 1H), 3.45 (d, J = 15.9 Hz, 1H), 3.27 — 3.18 (m, 3H), 3.13 —
3.05 (m, 2H), 2.77 (t, J = 6.1 Hz, 2H), 2.73 — 2.68 (m, 1H), 2.55 (dt, J = 16.4, 5.3 Hz,
1H), 2.23 (s, 6H), 2.20 (s, 6H), 2.00 — 1.89 (m, 1H). HPLC retention time: 23.8 min.
HRMS calculated for [C27H31N3O2 + H]*: 430.2489, found: 430.2492.

6.1.3 Procedures and Characterization for Compounds Contained in Chapter 3

Scheme 15. Synthesis of 12a-12z
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Tert-butyl 7-(2-methoxybenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11a). 11a was synthesized following General Procedure F from 10 (60 mg, 0.18 mmol,
1.0 eq), (2-methoxyphenyl)boronic acid (42 mg, 0.28 mmol, 1.5 eq), Pd(dppf)Cl2 (13 mg,
0.02 mmol, 0.1 eq), and K2COs (76 mg, 0.55 mmol, 3.0 eq) to yield the product as a
colorless oil (37 mg, 57%). '"H NMR (500 MHz, CDClz) 6 7.21 (t, J = 7.6 Hz, 1H), 7.07
(d, J=7.2 Hz, 1H), 7.03 (s, 2H), 6.95 (s, 1H), 6.88 (t, J = 8.2 Hz, 2H), 4.52 (s, 2H), 3.93
(s, 2H), 3.83 (s, 3H), 3.63 (s, 2H), 2.79 (t, J = 5.8 Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-methoxybenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12a). Following General Procedure C,
11a (37 mg, 0.10 mmol) was deprotected to yield the amine intermediate as a colorless
oil. This intermediate was coupled to diBoc-DMT (45 mg, 0.10 mmol, 1.05 eq) in the
presence of PyBOP (54 mg, 0.10 mmol, 1.0 eq), and DIEA (142 pL, 1.04 mmol, 10 eq)
to yield the product as a brown oil. No 6CI-HOBt was used. TFA deprotection yielded
the product as a white, fluffy solid. "H NMR (500 MHz, CD3OD, rotamers) d 7.17 (t, J =
7.9 Hz, 2H), 7.05 (t, J = 7.4 Hz, 2H), 6.97 (d, J = 7.7 Hz, 1H), 6.94 — 6.90 (m, 4H), 6.89
—6.82 (m, 4H), 6.50 (d, J = 3.9 Hz, 1H), 6.39 (s, 2H), 6.33 (s, 2H), 4.59 — 4.45 (m, 4H),
415 (d, J = 15.7 Hz, 1H), 3.86 (d, J = 3.7 Hz, 2H), 3.85 (d, J = 2.8 Hz, 2H), 3.78 (d, J =
1.6 Hz, 3H), 3.78 (d, J = 1.2 Hz, 3H), 3.71 — 3.65 (m, 1H), 3.65 — 3.58 (m, 1H), 3.33 (d,
J = 15.7 Hz, 1H), 3.25 — 3.17 (m, 2H), 3.09 (d, J = 11.4 Hz, 1H), 2.72 — 2.65 (m, 1H),
2.65 —2.58 (m, 1H), 2.55 — 2.45 (m, 1H), 2.24 (s, 6H), 2.18 (s, 6H), 1.98 — 1.87 (m, 1H).
HPLC retention time: 39.1 min. HRMS calculated for [C2sH32N203 + HJ]*: 445.2486,

found: 445.2494.
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12b

Tert-butyl 7-(2-hydroxybenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11b). 11b was synthesized following General Procedure F from 10 (60 mg, 0.18 mmol,
1.0 eq), (2-hydroxyphenyl)boronic acid (38 mg, 0.28 mmol, 1.5 eq), Pd(dppf)Cl2 (13 mg,
0.02 mmol, 0.1 eq), and K2COs (76 mg, 0.55 mmol, 3.0 eq) to yield the product as a
yellow oil (33 mg, 53%). '"H NMR (500 MHz, CDCl3) 5 7.16 — 7.10 (m, 2H), 7.08 — 7.01
(m, 2H), 6.96 (s, 1H), 6.89 (t, J = 7.5 Hz, 1H), 6.79 (d, J = 7.9 Hz, 1H), 4.51 (s, 2H), 3.95
(s, 2H), 3.62 (s, 2H), 2.78 (t, J = 5.9 Hz, 2H), 1.48 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-hydroxybenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12b). Following General Procedure C,
11b (33 mg, 0.10 mmol) was deprotected to yield the amine intermediate as an off-white
solid. This intermediate was coupled to diBoc-DMT (42 mg, 0.10 mmol, 1.05 eq) in the
presence of PyBOP (50 mg, 0.10 mmol, 1.0 eq), and DIEA (132 pL, 0.97 mmol, 10 eq)
to yield the product as a brown oil. No 6CI-HOBt was used. TFA deprotection yielded
the product as a white, fluffy solid. '"H NMR (500 MHz, CD30D, rotamers) & 7.01 (ddt, J
=10.9, 5.1, 1.8 Hz, 4H), 6.97 (d, J = 7.6 Hz, 3H), 6.92 (d, J = 7.9 Hz, 1H), 6.88 (d, J =
7.9 Hz, 1H), 6.78 — 6.70 (m, 4H), 6.55 (s, 1H), 6.40 (s, 2H), 6.33 (s, 2H), 4.61 (d, J =
16.9 Hz, 1H), 4.58 — 4.49 (m, 2H), 4.47 (d, J = 16.5 Hz, 1H), 4.16 (d, J = 15.6 Hz, 1H),
3.87 (s, 2H), 3.86 (s, 2H), 3.75 — 3.68 (m, 1H), 3.66 — 3.59 (m, 1H), 3.34 (d, J = 15.8 Hz,
1H), 3.26 — 3.17 (m, 3H), 3.10 — 3.05 (m, 2H), 2.72 — 2.65 (m, 2H), 2.65 — 2.59 (m, 2H),
255 - 245 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 2.03 — 1.95 (m, 2H). HPLC retention

time: 32.8 min. HRMS calculated for [C27H30N203 + H]*: 431.2329, found: 431.2337.
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Tert-Butyl 7-(2-(trifluoromethyl)benzyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11c). 11c was synthesized following General Procedure D2 from 5 (100
mg, 0.278 mmol, 1.0 eq), 1-(bromomethyl)-2-(trifluoromethyl)benzene (133 mg, 0.556
mmol, 2.0 eq), Pd(dppf)Cl2 (20 mg, 0.028 mmol, 0.1 eq), and K2COs (115 mg, 0.834
mmol, 3.0 eq) to yield a colorless oil (27 mg 25%). 'H NMR (400 MHz, CDCI3) & 7.67 (d,
J=79Hz 1H), 743 (t, J=7.5Hz, 1H), 7.31 (t, J = 7.7 Hz, 1H), 7.18 (d, J = 7.9 Hz,
1H), 7.06 (d, J = 7.8 Hz, 1H), 6.95 (d, J = 7.0 Hz, 1H), 6.89 (s, 1H), 4.52 (s, 2H), 4.14 (s,
2H), 3.63 (t, J = 5.4 Hz, 2H), 2.80 (t, J = 5.9 Hz, 2H), 1.48 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-
(trifluoromethyl)benzyl)-3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12c).
Following General Procedure B, 11¢c (27 mg, 0.069 mmol, 1.0 eq) was deprotected to
yield the amine intermediate as a white solid. This intermediate was coupled to diBoc-
DMT (30 mg, 0.074 mmol, 1.05 eq) in the presence of PyBOP (36 mg, 0.070 mmol, 1.0
eq) and DIEA (98 uL, 0.700 mmol, 10 eq) to yield the product as a brown oil. No 6ClI-
HOBt was used. TFA deprotection yielded the product as an off-white solid (24 mg,
57%, 3 steps). '"H NMR (500 MHz, CDsOD, rotamers) 6 7.70 — 7.66 (m, 2H), 7.54 — 7.48
(m, 2H), 7.40 — 7.35 (m, 2H), 7.28 — 7.22 (m, 2H), 6.98 (d, J = 7.8 Hz, 1H), 6.95 — 6.91
(m, 2H), 6.89 (s, 1H), 6.86 (d, 1H), 6.47 (s, 1H), 6.41 (s, 2H), 6.31 (s, 2H), 4.61 (d, J =
17.0 Hz, 1H), 4.58 — 4.51 (m, 2H), 4.49 (d, J = 17.0 Hz, 1H), 4.18 (d, J = 15.8 Hz, 1H),
412 (s, 2H), 4.11 (s, 2H), 3.86 — 3.80 (m, 1H), 3.59 — 3.52 (m, 1H), 3.39 (d, J = 15.8 Hz,
1H), 3.26 — 3.18 (m, 3H), 3.11 — 3.06 (m, 2H), 2.76 — 2.69 (m, 2H), 2.68 — 2.63 (m, 1H),

2.56 — 2.49 (m, 1H), 2.24 (s, 6H), 2.20 (s, 6H), 2.01 — 1.92 (m, 1H). 1°F NMR (470 MHz,
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CDsOD, rotamers) & -60.76, -77.10. HPLC retention time: 42.2 min. HRMS calculated
for [C2sH29F3N202 + H]*: 483.2254, found: 483.2262.
12d

Tert-Butyl 7-(2-cyanobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11d). 11d was synthesized following General Procedure D2 from 5 (75 mg, 0.209
mmol, 1.0 eq), 3-(bromomethyl)phenol (78 mg, 0.418 mmol, 2.0 eq), Pd(dppf)Cl2 (15
mg, 0.021 mmol, 0.1 eq), and K2CO3 (87 mg, 0.627 mmol, 3.0 eq) to yield the product
as a colorless oil (26 mg, 37%). '"H NMR (500 MHz, CDCI3) & 7.15 (t, J = 7.8 Hz, 1H),
7.04 (d, J=7.8 Hz, 1H), 6.99 (d, J = 7.3 Hz, 1H), 6.92 (s, 1H), 6.79 — 6.74 (m, 1H), 6.69
(d, J=8.1 Hz, 1H), 6.65 (s, 1H), 4.52 (s, 2H), 3.87 (s, 2H), 3.62 (t, J = 5.9 Hz, 2H), 2.78
(t, J=5.9 Hz, 2H), 1.49 (s, 9H).

(S)-2-((2-(2-amino-3-(4-hydroxy-2,6-dimethylphenyl)propanoyl)-1,2,3,4-
tetrahydroisoquinolin-7-yl)methyl)benzonitrile (12d). Following General Procedure
C, 11d (20 mg, 0.057 mmol, 1.0 eq) was deprotected to yield the amine intermediate as
a colorless oil. This intermediate was coupled to diBoc-DMT (24 mg, 0.059 mmol, 1.05
eq) in the presence of PyBOP (29 mg, 0.056 mmol, 1.0 eq) and DIEA (80 uL, 0.560
mmol, 10 eq) to yield the product as a brown oil. No 6CI-HOBt was used. TFA
deprotection yielded the product as a white, fluffy solid (3 mg, 10%, 3 steps). '"H NMR
(500 MHz, CD30OD, rotamers) & 7.70 (s, 1H), 7.68 (s, 1H), 7.62 — 7.57 (m, 2H), 7.45 —
7.35 (m, 4H), 7.03 (d, J = 8.1 Hz, 1H), 7.00 (s, 1H), 6.99 — 6.97 (m, 2H), 6.95(d, J=7.8
Hz, 1H), 6.56 (s, 1H), 6.39 (s, 2H), 6.29 (s, 2H), 4.62 (d, J = 16.9 Hz, 1H), 4.57 — 4.49
(m, 3H), 4.18 (d, J = 15.9 Hz, 1H), 4.15 (s, 2H), 4.13 (d, J = 3.1 Hz, 2H), 3.58 — 3.51 (m,

1H), 3.43 (d, J = 16.2 Hz, OH), 3.26 — 3.18 (m, 4H), 3.06 (dd, J = 13.8, 4.2 Hz, 2H), 2.74
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—2.69 (m, 2H), 2.69 — 2.62 (m, 1H), 2.56 — 2.49 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 2.01
—1.95 (m, 1H). HPLC retention time: 34.4 min. HRMS calculated for [C2sH29N302 + H]":
440.2333, found: 440.2336.
12e

Tert-butyl 7-(3-methoxybenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11e). 11e was synthesized following General Procedure D from 3-methoxybenzyl
bromide (42 uL, 0.30 mmol, 1.0 eq), 5 (161 mg, 0.45 mmol, 1.5 eq), Pd(dppf)Cl2 (22 mg,
0.03 mmol, 0.1 eq), and K2CO3 (124 mg, 0.90 mmol, 3.0 eq) to yield the product as a
colorless oil (42 mg, 40%). '"H NMR (500 MHz, CDCls) & 7.22 (t, J = 7.8 Hz, 1H), 7.06
(d, J=7.8 Hz, 1H), 7.01 (d, J = 7.9 Hz, 1H), 6.94 (s, 1H), 6.79 (d, J = 7.5 Hz, 1H), 6.77
—6.73 (m, 2H), 4.53 (s, 2H), 3.91 (s, 2H), 3.79 (s, 3H), 3.63 (br s, 2H), 2.80 (t, J = 5.9
Hz, 2H), 1.50 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(3-methoxybenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12e). Following General Procedure C,
11e (42 mg, 0.119 mmol, 1.0 eq) was deprotected to yield the amine intermediate as a
white solid. This intermediate was coupled to diBoc-DMT (50 mg, 0.123 mmol, 1.05 eq)
in the presence of PyBOP (61 mg, 0.117 mmol, 1.0 eq), 6CI-HOBt (20 mg, 0.117 mmol,
1.0 eq), and DIEA (164 pL, 1.17 mmol, 10 eq). Silica gel chromatography yielded the
coupled product as a colorless oil (66 mg, 88%). TFA deprotection yielded the product
as a white solid. "H NMR (500 MHz, CD30D, rotamers) & 7.16 (td, J = 7.8, 3.5 Hz, 2H),
6.99 (dd, J=7.7, 1.7 Hz, 1H), 6.97 — 6.93 (m, 3H), 6.91 (d, J = 7.8 Hz, 1H), 6.76 — 6.70
(m, 6H), 6.49 (s, 1H), 6.40 (s, 2H), 6.32 (s, 2H), 4.61 (d, J = 16.9 Hz, 1H), 4.58 — 4.53

(m, 2H), 4.50 (d, J = 16.9 Hz, 1H), 4.17 (d, J = 15.7 Hz, 1H), 3.87 (s, 2H), 3.86 (s, 2H),
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3.78 —3.76 (m, 1H), 3.75 (s, 3H), 3.74 (s, 3H), 3.66 — 3.53 (m, 1H), 3.37 (d, J = 15.8 Hz,
1H), 3.26 — 3.17 (m, 3H), 3.11 - 3.05 (m, 2H), 2.70 (q, J = 7.3, 6.7 Hz, 2H), 2.67 — 2.62
(m, 1H), 2.52 (dt, J = 16.2, 6.2 Hz, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 2.01 — 1.94 (m, 1H).
HPLC retention time: 37.9 min. MS calculated for [C2sH32N203 + H]*: 445.2, found:
445.3.
12f

Tert-Butyl 7-(3-hydroxybenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11f). 11f was synthesized following General Procedure D2 from 5 (75 mg, 0.209 mmol,
1.0 eq), 3-(bromomethyl)phenol (78 mg, 0.418 mmol, 2.0 eq), Pd(dppf)Cl2 (15 mg,
0.021 mmol, 0.1 eq), and K2COs (87 mg, 0.627 mmol, 3.0 eq) to yield the product as a
colorless oil (26 mg, 37%). '"H NMR (500 MHz, CDCls) & 7.15 (t, J = 7.8 Hz, 1H), 7.04
(d, J=7.8 Hz, 1H), 6.99 (d, J = 7.3 Hz, 1H), 6.92 (s, 1H), 6.79 — 6.74 (m, 1H), 6.69 (d, J
= 8.1 Hz, 1H), 6.65 (s, 1H), 4.52 (s, 2H), 3.87 (s, 2H), 3.62 (t, J = 5.9 Hz, 2H), 2.78 (t, J
= 5.9 Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(3-hydroxybenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12f). Following General Procedure C, 11f
(26 mg, 0.077 mmol, 1.0 eq) was deprotected to yield the amine intermediate as a
colorless oil. This intermediate was coupled to diBoc-DMT (33 mg, 0.080 mmol, 1.05
eq) in the presence of PyBOP (40 mg, 0.076 mmol, 1.0 eq) and DIEA (110 pL, 0.760
mmol, 10 eq) to yield the crude product as a brown oil. No 6CI-HOBt was used. The
crude product was purified via silica gel chromatography in ethyl acetate/hexanes.
Subsequent TFA deprotection yielded the product as a white solid (8 mg, 40%, 3 steps).

"H NMR (500 MHz, CD30D, rotamers) & 7.09 — 7.03 (m, 2H), 6.99 (d, J = 8.5 Hz, 1H),
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6.96 — 6.93 (m, 3H), 6.91 (d, J = 7.8 Hz, 1H), 6.65 (s, 1H), 6.64 (s, 1H), 6.61 — 6.57 (m,
3H), 6.49 (s, 1H), 6.40 (s, 2H), 6.32 (s, 2H), 4.62 (d, J = 16.9 Hz, 1H), 4.58 — 4.52 (m,
2H), 4.49 (d, J = 16.7 Hz, 1H), 4.17 (d, J = 15.7 Hz, 1H), 3.82 (s, 2H), 3.81 (s, 2H), 3.79
—-3.72 (m, 1H), 3.62 — 3.56 (m, 1H), 3.37 (d, J = 15.8 Hz, 1H), 3.26 — 3.17 (m, 3H), 3.07
(dd, J=13.7,4.2 Hz, 2H), 2.75 - 2.67 (m, 2H), 2.67 — 2.60 (m, 1H), 2.55 — 2.48 (m, 1H),
2.24 (s, 6H), 2.20 (s, 6H), 2.02 — 1.95 (m, 1H). HPLC retention time: 30.9 min. HRMS
calculated for [C27H30N203 + H]*: 431.2329, found: 431.2331.

12g

Tert-butyl 7-(3-(trifluoromethyl)benzyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11g). 11g was synthesized following General Procedure D from 3-
(trifluromethyl)benzyl bromide (33 uL, 0.21 mmol, 1.0 eq), 5 (114 mg, 0.32 mmol, 1.5
eq), Pd(dppf)Cl2 (15 mg, 0.02 mmol, 0.1 eq), and K2CO3 (88 mg, 0.64 mmol, 3.0 eq) to
yield the product as a colorless oil (28 mg, 34%). MS calculated for [C22H24F3NO2 +
Na]*: 414.2, found: 414.2.

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(3-
(trifluoromethyl)benzyl)-3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12g).
Following General Procedure C, 11g (28 mg, 0.072 mmol, 1.0 eq) was deprotected to
yield the amine intermediate as a yellow oil. The crude product was rinsed with two 2
mL portions of diethyl ether to yield a white solid. This intermediate was coupled to
diBoc-DMT (56 mg, 0.138 mmol, 1.92 eq) in the presence of PyBOP (68 mg, 0.131
mmol, 1.82 eq), 6CI-HOBt (22 mg, 0.131 mmol, 1.82 eq), and DIEA (184 pL, 1.31 mmol,
18 eq). Silica gel chromatography yielded the coupled product as a colorless oil (64 mg,

72%). TFA deprotection yielded the product as a white solid. '"H NMR (500 MHz,
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CDs30OD, rotamers) & 7.50 — 7.43 (m, 8H), 7.02 — 6.97 (m, 3H), 6.96 — 6.93 (m, 2H), 6.48
(s, 1H), 6.39 (s, 2H), 6.30 (s, 2H), 4.62 (d, J = 16.9 Hz, 1H), 4.59 — 4.51 (m, 2H), 4.52
(d, J =17.3 Hz, 1H), 4.18 (d, J = 15.8 Hz, 1H), 4.00 (s, 2H), 3.99 (s, 2H), 3.81 (dt, J =
12.9, 5.7 Hz, 1H), 3.59 — 3.52 (m, 1H), 3.40 (d, J = 15.8 Hz, 1H), 3.26 — 3.17 (m, 3H),
3.08 (dt, J=13.8, 4.1 Hz, 2H), 2.71 (q, J = 5.4 Hz, 2H), 2.68 — 2.64 (m, 1H), 2.56 — 2.49
(m, 1H), 2.23 (s, 6H), 2.19 (s, 6H), 2.00 — 1.93 (m, 1H). "®F NMR (470 MHz, CD30OD,
rotamers) & -64.03 (d, J = 28.1 Hz), -77.17. HPLC retention time: 43.3 min. MS
calculated for [C2sH29F3N202 + H]*: 483.2, found: 483.3.
12h

Tert-butyl 7-(3-cyanobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11h). 11h was synthesized following General Procedure D from 3-
(bromomethyl)benzonitrile (40 mg, 0.20 mmol, 1.0 eq), 5 (109 mg, 0.30 mmol, 1.5 eq),
Pd(dppf)Cl2 (15 mg, 0.02 mmol, 0.1 eq), and K2COs (84 mg, 0.61 mmol, 3.0 eq) to yield
the product as a colorless oil (30 mg, 43%). '"H NMR (500 MHz, CDCl3) & 7.50 (dt, J =
7.4,1.5Hz, 1H), 7.45 (s, 1H), 7.43 (t, J = 8.0 Hz, 1H), 7.39 (t, J = 7.6 Hz, 2H), 7.08 (d, J
=7.8 Hz, 1H), 6.96 (d, J = 7.7 Hz, 1H), 6.90 (s, 1H), 4.54 (s, 2H), 3.96 (s, 2H), 3.64 (t, J
=5.9 Hz, 2H), 2.81 (t, J = 5.9 Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(3-isocyanobenzyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12h). Following General Procedure C,
11h (30 mg, 0.086 mmol, 1.0 eq) was deprotected to yield the amine intermediate as a
off-white solid (21 mg, 84%). The crude product was rinsed with three small portions of
diethyl ether. This intermediate was coupled to diBoc-DMT (32 mg, 0.077 mmol, 1.05

eq) in the presence of PyBOP (39 mg, 0.074 mmol, 1.0 eq), 6CI-HOBt (13 mg, 0.074
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mmol, 1.0 eq), and DIEA (104 uL, 0.74 mmol, 10 eq). Silica gel chromatography yielded
the coupled product as a white solid (27 mg, 57%). TFA deprotection yielded the
product as a white solid. '"H NMR (500 MHz, CD3OD, rotamers) & 7.57 — 7.51 (m, 6H),
7.48 —7.43 (m, 2H), 7.03 — 6.99 (m, 3H), 6.97 — 6.94 (m, 2H), 6.48 (s, 1H), 6.39 (s, 2H),
6.29 (s, 2H), 4.63 (d, J = 17.0 Hz, 1H), 4.59 — 4.49 (m, 2H), 4.53 (d, J = 17.6 Hz, 2H),
418 (d, J = 15.8 Hz, 1H), 3.98 (s, 2H), 3.97 (s, 2H), 3.83 (dt, J = 12.3, 5.6 Hz, 1H), 3.59
—3.51 (m, 1H), 3.41 (d, J = 15.7 Hz, 1H), 3.27 — 3.18 (m, 3H), 3.07 (dt, J = 13.8, 4.0 Hz,
2H), 2.74 — 2.70 (m, 2H), 2.69 — 2.63 (m, 1H), 2.53 (dt, J = 16.2, 5.9 Hz, 1H), 2.24 (s,
6H), 2.20 (s, 6H), 1.98 (dt, J = 16.0, 5.8 Hz, 1H). HPLC retention time: 35.2 min. MS
calculated for [C2sH29N302 + H]*: 440.2, found: 440.2.
12i

Tert-butyl 7-(2,3-dimethylbenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11i). 11i was synthesized following General Procedure D2 from 5 (100 mg, 0.278
mmol, 1.0 eq), 1-(bromomethyl)-2,3-dimethylbenzene (83 mg, 0.417 mmol, 1.5 eq),
Pd(dppf)Cl2 (20 mg, 0.028 mmol, 0.1 eq), and K2COs (115 mg, 0.834 mmol, 3.0 eq) to
yield the product as a colorless oil (51 mg, 52%). '"H NMR (500 MHz, CDCI3) & 7.09 —
7.06 (m, 2H), 7.04 (d, J = 7.6 Hz, 1H), 6.99 (d, J = 6.1 Hz, 1H), 6.93 (d, J = 7.9 Hz, 1H),
6.86 (s, 1H), 4.51 (s, 2H), 3.98 (s, 2H), 3.63 (t, J = 6.8 Hz, 2H), 2.79 (t, J = 6.0 Hz, 2H),
2.30 (s, 3H), 2.15 (s, 3H), 1.50 (s, 9H).

(S)-2-amino-1-(7-(2,3-dimethylbenzyl)-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-
hydroxy-2,6-dimethylphenyl)propan-1-one (12i). Following General Procedure C, 11i
(51 mg, 0.145 mmol) was deprotected to yield the amine intermediate. This intermediate

was coupled to diBoc-DMT (63 mg, 0.153 mmol, 1.05 eq) in the presence of PyBOP (76
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mg, 0.146 mmol, 1.0 eq), and DIEA (199 pL, 1.46 mmol, 10 eq) to yield the product as a
brown oil. No 6CI-HOBt was used. TFA deprotection yielded the product as a white,
fluffy solid. '"H NMR (500 MHz, CD3OD, rotamers) & 7.04 — 6.97 (m, 5H), 6.97 — 6.92 (m,
2H), 6.90 — 6.88 (m, 2H), 6.86 — 6.82 (m, 2H), 6.41 (s, 1H), 6.40 (s, 2H), 6.30 (s, 2H),
458 (d, J = 17.0 Hz, 1H), 4.62 — 4.48 (m, 2H), 4.46 (d, J = 16.9 Hz, 1H), 4.14 (d, J =
15.7 Hz, 1H), 3.95 (d, J = 2.8 Hz, 2H), 3.93 (s, 2H), 3.83 — 3.74 (m, 1H), 3.62 — 3.49 (m,
1H), 3.36 (d, J = 14.8 Hz, 1H), 3.26 — 3.17 (m, 3H), 3.08 (t, J = 4.9 Hz, 1H), 3.05 (t, J =
4.9 Hz, 1H), 2.72 - 2.61 (m, 3H), 2.54 — 2.47 (m, 1H), 2.25 (s, 3H), 2.25 (s, 3H), 2.23 (s,
6H), 2.19 (s, 6H), 2.09 (d, J = 2.2 Hz, 3H), 2.07 (d, J = 1.6 Hz, 3H), 2.00 — 1.93 (m, 1H).
HPLC retention time: 43.2 min. HRMS calculated for [C29H34N202 + HJ]*: 443.2693,
found: 443.2699.
12j

Tert-butyl 7-(pyridin-3-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11j). 11j was synthesized following General Procedure D2 from 5§ (104 mg, 0.289
mmol, 1.0 eq), 3-(bromomethyl)pyridine hydrobromide (110 mg, 0.433 mmol, 1.5 eq),
Pd(dppf)Cl2 (21 mg, 0.029 mmol, 0.1 eq), and K2COs (120 mg, 0.867 mmol, 3.0 eq) to
yield the product as a colorless oil (20 mg, 21%)."H NMR (500 MHz, CDCI3) & 8.49 (s,
1H), 8.46 (d, J = 4.1 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.20 (dd, J = 7.8, 4.8 Hz, 1H),
7.07 (d, J=7.9 Hz, 1H), 6.97 (d, J = 7.9 Hz, 1H), 6.91 (s, 1H), 4.52 (s, 2H), 3.93 (s, 2H),
3.62 (brs, 2H), 2.79 (t, J = 6.0 Hz, 2H), 1.48 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(pyridin-3-ylmethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12j). Following General Procedure C, 11j

(20 mg, 0.062 mmol, 1.0 eq) was deprotected to yield the amine intermediate as a
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colorless oil. The crude product was rinsed with several small portions of diethyl ether.
This intermediate was coupled to diBoc-DMT (26 mg, 0.064 mmol, 1.05 eq) in the
presence of PyBOP (32 mg, 0.061 mmol, 1.0 eq), 6CI-HOBt (10 mg, 0.061 mmol, 1.0
eq), and DIEA (86 uL, 0.61 mmol, 10 eq). Silica gel chromatography yielded the coupled
product (8 mg, 21%, 2 steps). TFA deprotection yielded the product as a white solid. 'H
NMR (500 MHz, CDsOD, rotamers) & 8.67 — 8.61 (m, 4H), 8.29 (d, J = 8.1 Hz, 1H), 8.26
(d, J = 8.0 Hz, 1H), 7.87 (dd, J = 8.1, 5.5 Hz, 1H), 7.83 (dd, J = 8.0, 5.5 Hz, 1H), 7.09 -
6.98 (m, 5H), 6.56 (s, 1H), 6.39 (s, 2H), 6.23 (s, 2H), 4.64 (d, J = 17.1 Hz, 1H), 4.59 —
4.52 (m, 2H), 4.53 (d, J = 16.6 Hz, 1H), 4.21 (d, J = 15.8 Hz, 1H), 4.14 (s, 2H), 4.12 (d,
J = 3.2 Hz, 2H), 3.97 (dt, J = 13.2, 5.3 Hz, 1H), 3.48 (d, J = 16.1 Hz, 1H), 3.43 (dd, J =
13.0, 6.5 Hz, 1H), 3.26 — 3.19 (m, 3H), 3.08 (ddd, J = 13.7, 6.4, 4.1 Hz, 2H), 2.72 (t, J =
6.0 Hz, 2H), 2.69 — 2.62 (m, 1H), 2.57 — 2.49 (m, 1H), 2.23 (s, 6H), 2.20 (s, 6H), 1.99
(dt, J=16.1, 6.1 Hz, 1H). HPLC retention time: 16.9 min. MS calculated for [C2s6H29N302
+ H]*: 416.2, found: 416.2.
12k

Tert-butyl 7-(pyridin-4-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11k). 11k was synthesized following General Procedure D2 from 5 (112 mg, 0.312
mmol, 1.0 eq), 4-(bromomethyl)pyridine hydrobromide (118 mg, 0.468 mmol, 1.5 eq),
Pd(dppf)Cl2 (23 mg, 0.031 mmol, 0.1 eq), and K2COs3 (129 mg, 0.936 mmol, 3.0 eq) to
yield the product as a colorless oil (20 mg, 20%). "H NMR (500 MHz, CDCI3) & 8.49 (d,
J=5.4Hz, 2H), 7.13 - 7.05 (m, 3H), 6.97 (d, J = 7.8 Hz, 1H), 6.91 (s, 1H), 4.53 (s, 2H),

3.91 (s, 2H), 3.63 (s, 2H), 2.80 (t, J = 5.0 Hz, 2H), 1.48 (s, 9H).
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(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(pyridin-4-ylmethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12k). Following General Procedure C,
11k (20 mg, 0.062 mmol, 1.0 eq) was deprotected to yield the amine intermediate as a
cloudy, yellow oil. The crude product was rinsed with several small portions of diethyl
ether. This intermediate was coupled to diBoc-DMT (26 mg, 0.064 mmol, 1.05 eq) in the
presence of PyBOP (32 mg, 0.061 mmol, 1.0 eq), 6CI-HOBt (10 mg, 0.061 mmol, 1.0
eq), and DIEA (86 uL, 0.61 mmol, 10 eq). Silica gel chromatography yielded the coupled
product (24 mg, 63%, 2 steps). TFA deprotection yielded the product as a white solid.
"H NMR (500 MHz, CD30D, rotamers) 6 8.69 — 8.65 (m, 4H), 7.81 — 7.77 (m, 4H), 7.10
—7.07 (m, 2H), 7.06 (d, J = 7.8 Hz, 1H), 7.01 (d, 2H), 6.58 (s, 1H), 6.40 (s, 2H), 6.25 (s,
2H), 4.65 (d, J = 17.1 Hz, 1H), 4.58 — 4.55 (m, 2H), 4.53 (d, J = 16.8 Hz, 1H), 4.25 —
4.22 (m, 3H), 4.20 (d, J = 3.0 Hz, 2H), 3.96 (dt, J = 12.9, 5.3 Hz, 1H), 3.48 (d, J = 15.0
Hz, 1H), 3.46 — 3.42 (m, 1H), 3.27 — 3.19 (m, 3H), 3.08 (ddd, J = 13.7, 6.2, 4.2 Hz, 2H),
2.74 (t, J = 6.1 Hz, 2H), 2.70 — 2.62 (m, 1H), 2.58 — 2.51 (m, 1H), 2.24 (s, 6H), 2.21 (s,
6H), 2.00 (dt, J = 16.2, 5.8 Hz, 1H). HPLC retention time: 17.0 min. MS calculated for
[C26H29N302 + H]*: 416.2, found: 416.3.

121

Tert-butyl 7-(piperidin-1-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (111). 111 was synthesized following General Procedure G from 10 (35 mg,
0.107 mmol, 1.0 eq), piperidine (13 pL, 0.129 mmol, 1.2 eq), and K2COs (18 mg, 0.129
mmol, 1.2 eq) to yield the product as an orange oil (27 mg, 77%). '"H NMR (500 MHz,

CDCl3) 8 7.10 (d, J = 8.0 Hz, 1H), 7.09 — 7.03 (m, 2H), 4.56 (s, 2H), 3.63 (s, 2H), 3.42
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(s, 2H), 2.80 (t, J = 5.7 Hz, 2H), 2.36 (s, 4H), 1.57 (p, J = 5.5 Hz, 4H), 1.48 (s, 9H), 1.47
—1.39 (m, 2H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(piperidin-1-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12l). Following General Procedure C,
111 (27 mg, 0.082 mmol, 1.0 eq) was deprotected to yield the amine intermediate as an
orange oil. The crude product was rinsed with several small portions of diethyl ether.
This intermediate was coupled to diBoc-DMT (35 mg, 0.087 mmol, 1.05 eq) in the
presence of PyBOP (43 mg, 0.082 mmol, 1.0 eq), 6CI-HOBt (14 mg, 0.082 mmol, 1.0
eq), and DIEA (115 uL, 0.82 mmol, 10 eq). TFA deprotection yielded the product as a
white solid. '"H NMR (500 MHz, CDsOD, rotamers) d 6.48 — 6.45 (m, 2H), 6.41 (d, J =
7.8 Hz, 1H), 6.35 (d, J = 7.8 Hz, 1H), 6.32 (d, J = 8.3 Hz, 1H), 5.97 (s, 1H), 5.59 (s, 2H),
5.41 (s, 2H), 3.89 (d, J = 17.3 Hz, 1H), 3.82 — 3.76 (m, 3H), 3.46 (d, J = 16.0 Hz, 1H),
3.43 — 3.32 (m, 4H), 3.24 (dt, J = 13.0, 5.2 Hz, 1H), 2.73 (d, J = 16.1 Hz, 2H), 2.67 —
2.56 (m, 5H), 2.46 — 2.37 (m, 3H), 2.32 — 2.25 (m, 2H), 2.10 (q, J = 10.9 Hz, 4H), 1.97
(t, J = 5.7 Hz, 2H), 1.93 — 1.85 (m, 1H), 1.79 (dt, J = 16.4, 6.5 Hz, 1H), 1.43 (s, 6H),
1.40 (s, 6H), 1.21 (dt, J = 16.4, 5.4 Hz, 1H), 1.13 (s, 2H), 1.10 (s, 3H), 1.01 (d, J = 14 .4
Hz, 2H), 0.92 (q, J = 13.2 Hz, 4H), 0.74 — 0.66 (m, 2H). HPLC retention time: 16.7 min.
MS calculated for [C2sH3sN302 + H]*: 422.3, found: 422.3.
12m

Tert-butyl 7-(pyrrolidin-1-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11m). 11m was synthesized following General Procedure G from 10 (29
mg, 0.089 mmol, 1.0 eq), pyrrolidine (9 pL, 0.107 mmol, 1.2 eq), and K2COs (15 mg,

0.107 mmol, 1.2 eq) to yield the product as a dark yellow-orange oil (28 mg, 100%). 'H
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NMR (500 MHz, CDCl3) 6 7.13 - 7.10 (m, 1H), 7.10 — 7.06 (m, 2H), 4.56 (s, 2H), 3.67 —
3.61 (m, 2H), 3.58 (s, 2H), 2.80 (d, J = 6.1 Hz, 2H), 2.55 — 2.47 (m, 4H), 1.79 (p, J = 3.0
Hz, 4H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(pyrrolidin-1-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12m). Following General Procedure
C, 11m (28 mg, 0.088 mmol, 1.0 eq) was deprotected to yield the amine intermediate.
The crude product was rinsed with several small portions of diethyl ether. This
intermediate was coupled to diBoc-DMT (37 mg, 0.091 mmol, 1.05 eq) in the presence
of PyBOP (45 mg, 0.087 mmol, 1.0 eq), 6CI-HOBt (15 mg, 0.087 mmol, 1.0 eq), and
DIEA (122 uL, 0.87 mmol, 10 eq). TFA deprotection yielded the product as a white solid.
"H NMR (500 MHz, CDsOD, rotamers) & 7.31 — 7.26 (m, 2H), 7.24 (d, J = 7.6 Hz, 2H),
717 (d, J=79Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 6.79 (s, 1H), 6.41 (s, 2H), 6.23 (s, 2H),
4.70 (d, J = 17.2 Hz, 1H), 4.61 (d, J = 17.0 Hz, 1H), 4.62 — 4.51 (m, 2H), 4.31 (s, 2H),
4.31 —4.22 (m, 3H), 4.03 (dt, J = 11.7, 5.2 Hz, 1H), 3.53 (d, J = 16.0 Hz, 1H), 3.51 —
3.41 (m, 5H), 3.29 — 3.25 (m, 1H), 3.26 — 3.21 (m, 2H), 3.20 — 3.13 (m, 4H), 3.12 — 3.06
(m, 2H), 2.79 (t, J = 6.0 Hz, 2H), 2.76 — 2.67 (m, 1H), 2.59 (dt, J = 16.4, 6.0 Hz, 1H),
2.24 (s, 6H), 2.22 (s, 6H), 2.19 — 2.16 (m, 4H), 2.05 — 1.97 (m, 5H). HPLC retention
time: 15.3 min. HRMS calculated for [C25H33N3O2 + H]*: 408.2646, found: 408.2649.
12n

Tert-butyl 7-(morpholinomethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11n). 11n was synthesized following General Procedure G from 10 (31 mg, 0.095
mmol, 1.0 eq), morpholine (10 pL, 0.114 mmol, 1.2 eq), and K2CO3 (16 mg, 0.114

mmol, 1.2 eq) to yield the product as a pale yellow oil (32 mg, 100%). "H NMR (500
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MHz, CDCls) & 7.11 (d, J = 7.8 Hz, 1H), 7.08 (s, 2H), 4.56 (s, 2H), 3.70 (t, J = 4.7 Hz,
4H), 3.64 (t, J = 6.5 Hz, 2H), 3.45 (s, 2H), 2.81 (t, J = 5.9 Hz, 2H), 2.43 (t, J = 4.6 Hz,
4H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(morpholinomethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12n). Following General Procedure C,
11n (28 mg, 0.088 mmol, 1.0 eq) was deprotected to yield the amine intermediate. The
crude product was rinsed with several small portions of diethyl ether. This intermediate
was coupled to diBoc-DMT (37 mg, 0.091 mmol, 1.05 eq) in the presence of PyBOP (45
mg, 0.087 mmol, 1.0 eq), 6CI-HOBt (15 mg, 0.087 mmol, 1.0 eq), and DIEA (122 pL,
0.87 mmol, 10 eq). TFA deprotection yielded the product as a white solid. "H NMR (500
MHz, CDsOD, rotamers) 6 7.30 — 7.28 (m, 2H), 7.24 (d, J=7.8 Hz, 1H), 7.17 (d, J=7.6
Hz, 1H), 7.14 (d, J = 7.8 Hz, 1H), 6.81 (s, 1H), 6.40 (s, 2H), 6.22 (s, 2H), 4.70 (d, J =
17.3 Hz, 1H), 4.63 — 4.55 (m, 3H), 4.31 (s, 2H), 4.29 — 4.21 (m, 3H), 4.13 — 4.05 (m,
1H), 4.08 — 3.99 (m, 4H), 3.74 (q, J = 12.7 Hz, 4H), 3.55 (d, J = 16.0 Hz, 1H), 3.42 —
3.32 (m, 5H), 3.28 — 3.25 (m, 1H), 3.25 — 3.20 (m, 2H), 3.21 — 3.12 (m, 4H), 3.13 — 3.06
(m, 2H), 2.79 (t, J = 6.1 Hz, 2H), 2.75 — 2.66 (m, 1H), 2.60 (dt, J = 16.5, 5.9 Hz, 1H),
2.24 (s, 6H), 2.22 (s, 6H), 2.03 (dt, J= 11.1, 5.7 Hz, 1H). HPLC retention time: 14.0 min.
HRMS calculated for [C2s5H33N303 + H]*: 424.2595, found: 424.2597.
120

Tert-butyl 7-(naphthalen-1-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (110). 110 was synthesized following General Procedure D2 from 5 (100
mg, 0.278 mmol, 1.0 eq), 1-(bromomethyl)naphthalene (123 mg, 0.556 mmol, 2.0 eq),

Pd(dppf)Cl2 (20 mg, 0.028 mmol, 0.1 eq), and K2COs (115 mg, 0.834 mmol, 3.0 eq) to
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yield the product as a yellow oil (41 mg, 39%). "H NMR (500 MHz, CDCl3) & 8.03 — 7.98
(m, 1H), 7.89 — 7.86 (m, 1H), 7.78 (d, J = 8.2 Hz, 1H), 7.49 — 7.45 (m, 2H), 7.43 (d, J =
7.7 Hz, 1H), 7.31 (d, J = 7.1 Hz, 1H), 7.03 (s, 2H), 6.95 (s, 1H), 4.50 (s, 2H), 4.41 (s,
2H), 3.63 (s, 2H), 2.80 (t, J = 5.9 Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(naphthalen-1-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (120). Following General Procedure C,
110 (41 mg, 0.110 mmol, 1.0 eq) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (47 mg, 0.115 mmol, 1.05 eq) in the presence
of PyBOP (57 mg, 0.110 mmol, 1.0 eq), 6CI-HOBt (57 mg, 0.330 mmol, 3.0 eq), and
DIEA (154 pL, 1.1 mmol, 10 eq). Silica gel chromatography yielded the coupled product
(57 mg, 78%, 2 steps). TFA deprotection yielded the product as a white solid. '"H NMR
(500 MHz, CD30OD, rotamers) & 7.98 — 7.94 (m, 2H), 7.86 — 7.83 (m, 2H), 7.76 (d, J =
8.2 Hz, 2H), 7.46 — 7.39 (m, 6H), 7.35 (d, J = 7.0 Hz, 1H), 7.32 (d, J = 6.9 Hz, 1H), 7.00
(d, J = 7.8 Hz, 1H), 6.97 — 6.94 (m, 2H), 6.92 (s, 1H), 6.88 (d, J = 7.8 Hz, 1H), 6.47 (s,
1H), 6.38 (s, 2H), 6.32 (s, 2H), 4.55 (d, J = 17.1 Hz, 1H), 4.52 — 4.47 (m, 2H), 4.44 (d, J
=16.9 Hz, 1H), 4.38 (s, 4H), 4.10 (d, J = 15.8 Hz, 1H), 3.79 (dt, J = 11.9, 5.6 Hz, 1H),
3.56 — 3.49 (m, 1H), 3.36 (d, J = 15.8 Hz, 1H), 3.24 — 3.15 (m, 3H), 3.05 (dt, J = 13.7,
5.1 Hz, 2H), 2.68 (t, J = 6.2 Hz, 2H), 2.66 — 2.60 (m, 1H), 2.49 (dt, J = 16.0, 6.2 Hz, 1H),
2.21 (s, 6H), 2.16 (s, 6H), 1.94 (dt, J= 16.1, 6.0 Hz, 1H). HPLC retention time: 43.3 min.
MS calculated for [C31H32N202 + H]*: 465.2, found: 465.2.
12p

Tert-butyl 7-(naphthalen-2-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-

carboxylate (11p). 11p was synthesized following General Procedure D2 from 5 (100
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mg, 0.278 mmol, 1.0 eq), 2-(bromomethyl)naphthalene (123 mg, 0.556 mmol, 2.0 eq),
Pd(dppf)Cl2 (20 mg, 0.028 mmol, 0.1 eq), and K2COs (115 mg, 0.834 mmol, 3.0 eq) to
yield the product (42 mg, 40%). '"H NMR (500 MHz, CDCI3) & 7.79 (q, J = 8.1, 7.7 Hz,
3H), 7.65 (s, 1H), 7.45 (p, J = 7.1, 6.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 1H), 7.06 (s, 2H),
6.97 (s, 1H), 4.53 (s, 2H), 4.11 (s, 2H), 3.64 (s, 2H), 2.81 (t, J = 6.0 Hz, 2H), 1.49 (s,
9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(naphthalen-2-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12p). Following General Procedure C,
11p (42 mg, 0.112 mmol, 1.0 eq) was deprotected to yield the amine intermediate. Half
of this intermediate (18 mg, 0.058 mmol, 1.0 eq) was coupled to diBoc-DMT (25 mg,
0.061 mmol, 1.05 eq) in the presence of PyBOP (30 mg, 0.058 mmol, 1.0 eq), 6CI-HOBt
(10 mg, 0.058 mmol, 1.0 eq), and DIEA (81 pL, 0.58 mmol, 10 eq). TFA deprotection
yielded the product as a brown solid. '"H NMR (500 MHz, CD30D, rotamers) & 7.81 —
7.72 (m, 6H), 7.63 (d, J = 6.7 Hz, 2H), 7.46 — 7.38 (m, 4H), 7.29 (d, J = 8.3 Hz, 2H),
7.05 (d, J =8.5 Hz, 1H), 7.02 — 6.96 (m, 3H), 6.93 (d, J = 7.8 Hz, 1H), 6.53 (s, 1H), 6.40
(s, 2H), 6.32 (s, 2H), 4.61 (d, J = 16.9 Hz, 1H), 4.57 — 4.48 (m, 2H), 4.50 (d, J = 16.8
Hz, 1H), 4.16 (d, J = 15.8 Hz, 1H), 4.07 (s, 2H), 4.06 (s, 2H), 3.77 (dt, J = 12.1, 5.7 Hz,
1H), 3.61 — 3.53 (m, 1H), 3.38 (d, J = 15.8 Hz, 1H), 3.24 — 3.17 (m, 3H), 3.06 (dt, J =
13.8, 5.2 Hz, 2H), 2.71 (q, J = 5.8 Hz, 2H), 2.67 — 2.61 (m, 1H), 2.52 (dt, J = 15.7, 6.3
Hz, 1H), 2.22 (s, 6H), 2.18 (s, 6H), 1.98 (dt, J = 16.2, 5.9 Hz, 1H). HPLC retention time:

43.5 min. MS calculated for [C31H32N202 + H]*: 465.2, found: 465.3.
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12qg

Tert-butyl 7-(quinolin-8-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11q). 11g was synthesized following General Procedure F from 10 (75 mg, 0.23 mmol,
1.0 eq), quinolin-8-ylboronic acid (60 mg, 0.345 mmol, 1.5 eq), Pd(dppf)Cl2 (17 mg,
0.023 mmol, 0.1 eq), and K2CO3 (95 mg, 0.69 mmol, 3.0 eq) to yield the product as a
colorless oil (18 mg, 21%). "H NMR (500 MHz, CDCl3) & 8.97 (dd, J = 4.2, 1.8 Hz, 1H),
8.15 (dd, J=8.3, 1.8 Hz, 1H), 7.74 — 7.65 (m, 1H), 7.46 (s, 1H), 7.44 (s, 1H), 7.41 (dd, J
=8.3,4.2 Hz, 1H), 7.13 (dd, J = 7.6, 1.8 Hz, 1H), 7.07 (s, 1H), 7.04 (d, J = 7.9 Hz, 1H),
4.64 (s, 2H), 4.52 (s, 2H), 3.62 (s, 2H), 2.79 (t, J = 5.3 Hz, 2H), 1.48 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(quinolin-8-ylmethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12q). Following General Procedure C,
11q (18 mg, 0.048 mmol) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (21 mg, 0.05 mmol, 1.05 eq) in the presence of
PyBOP (25 mg, 0.048 mmol, 1.0 eq), and DIEA (84 uL, 0.48 mmol, 10 eq) to yield the
product. No 6CI-HOBt was used. TFA deprotection yielded the product as a white, fluffy
solid. "TH NMR (500 MHz, CDsOD, rotamers) & 9.03 (td, J = 4.9, 1.7 Hz, 2H), 8.79 (dd, J
= 8.3, 1.7 Hz, 1H), 8.75 (dd, J = 8.3, 1.7 Hz, 1H), 8.04 (dd, J = 8.1, 1.6 Hz, 1H), 8.00
(dd, J=8.1, 1.4 Hz, 1H), 7.81 (ddd, J = 13.0, 8.3, 4.9 Hz, 2H), 7.75 — 7.66 (m, 3H), 7.63
(dd, J=7.3, 1.4 Hz, 1H), 7.04 (dd, J=7.8, 1.8 Hz, 1H), 7.01 (d, J = 1.7 Hz, 1H), 6.96 (s,
2H), 6.94 (d, J = 7.9 Hz, 1H), 6.58 (s, 1H), 6.38 (s, 2H), 6.24 (s, 2H), 4.61 (d, J = 15.8
Hz, 1H), 4.58 (s, 2H), 4.56 (s, 2H), 4.56 — 4.52 (m, 2H), 4.47 (d, J = 17.0 Hz, 1H), 4.17
(d, J =15.9 Hz, 1H), 3.84 (dt, J = 12.9, 5.5 Hz, 1H), 3.54 — 3.47 (m, 1H), 3.38 (d, J =

15.9 Hz, 1H), 3.25 — 3.16 (m, 3H), 3.11 — 3.05 (m, 2H), 2.69 (q, J = 5.5 Hz, 2H), 2.66 —
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2.59 (m, 1H), 2.52 (dt, J = 16.2, 7.4, 4.8 Hz, 1H), 2.21 (s, 6H), 2.18 (s, 6H), 1.98 (ddd, J
=16.2, 6.4, 4.4 Hz, 1H). HPLC retention time: 25.0 min. MS calculated for [C30H31N302
+ H]*: 466.2, found: 466.3.
12r

Tert-butyl 7-(isoquinolin-8-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11r). 11r was synthesized following General Procedure F from 10 (77 mg,
0.24 mmol, 1.0 eq), isoquinolin-8-ylboronic acid (49 mg, 0.283 mmol, 1.2 eq),
Pd(dppf)Cl2 (18 mg, 0.024 mmol, 0.1 eq), and K2CO3 (98 mg, 0.71 mmol, 3.0 eq) to
yield the product as a pale pink oil (55 mg, 62%). "H NMR (500 MHz, CDCIz) & 9.47 (s,
1H), 8.52 (d, J = 5.6 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.68 — 7.60 (m, 2H), 7.40 (d, J =
7.0 Hz, 1H), 7.02 (q, J = 8.0 Hz, 2H), 6.94 (s, 1H), 4.48 (s, 4H), 3.61 (s, 2H), 2.77 (t, J =
6.1 Hz, 2H), 1.47 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(isoquinolin-8-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12r). Following General Procedure C,
11r (27 mg, 0.072 mmol) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (31 mg, 0.076 mmol, 1.05 eq) in the presence
of PyBOP (37 mg, 0.072 mmol, 1.0 eq), and DIEA (125 uL, 0.72 mmol, 10 eq) to yield
the product. No 6CI-HOBt was used. TFA deprotection yielded the product as a white,
fluffy solid. "H NMR (500 MHz, CD30D, rotamers) & 9.73 (s, 1H), 9.72 (s, 1H), 8.54 (t, J
= 5.0 Hz, 2H), 8.38 (d, J = 6.3 Hz, 1H), 8.35 (d, J = 6.2 Hz, 1H), 8.17 — 8.10 (m, 3H),
8.08 (q, J=7.6 Hz, 1H), 7.82 (d, J = 6.6 Hz, 1H), 7.76 (d, J = 6.9 Hz, 1H), 7.07 — 7.02
(m, 2H), 7.00 — 6.94 (m, 3H), 6.53 (s, 1H), 6.36 (s, 2H), 6.17 (s, 2H), 4.61 (s, 2H), 4.60

(s, 2H), 4.57 (d, J = 14.3 Hz, 1H), 4.54 (dd, J = 11.9, 4.1 Hz, 2H), 4.48 (d, J = 17.0 Hz,
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1H), 4.16 (d, J = 15.8 Hz, 1H), 3.97 (dt, J = 12.9, 5.3 Hz, 1H), 3.45 (d, J = 15.8 Hz, 1H),
3.38 (dt, J = 13.2, 6.7 Hz, 1H), 3.24 — 3.15 (m, 3H), 3.07 (ddd, J = 13.6, 11.5, 4.1 Hz,
2H), 2.69 (t, J = 6.0 Hz, 2H), 2.62 (ddd, J = 12.5, 7.5, 4.7 Hz, 1H), 2.52 (ddd, J = 16.2,
7.5,4.8 Hz, 1H), 2.19 (s, 6H), 2.17 (s, 6H), 1.96 (ddd, J = 16.3, 6.9, 4.7 Hz, 1H). HPLC
retention time: 21.4 min. MS calculated for [C30H31N3O2 + H]*: 466.2, found: 466.3.

12s

Tert-butyl 7-(isoquinolin-5-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11s). 11s was synthesized following General Procedure F from 10 (73
mg, 0.224 mmol, 1.0 eq), isoquinolin-5-ylboronic acid (46 mg, 0.269 mmol, 1.2 eq),
Pd(dppf)Cl2 (16 mg, 0.022 mmol, 0.1 eq), and K2COs (93 mg, 0.672 mmol, 3.0 eq) to
yield the product as a yellow oil (48 mg, 57%). '"H NMR (500 MHz, CDCl3) d 9.26 (s,
1H), 8.50 (d, J = 6.0 Hz, 1H), 7.88 (d, J = 8.1 Hz, 1H), 7.76 (d, J = 6.0 Hz, 1H), 7.55 (t, J
= 7.6 Hz, 1H), 7.50 (d, J = 7.1 Hz, 1H), 7.04 (d, J = 7.8 Hz, 1H), 6.97 (s, 1H), 6.91 (s,
1H), 4.49 (s, 2H), 4.36 (s, 2H), 3.62 (t, J = 5.9 Hz, 2H), 2.78 (t, J = 5.9 Hz, 2H), 1.47 (s,
9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(isoquinolin-5-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12s). Following General Procedure C,
11s (24 mg, 0.064 mmol) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (28 mg, 0.067 mmol, 1.05 eq) in the presence
of PyBOP (33 mg, 0.064 mmol, 1.0 eq), and DIEA (111 yL, 0.64 mmol, 10 eq) to yield
the product. No 6CI-HOBt was used. TFA deprotection yielded the product as a white,
fluffy solid. '"H NMR (500 MHz, CD30D, rotamers) d 9.67 (d, J = 7.1 Hz, 2H), 8.52 (d, J

= 7.0 Hz, 2H), 8.44 (t, J = 7.6 Hz, 2H), 8.35 (t, J = 8.9 Hz, 2H), 8.04 — 7.91 (m, 4H), 7.04
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—6.92 (m, 5H), 6.51 (s, 1H), 6.37 (s, 2H), 6.23 (s, 2H), 4.58 (d, J = 17.4 Hz, 2H), 4.56 —
4.50 (m, 2H), 4.53 (s, 2H), 4.52 (s, 2H), 4.47 (d, J = 17.1 Hz, 1H), 4.15 (d, J = 15.8 Hz,
1H), 3.90 (dt, J = 12.9, 5.4 Hz, 1H), 3.48 — 3.39 (m, 1H), 3.41 (d, J = 15.8 Hz, 1H), 3.24
—3.16 (m, 3H), 3.07 (ddd, J = 13.3, 8.5, 4.1 Hz, 2H), 2.69 (t, 2H), 2.62 (ddd, J = 12.6,
7.5, 4.7 Hz, 1H), 2.51 (ddd, J = 16.2, 7.3, 4.8 Hz, 1H), 2.21 (s, 6H), 2.17 (s, 6H), 1.96
(ddd, J = 16.2, 6.9, 4.9 Hz, 1H). HPLC retention time: 21.5 min. MS calculated for
[C30H31N3O2 + H]*: 466.2, found: 466.3.
12t

Tert-butyl 7-(quinolin-5-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11t). 11t was synthesized following General Procedure F from 10 (50 mg, 0.153 mmol,
1.0 eq), quinolin-5-ylboronic acid (32 mg, 0.184 mmol, 1.2 eq), Pd(dppf)Cl2 (11 mg,
0.015 mmol, 0.1 eq), and K2COs (63 mg, 0.459 mmol, 3.0 eq) to yield the product as a
yellow oil (36 mg, 63%). '"H NMR (500 MHz, CDCls) & 8.90 (dd, J = 4.2, 1.7 Hz, 1H),
8.30 (ddd, J = 8.6, 1.7, 0.9 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.66 (t, J = 7.8 Hz, 1H),
7.39 —7.33 (m, 2H), 7.03 (d, J = 7.6 Hz, 1H), 6.99 — 6.85 (m, 2H), 4.48 (s, 2H), 4.39 (s,
2H), 3.60 (t, J = 6.1 Hz, 2H), 2.77 (t, J = 6.0 Hz, 2H), 1.47 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(quinolin-5-yImethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12t). Following General Procedure C, 11t
(36 mg, 0.096 mmol) was deprotected to yield the amine intermediate. This intermediate
was coupled to diBoc-DMT (41 mg, 0.100 mmol, 1.05 eq) in the presence of PyBOP (49
mg, 0.095 mmol, 1.0 eq), and DIEA (123 uL, 0.95 mmol, 10 eq) to yield the product. No
6CI-HOBt was used. TFA deprotection yielded the product as a white, fluffy solid. 'H

NMR (500 MHz, CDsOD, rotamers) & 9.15 (dd, J = 8.5, 5.5 Hz, 2H), 9.10 (id, J = 5.1,
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1.5 Hz, 2H), 8.13 (t, J = 9.1 Hz, 2H), 8.05 (ddd, J = 18.3, 8.7, 7.1 Hz, 2H), 7.93 (ddd, J =
8.7, 74,52 Hz, 2H), 7.78 (d, J = 7.1 Hz, 1H), 7.74 (d, J = 7.1 Hz, 1H), 7.04 — 6.92 (m,
5H), 6.50 (s, 1H), 6.36 (s, 2H), 6.23 (s, 2H), 4.59 (d, J = 16.4 Hz, 1H), 4.55 (s, 2H), 4.54
(s, 2H), 4.54 — 4.52 (m, 2H), 4.47 (d, J = 17.1 Hz, 1H), 4.15 (d, J = 15.8 Hz, 1H), 3.90
(dt, J=12.9, 5.4 Hz, 1H), 3.43 (dt, J = 13.1, 6.6 Hz, 1H), 3.41 (d, J = 15.9 Hz, 1H), 3.24
—3.16 (m, 3H), 3.07 (ddd, J = 13.3, 8.5, 4.1 Hz, 2H), 2.69 (t, J = 6.0 Hz, 2H), 2.63 (ddd,
J=125,7.4,4.7 Hz, 1H), 2.50 (ddd, J = 16.2, 7.4, 4.8 Hz, 1H), 2.20 (s, 6H), 2.17 (s,
6H), 1.94 (ddd, J = 16.1, 6.8, 4.6 Hz, 1H). HPLC retention time: 21.6 min. MS calculated
for [C3aoH31N30O2 + H]*: 466.2, found: 466.3.
12u

Tert-butyl 7-(quinolin-4-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11u). 11u was synthesized following General Procedure F from 10 (50 mg, 0.153
mmol, 1.0 eq), quinolin-4-ylboronic acid (32 mg, 0.184 mmol, 1.2 eq), Pd(dppf)Cl2 (11
mg, 0.015 mmol, 0.1 eq), and K2CO3 (63 mg, 0.459 mmol, 3.0 eq) to yield the product
as a colorless oil (32 mg, 56%). '"H NMR (500 MHz, CDCl3) & 8.83 (d, J = 4.4 Hz, 1H),
8.13 (d, J=8.4 Hz, 1H), 8.03 (dd, J = 8.5, 1.3 Hz, 1H), 7.70 (t, J= 7.7 Hz, 1H), 7.54 (t, J
= 7.7 Hz, 1H), 7.15 (d, J = 4.2 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H), 7.03 — 6.88 (m, 2H),
4.50 (s, 2H), 4.40 (s, 2H), 3.63 (t, J = 5.4 Hz, 2H), 2.80 (t, J = 5.8 Hz, 2H), 1.47 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(quinolin-4-ylmethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12u). Following General Procedure C,
11u (32 mg, 0.085 mmol) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (37 mg, 0.089 mmol, 1.05 eq) in the presence

of PyBOP (44 mg, 0.085 mmol, 1.0 eq), and DIEA (148 pL, 0.85 mmol, 10 eq) to yield
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the product. No 6CI-HOBt was used. TFA deprotection yielded the product as a white,
fluffy solid. '"H NMR (500 MHz, CD3OD, rotamers) & 9.07 (dd, J = 9.2, 5.6 Hz, 2H), 8.55
(t, J = 9.6 Hz, 2H), 8.26 (t, J = 8.8 Hz, 2H), 8.18 — 8.11 (m, 2H), 8.00 — 7.93 (m, 2H),
7.78 (d, J = 5.6 Hz, 2H), 7.12 (dd, J = 7.7, 1.8 Hz, 1H), 7.10 (s, 1H), 7.05 (s, 2H), 7.01
(d, J = 7.8 Hz, 1H), 6.60 (s, 1H), 6.37 (s, 2H), 6.20 (s, 2H), 4.74 (s, 2H), 4.71 (s, 2H),
461 (d, J=17.2 Hz, 1H), 4.55 (dd, J = 12.0, 4.1 Hz, 2H), 4.51 (d, J = 17.1 Hz, 1H), 4.20
(d, J=15.8 Hz, 1H), 3.99 (dt, J = 12.9, 5.3 Hz, 1H), 3.48 (d, J = 15.8 Hz, 1H), 3.40 (dt, J
=13.2, 6.7 Hz, 1H), 3.25 — 3.17 (m, 3H), 3.08 (ddd, J = 13.9, 9.9, 4.1 Hz, 2H), 2.73 (t, J
= 6.1 Hz, 2H), 2.65 (ddd, J = 12.5, 7.4, 4.8 Hz, 1H), 2.54 (ddd, J = 16.4, 7.4, 4.9 Hz,
1H), 2.21 (s, 6H), 2.18 (s, 6H), 1.98 (ddd, J = 16.3, 7.0, 4.7 Hz, 1H). HPLC retention
time: 21.2 min. MS calculated for [C30H31N30O2 + H]*: 466.2, found: 466.3.
12v

Tert-butyl 7-(isoquinolin-4-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11v). 11v was synthesized following General Procedure F from 10 (50
mg, 0.153 mmol, 1.0 eq), isoquinolin-4-ylboronic acid (32 mg, 0.184 mmol, 1.2 eq),
Pd(dppf)Cl2 (11 mg, 0.015 mmol, 0.1 eq), and K2COs (63 mg, 0.459 mmol, 3.0 eq) to
yield the crude product. Silica gel chromatography yielded a mixture of products. This
mixture was used directly in the next step.

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(isoquinolin-4-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12v). Following General Procedure C,
11v (19 mg, 0.051 mmol) was deprotected. The crude product was purified by semi-
preparative HPLC to yield the product as a white solid (21 mg, 100%). MS calculated for

[C19H18N2 + H]*: 275.15, found: 275.2. The amine was coupled to diBoc-DMT (23 mg,
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0.057 mmol, 1.05 eq) in the presence of PyBOP (28 mg, 0.054 mmol, 1.0 eq), and DIEA
(94 pL, 0.54 mmol, 10 eq) to yield the product. No 6CI-HOBt was used. TFA
deprotection yielded the product as a white, fluffy solid. '"H NMR (500 MHz, CD3OD,
rotamers) & 9.65 (d, J = 6.0 Hz, 2H), 8.50 (t, J = 8.3 Hz, 2H), 8.42 — 8.35 (m, 4H), 8.22 —
8.14 (m, 2H), 8.04 — 7.97 (m, 2H), 7.10 (dd, J = 7.8, 1.8 Hz, 1H), 7.07 (s, 1H), 7.02 (s,
2H), 6.97 (d, J = 7.9 Hz, 1H), 6.56 (s, 1H), 6.37 (s, 2H), 6.21 (s, 2H), 4.61 (d, J = 16.1
Hz, 1H), 4.57 (s, 2H), 4.56 (s, 2H), 4.55 — 4.52 (m, 2H), 4.49 (d, J = 17.2 Hz, 1H), 4.17
(d, J = 15.8 Hz, 1H), 3.95 (dt, J = 12.9, 5.3 Hz, 1H), 3.45 (d, J = 15.5 Hz, 1H), 3.43 -
3.38 (m, 1H), 3.25 — 3.17 (m, 3H), 3.07 (ddd, J = 13.7, 8.1, 4.1 Hz, 2H), 2.72 (t, J= 6.0
Hz, 2H), 2.65 (ddd, J =12.7, 7.3, 4.8 Hz, 1H), 2.52 (ddd, J=16.4, 7.1, 4.8 Hz, 1H), 2.21
(s, 6H), 2.17 (s, 6H), 1.95 (dt, J = 16.4, 6.2 Hz, 1H). HPLC retention time: 21.5 min. MS
calculated for [C3oH31N3O2 + H]*: 466.2, found: 466.3.
12w

Tert-butyl 7-((3,4-dihydroisoquinolin-2(1H)-yl)methyl)-3,4-
dihydroisoquinoline-2(1H)-carboxylate (11w). 11w was synthesized following
General Procedure G from 10 (50 mg, 0.153 mmol, 1.0 eq), 1,2,3,4-
tetrahydroisoquinoline (23 pL, 0.184 mmol, 1.2 eq), and K2COs (25 mg, 0.184 mmol, 1.2
eq) to yield the product as a colorless oil (24 mg, 41%). '"H NMR (500 MHz, CDCl3) &
7.19(d, J=7.5Hz, 1H), 7.15 (s, 1H), 7.12 - 7.08 (m, 4H), 6.99 (d, J = 7.0 Hz, 1H), 4.57
(s, 2H), 3.66 (br s, 2H), 3.64 (s, 2H), 3.63 (s, 2H), 2.90 (t, J = 6.0 Hz, 2H), 2.83 (t, J =
5.9 Hz, 2H), 2.75 (t, J = 5.9 Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-1-(7-((3,4-dihydroisoquinolin-2(1H)-yl)methyl)-3,4-

dihydroisoquinolin-2(1H)-yl)-3-(4-hydroxy-2,6-dimethylphenyl)propan-1-one (12w).
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Following General Procedure C, 11w (24 mg, 0.063 mmol, 1.0 eq) was deprotected to
yield the amine intermediate. This intermediate was coupled to diBoc-DMT (27 mg,
0.067 mmol, 1.05 eq) in the presence of PyBOP (33 mg, 0.064 mmol, 1.0 eq), and DIEA
(111 pL, 0.64 mmol, 10 eq) to yield the product. No 6CI-HOBt was used. TFA
deprotection yielded the product as a white solid. '"H NMR (500 MHz, CD30D, rotamers)
0 7.36 — 7.33 (m, 2H), 7.32 — 7.23 (m, 7H), 7.21 — 7.13 (m, 4H), 6.85 (s, 1H), 6.41 (s,
2H), 6.21 (s, 2H), 4.72 (d, J = 17.3 Hz, 1H), 4.62 (d, J = 17.3 Hz, 1H), 4.64 — 4.57 (m,
2H), 4.44 (s, 2H), 4.42 — 4.35 (m, 5H), 4.29 (d, J = 16.0 Hz, 1H), 4.10 (dt, J = 13.0, 5.0
Hz, 1H), 3.73 (br s, 1H), 3.57 (d, J = 16.1 Hz, 1H), 3.46 — 3.35 (m, 2H), 3.28 — 3.26 (m,
1H), 3.26 — 3.15 (m, 6H), 3.15 — 3.07 (m, 2H), 2.80 (t, J = 6.0 Hz, 2H), 2.76 — 2.67 (m,
1H), 2.62 (dt, J = 16.5, 6.0 Hz, 1H), 2.24 (s, 6H), 2.22 (s, 6H), 2.04 (dt, J = 6.9, 5.0 Hz,
1H). HPLC retention time: 21.3 min. MS calculated for [C30H35N302 + H]*: 470.2802,
found: 470.2799.
12x

Tert-butyl 7-((3,4-dihydroquinolin-1(2H)-yl)methyl)-3,4-dihydroisoquinoline-
2(1H)-carboxylate (11x). 11x was synthesized following General Procedure G from 10
(50 mg, 0.153 mmol, 1.0 eq), 1,2,3,4-tetrahydroquinoline (23 pL, 0.184 mmol, 1.2 eq),
and K2COs (25 mg, 0.184 mmol, 1.2 eq). The reaction mixture was diluted with water.
The aqueous layer was extracted with several portions of ethyl acetate. Combined
organic layers were dried over MgSOyq, filtered, and concentrated under vacuum. Silica
gel chromatography vyielded a mixture of the desired product and 1,2,3,4-
tetrahydroquinoline. The product was partitioned between ethyl acetate and 2 M NaOH.

The aqueous layer was extracted with ethyl acetate. Some 1,2,3,4-tetrahydroquinoline
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remained. The mixture was resubmitted to reaction conditions with additional 7 (25 mg,
0.076, 0.5 eq) and K2COs (25 mg, 0.184 mmol, 1.2 eq). Silica gel chromatography
yielded the desired product as a colorless oil (24 mg, 28%)."H NMR (500 MHz, CDClI3) &
7.08 (s, 1H), 7.02 (s, 1H), 6.99 (t, J = 6.5 Hz, 2H), 6.59 (t, J = 7.3 Hz, 1H), 6.51 (d, J =
8.5 Hz, 1H), 4.55 (s, 2H), 4.44 (s, 2H), 3.65 (s, 2H), 3.36 (t, J = 5.7 Hz, 2H), 2.92 - 2.75
(m, 4H), 2.03 (p, J = 6.1 Hz, 2H), 1.50 (s, 9H).
(S)-2-amino-1-(7-((3,4-dihydroquinolin-1(2H)-yl)methyl)-3,4-

dihydroisoquinolin-2(1H)-yl)-3-(4-hydroxy-2,6-dimethylphenyl)propan-1-one (12x).
Following General Procedure C, 11x (24 mg, 0.063 mmol, 1.0 eq) was deprotected to
yield the amine intermediate. This intermediate was coupled to diBoc-DMT (27 mg,
0.067 mmol, 1.05 eq) in the presence of PyBOP (33 mg, 0.064 mmol, 1.0 eq), and DIEA
(111 pL, 0.64 mmol, 10 eq) to yield the product. No 6CI-HOBt was used. TFA
deprotection yielded the product as a white solid. '"H NMR (500 MHz, CD30D, rotamers)
07.09(d,J=79Hz 1H), 7.04 (d, J = 8.1 Hz, 2H), 7.01 (d, J = 7.9 Hz, 1H), 6.99 — 6.89
(m, 5H), 6.64 — 6.51 (m, 5H), 6.40 (s, 2H), 6.27 (s, 2H), 4.62 (d, J = 17.1 Hz, 1H), 4.58 —
4.53 (m, 2H), 4.51 (d, J = 17.0 Hz, 2H), 4.45 (s, 2H), 4.44 (s, 2H), 4.19 (d, J = 15.8 Hz,
1H), 3.93 (dt, J = 12.9, 5.4 Hz, 1H), 3.51 — 3.43 (m, 1H), 3.46 (d, J = 15.7 Hz, 1H), 3.40
—3.34 (m, 4H), 3.26 — 3.19 (m, 3H), 3.11 — 3.05 (m, 2H), 2.81 (q, J = 5.9 Hz, 4H), 2.73
(t, J = 6.2 Hz, 2H), 2.69 — 2.62 (m, 1H), 2.54 (dt, J = 16.3, 6.1 Hz, 1H), 2.23 (s, 6H),
2.20 (s, 6H), 2.06 — 1.95 (m, 5H). HPLC retention time: 35.9 min. MS calculated for

[C30H35N302 + H]*: 470.2802, found: 470.2800.
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12y

Tert-butyl 7-(indolin-1-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(11y). 11y was synthesized following General Procedure G from 10 (50 mg, 0.153
mmol, 1.0 eq), indoline (21 pL, 0.184 mmol, 1.2 eq), and K2COs3 (25 mg, 0.184 mmol,
1.2 eq) to yield the product as a brown oil (37 mg, 66%). '"H NMR (500 MHz, CDClz) &
7.18 (d, J=7.9 Hz, 1H), 7.15-7.08 (m, 3H), 7.07 (t, J= 7.6 Hz, 1H), 6.69 (t, J = 7.3 Hz,
1H), 6.52 (d, J = 7.8 Hz, 1H), 4.58 (s, 2H), 4.21 (s, 2H), 3.66 (s, 2H), 3.32 (t, J = 8.2 Hz,
2H), 2.99 (t, J = 8.3 Hz, 2H), 2.84 (t, J = 6.0 Hz, 2H), 1.51 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(indolin-1-ylmethyl)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (12y). Following General Procedure C,
11y (37 mg, 0.102 mmol, 1.0 eq) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (43 mg, 0.105 mmol, 1.05 eq) in the presence
of PyBOP (52 mg, 0.100 mmol, 1.0 eq), and DIEA (174 uL, 1.0 mmol, 10 eq) to yield the
product. No 6CI-HOBt was used. TFA deprotection yielded the product as a white solid.
"H NMR (500 MHz, CDsOD, rotamers) & 7.24 — 7.18 (m, 3H), 7.18 — 7.11 (m, 4H), 7.06
(d, J =7.9 Hz, 1H), 7.03 — 6.94 (m, 4H), 6.89 (d, J = 8.5 Hz, 1H), 6.67 (s, 1H), 6.41 (s,
2H), 6.27 (s, 2H), 4.63 (d, J = 16.9 Hz, 1H), 4.60 — 4.56 (m, 2H), 4.53 (d, J = 17.2 Hz,
1H), 4.40 — 4.32 (m, 4H), 4.21 (d, J = 15.8 Hz, 1H), 3.89 (dt, J = 12.7, 5.5 Hz, 1H), 3.55
—3.50 (m, 1H), 3.50 — 3.46 (m, 4H), 3.44 (d, J = 15.9 Hz, 1H), 3.28 — 3.17 (m, 3H), 3.13
—3.06 (m, 2H), 2.99 (t, J = 7.6 Hz, 4H), 2.74 (t, J = 4.7 Hz, 2H), 2.72 — 2.65 (m, 1H),
2.56 (dt, J =16.3, 6.0 Hz, 1H), 2.23 (s, 6H), 2.20 (s, 6H), 1.98 (dt, J = 16.2, 5.9 Hz, 1H).
HPLC retention time: 30.1 min. MS calculated for [C29H33N302 + H]*: 456.2646, found:

456.2644.
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Tert-butyl 7-(isoindolin-2-ylmethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (11z). 11z was synthesized following General Procedure G from 10 (50
mg, 0.153 mmol, 1.0 eq), isoindoline HCI (29 mg, 0.184 mmol, 1.2 eq), and K2COs (25
mg, 0.184 mmol, 1.2 eq) to yield the product as an orange oil (22 mg, 39%). 'H NMR
(500 MHz, CDCl3) 6 7.29 (s, 1H), 7.21 (d, J = 7.8 Hz, 1H), 7.18 (s, 4H), 7.12 (d, J= 7.6
Hz, 1H), 4.58 (s, 2H), 3.93 (s, 4H), 3.88 (s, 2H), 3.65 (t, J = 8.2 Hz, 2H), 2.84 (t, J=6.2
Hz, 2H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(isoindolin-2-ylmethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (12z). Following General Procedure C,
11z (22 mg, 0.060 mmol, 1.0 eq) was deprotected to yield the amine intermediate. This
intermediate was coupled to diBoc-DMT (26 mg, 0.063 mmol, 1.05 eq) in the presence
of PyBOP (31 mg, 0.060 mmol, 1.0 eq), and DIEA (105 pL, 0.600 mmol, 10 eq) to yield
the product. No 6CI-HOBt was used. TFA deprotection yielded the product as a white
solid. "H NMR (500 MHz, CD30OD, rotamers) & 7.41 — 7.38 (m, 8H), 7.37 — 7.34 (m, 2H),
7.30 (dd, J=7.9, 1.8 Hz, 1H), 7.19 (dd, J = 7.9, 3.5 Hz, 1H), 7.16 (dd, J = 8.0, 3.7 Hz,
1H), 6.86 (s, 1H), 6.42 (s, 2H), 6.24 (s, 2H), 4.72 (d, J = 17.2 Hz, 1H), 4.70 — 4.64 (m,
8H), 4.61 (d, J = 15.3 Hz, 1H), 4.65 — 4.57 (m, 2H), 4.56 (s, 2H), 4.53 (d, J = 10.7 Hz,
2H), 4.29 (d, J = 16.0 Hz, 1H), 4.09 (dt, J = 13.2, 4.9 Hz, 1H), 3.57 (d, J = 15.9 Hz, 1H),
3.44 — 3.37 (m, 1H), 3.29 — 3.25 (m, 1H), 3.24 (q, J = 13.0 Hz, 2H), 3.15 - 3.07 (m, 2H),
2.80 (t, J = 4.3 Hz, 2H), 2.75 — 2.67 (m, 1H), 2.61 (dt, J = 16.2, 5.6 Hz, 1H), 2.25 (s,
6H), 2.23 (s, 6H), 2.07 — 2.00 (m, 1H). HPLC retention time: 20.1 min. MS calculated for

[C29H33N302 + H]*: 456.2646, found: 456.2645.

114



6.1.4 Procedures and Characterization for Compounds Contained in Chapter 4
Scheme 16. Synthesis of 13a-13d

NH ) _Boc 1a,2a,R=5-Br
@Q L N 1b, 2b, R = 6-Br
1c, 2c, R=7-Br
Br Br
1a-d 2a-d

1d, 2d, R = 8-Br

0]
. _Boc i 3a,13a, R = 5-Bn
i N iii, iv, v N - 3b, 13b, R = 6-Bn
N 3c,13c, R=7-Bn
NH,
Bn 3ad Bn OH 3d,13d, R =8-Bn
a 13a-d

13a
(S)-2-amino-1-(5-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-

hydroxyphenyl)propan-1-one (13a). Following General Procedure C, 3a (207 mg,
0.64 mmol) was deprotected to yield the amine intermediate as a white solid. This
intermediate (30 mg, 0.115 mmol, 1.0 eq) was coupled to BocTyrOH (34 mg, 0.121
mmol, 1.05 eq) in the presence of PyBOP (60 mg, 0.115 mmol, 1.0 eq), 6CI-HOBt (20
mg, 0.115 mmol, 1.0 eq), and DIEA (161 pL, 1.15 mmol, 10 eq). Silica gel
chromatography yielded the coupled product. TFA deprotection yielded the product as a
white, fluffy solid. '"H NMR (500 MHz, CD3OD, rotamers) & 7.26 — 7.20 (m, 4H), 7.18 —
7.11 (m, 4H), 7.11 - 7.00 (m, 9H), 6.98 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 7.7 Hz, 1H),
6.68 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.5 Hz, 2H), 4.70 (d, J = 16.9 Hz, 1H), 4.73 — 4.55
(m, 2H), 4.60 (d, J = 17.0 Hz, 1H), 4.49 (d, J = 16.0 Hz, 1H), 4.02 (d, J = 16.2 Hz, 1H),
3.96 (s, 2H), 3.91 (s, 2H), 3.72 (dt, J = 12.3, 5.9 Hz, 1H), 3.60 (ddd, J = 16.6, 11.5, 5.3
Hz, 1H), 3.54 — 3.43 (m, 1H), 3.10 (ddd, J = 12.9, 7.6, 4.6 Hz, 1H), 3.06 — 3.00 (m, 2H),

3.00 — 2.90 (m, 2H), 2.70 — 2.59 (m, 2H), 2.53 (dt, J = 16.2, 6.2 Hz, 1H), 2.23 (dt, J =
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16.6, 5.8 Hz, 1H). HPLC retention time: 36.7 min. HRMS calculated for [C25H26N202 +
H]*: 387.2067, found: 387.2073.
13b

(S)-2-amino-1-(6-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-
hydroxyphenyl)propan-1-one (13b). Following General Procedure C, 3b (76 mg,
0.235 mmol) was deprotected to yield the amine intermediate as a white solid. This
intermediate (30 mg, 0.115 mmol, 1.0 eq) was coupled to BocTyrOH (34 mg, 0.121
mmol, 1.05 eq) in the presence of PyBOP (60 mg, 0.115 mmol, 1.0 eq), 6CI-HOBt (20
mg, 0.115 mmol, 1.0 eq), and DIEA (161 pL, 1.15 mmol, 10 eq). Silica gel
chromatography yielded the coupled product. TFA deprotection yielded the product as a
white, fluffy solid. '"H NMR (500 MHz, CDsOD, rotamers) & 7.26 — 7.22 (m, 4H), 7.18 —
7.13 (m, 5H), 7.08 — 7.01 (m, 7H), 6.98 (d, J = 8.0 Hz, 1H), 6.94 (d, J = 7.1 Hz, 2H),
6.86 (d, J = 7.8 Hz, 1H), 6.71 (d, J = 8.5 Hz, 2H), 6.64 (d, J = 8.5 Hz, 2H), 4.75 (d, J =
17.0 Hz, 1H), 4.64 (dd, J = 8.4, 6.4 Hz, 1H), 4.60 (t, J = 7.5 Hz, 1H), 4.49 (d, J = 16.9
Hz, 1H), 4.48 (d, J = 15.9 Hz, 1H), 3.99 (d, J = 15.8 Hz, 1H), 3.90 (s, 4H), 3.78 — 3.68
(m, 2H), 3.54 (dt, J = 12.3, 5.8 Hz, 1H), 3.18 — 3.10 (m, 1H), 3.05 — 3.00 (m, 3H), 3.00 —
2.95 (m, 1H), 2.77 — 2.68 (m, 3H), 2.40 (dt, J = 16.1, 5.8 Hz, 1H). HPLC retention time:
37.7 min. MS calculated for [C25H26N202 + H]*: 387.2, found: 387.2.
13c

(S)-2-amino-1-(7-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-
hydroxyphenyl)propan-1-one (13c). Following General Procedure C, 3c (94 mg,
0.291 mmol) was deprotected to yield the amine intermediate as a white solid. This

intermediate (25 mg, 0.096 mmol, 1.0 eq) was coupled to BocTyrOH (28 mg, 0.101
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mmol, 1.05 eq) in the presence of PyBOP (50 mg, 0.096 mmol, 1.0 eq), 6CI-HOBt (16
mg, 0.096 mmol, 1.0 eq), and DIEA (135 pL, 0.960 mmol, 10 eq). Silica gel
chromatography yielded the coupled product as a colorless oil (14 mg, 28%, 2 steps).
TFA deprotection yielded the product as a white, fluffy solid. '"H NMR (500 MHz,
CDs30D, rotamers) & 7.27 — 7.22 (m, 4H), 7.18 — 7.14 (m, 6H), 7.05 (d, J = 8.5 Hz, 2H),
7.03 - 6.99 (m, 6H), 6.97 (s, 1H), 6.73 (s, 1H), 6.70 (d, J = 8.4 Hz, 2H), 6.62 (d, J= 8.4
Hz, 2H), 4.72 (d, J = 17.0 Hz, 1H), 4.66 — 4.59 (m, 2H), 4.49 (d, J = 17.0 Hz, 1H), 4.43
(d, J = 16.0 Hz, 1H), 3.95 (d, J = 16.0 Hz, 1H), 3.91 (s, 4H), 3.79 (dt, J = 12.1, 5.8 Hz,
1H), 3.65 (ddd, J = 12.7, 7.5, 5.1 Hz, 1H), 3.53 (ddd, J = 12.3, 6.7, 4.7 Hz, 1H), 3.13
(ddd, J =12.7, 7.7, 4.6 Hz, 1H), 3.05 — 3.02 (m, 2H), 3.02 — 2.92 (m, 2H), 2.78 — 2.73
(m, 2H), 2.72 — 2.66 (m, 1H), 2.37 (dt, J = 16.1, 5.7 Hz, 1H). HPLC retention time: 37.5
min. MS calculated for [C25H26N202 + H]*: 387.2, found: 387.2.

13d

(S)-2-amino-1-(8-benzyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-(4-

hydroxyphenyl)propan-1-one (13d). Following General Procedure C, 3d (83 mg,
0.257 mmol) was deprotected to yield the amine intermediate as a white solid. This
intermediate (16 mg, 0.062 mmol, 1.0 eq) was coupled to BocTyrOH (18 mg, 0.065
mmol, 1.05 eq) in the presence of PyBOP (32 mg, 0.062 mmol, 1.0 eq), 6CI-HOBt (11
mg, 0.062 mmol, 1.0 eq), and DIEA (87 pL, 0.620 mmol, 10 eq). Silica gel
chromatography yielded the coupled product (20 mg, 62%, 2 steps). TFA deprotection
yielded the product as a white, fluffy solid (17 mg, 100%). '"H NMR (500 MHz, CD30D,
rotamers) 6 7.31 (t, J = 7.6 Hz, 2H), 7.28 — 7.20 (m, 3H), 7.20 — 7.10 (m, 7H), 7.06 (dd,

J =175, 3.7 Hz, 1H), 7.04 — 6.96 (m, 5H), 6.86 (d, J = 8.5 Hz, 2H), 6.66 (d, J = 8.4 Hz,
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2H), 6.61 (dd, J = 8.4, 2.2 Hz, 2H), 4.67 — 4.58 (m, 2H), 4.46 (d, J = 17.3 Hz, 1H), 4.24
(d, J=16.3 Hz, 1H), 4.16 (td, J = 8.8, 5.8 Hz, 1H), 3.98 (d, J = 3.7 Hz, 2H), 3.88 (dd, J =
16.0, 3.4 Hz, 1H), 3.82 — 3.74 (m, 2H), 3.74 — 3.70 (m, 1H), 3.69 — 3.62 (m, 1H), 3.52 —
3.45 (m, 1H), 3.06 — 2.96 (m, 3H), 2.92 — 2.83 (m, 2H), 2.80 (d, J = 7.8 Hz, 1H), 2.78 —
2.70 (m, 2H), 2.44 — 2.35 (m, 1H). HPLC retention time: 35.5 min. MS calculated for
[C25H26N202 + H]*: 387.2, found: 387.2.

Scheme 17. Synthesis of 15a and 15b

14b n=2
|| i, iv 15a,n =0
15b,n=2

Tert-butyl 7-phenyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (14a). 14a
was synthesized following General Procedure B from 2¢ (52 mg, 0.167 mmol, 1.0 eq),
phenylboronic acid (41 mg, 0.334 mmol, 2.0 eq), Pd(dppf)Cl2 (12 mg, 0.017 mmol, 0.1
eq), and K2COs (69 mg, 0.501 mmol, 3.0 eq) to yield the product as a colorless oil (40
mg, 77%). "H NMR (500 MHz, CDCl3) & 7.59 — 7.55 (m, 2H), 7.46 — 7.39 (m, 3H), 7.37 —
7.32 (m, 2H), 7.22 (d, J = 7.9 Hz, 1H), 4.65 (s, 2H), 3.69 (s, 2H), 2.88 (t, J = 5.9 Hz, 2H),
1.51 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-phenyl-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (15a). Following General Procedure C,

14a (40 mg, 0.129 mmol) was deprotected to yield the amine intermediate as a white
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solid. This intermediate was coupled to diBoc-DMT (56 mg, 0.136 mmol, 1.05 eq) in the
presence of PyBOP (68 mg, 0.130 mmol, 1.0 eq), 6CI-HOBt (22 mg, 0.130 mmol, 1.0
eq), and DIEA (182 pL, 1.3 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a colorless oil (44 mg, 56%, 2 steps). TFA deprotection yielded the product
as a white solid. '"H NMR (500 MHz, CDsOD, rotamers) & 7.59 — 7.53 (m, 4H), 7.44 —
7.35 (m, 7H), 7.34 — 7.29 (m, 2H), 7.13 (d, J = 8.0 Hz, 1H), 7.09 (d, J = 7.9 Hz, 1H),
6.95 (d, J= 1.8 Hz, 1H), 6.43 (s, 2H), 6.33 (s, 2H), 4.74 (d, J=17.0 Hz, 1H), 4.64 (d, J =
16.9 Hz, 1H), 4.59 (ddd, J = 24.3, 11.9, 4.2 Hz, 2H), 4.32 (d, J = 15.8 Hz, 1H), 3.82 (dt,
J =128, 5.8 Hz, 1H), 3.70 — 3.63 (m, 1H), 3.48 (d, J = 15.8 Hz, 1H), 3.29 — 3.22 (m,
3H), 3.11 (dt, J = 13.8, 3.9 Hz, 2H), 2.83 — 2.75 (m, 2H), 2.72 (ddd, J = 12.5, 7.3, 4.6
Hz, 1H), 2.60 (dt, J = 16.2, 6.0 Hz, 1H), 2.29 (s, 6H), 2.24 (s, 6H), 2.05 (dt, J = 16.2, 5.6
Hz, 1H). HPLC retention time: 36.3 min. MS calculated for [C2sH2sN202 + H]*: 401.2,
found: 401.3.
15b

Tert-butyl 7-phenethyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (14b). 14b
was synthesized following General Procedure B from 2¢ (62 mg, 0.199 mmol, 1.0 eq),
phenethylboronic acid (60 mg, 0.398 mmol, 2.0 eq), Pd(dppf)Cl2 (15 mg, 0.020 mmol,
0.1 eq), and K2COs (83 mg, 0.597 mmol, 3.0 eq) to yield the product as a colorless oil
(14 mg, 21%). 'H NMR (500 MHz, CDCls) & 7.32 — 7.27 (m, 2H), 7.24 — 7.17 (m, 3H),
7.08 — 7.05 (m, 1H), 7.03 — 6.99 (m, 1H), 6.95 (s, 1H), 4.55 (s, 2H), 3.65 (s, 3H), 2.90
(s, 4H), 2.81 (s, 2H), 1.50 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-phenethyl-3,4-

dihydroisoquinolin-2(1H)-yl)propan-1-one (15b). Following General Procedure C,
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14b (14 mg, 0.041 mmol) was deprotected to yield the amine intermediate as a white
solid. This intermediate was coupled to diBoc-DMT (17 mg, 0.042 mmol, 1.05 eq) in the
presence of PyBOP (21 mg, 0.040 mmol, 1.0 eq), 6CI-HOBt (7 mg, 0.040 mmol, 1.0
eq), and DIEA (56 uL, 0.40 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a colorless oil (12 mg, 48%, 2 steps). TFA deprotection yielded the product
as a white solid (6 mg, 60%). '"H NMR (500 MHz, CD30OD, rotamers) & 7.24 — 7.21 (m,
4H), 7.17 = 7.11 (m, 6H), 6.97 — 6.93 (m, 3H), 6.91 — 6.87 (m, 2H), 6.46 (s, 1H), 6.42 (s,
2H), 6.35 (s, 2H), 4.62 (d, J = 16.8 Hz, 2H), 4.58 — 4.51 (m, 2H), 4.48 (d, J = 17.0 Hz,
2H), 4.17 (d, J = 15.7 Hz, 1H), 3.70 — 3.65 (m, 2H), 3.34 (d, J = 14.9 Hz, 1H), 3.26 —
3.18 (m, 3H), 3.11 — 3.06 (m, 2H), 2.87 — 2.82 (m, 8H), 2.71 (q, J = 6.6 Hz, 2H), 2.68 —
2.62 (m, 1H), 2.51 (dt, J = 16.0, 6.3 Hz, 1H), 2.26 (s, 6H), 2.21 (s, 6H), 2.00 — 1.94 (m,
1H). HPLC retention time: 41.4 min. HRMS calculated for [C2sH32N202 + H]*: 429.2537,
found: 429.2537.

Scheme 18. Synthesis of 17a and 17b

n=0,
17a,n=0
17b,n =2

2
0
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Tert-butyl 8-phenyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (16a). 16a
was synthesized following General Procedure B from 2d (50 mg, 0.16 mmol, 1.0 eq),
phenylboronic acid (39 mg, 0.32 mmol, 2.0 eq), Pd(dppf)Cl2 (12 mg, 0.016 mmol, 0.1

eq), and K2COs (66 mg, 0.48 mmol, 3.0 eq) to yield the product as a colorless oil (44
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mg, 88%). '"H NMR (500 MHz, CDClz) & 7.42 (t, J = 7.4 Hz, 2H), 7.38 — 7.34 (m, 1H),
7.32-7.29 (m, 2H), 7.24 (d, J=7.5Hz, 1H), 717 (d, J=7.6 Hz, 1H), 712 (d, J=T7.4
Hz, 1H), 4.45 (s, 2H), 3.64 (t, J = 6.1 Hz, 2H), 2.93 (t, J = 6.0 Hz, 2H), 1.44 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(8-phenyl-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (17a). Following General Procedure C,
16a (22 mg, 0.071 mmol) was deprotected to yield the amine intermediate as a white
solid. This intermediate was coupled to diBoc-DMT (30 mg, 0.072 mmol, 1.05 eq) in the
presence of PyBOP (36 mg, 0.069 mmol, 1.0 eq), 6CI-HOBt (12 mg, 0.069 mmol, 1.0
eq), and DIEA (97 uL, 0.69 mmol, 10 eq). Silica gel chromatography yielded the coupled
product as a colorless oil (34 mg, 81%, 2 steps). TFA deprotection yielded the product
as a white solid (23 mg, 88%). 'H NMR (500 MHz, CD30D, rotamers) & 7.54 — 7.48 (m,
3H), 7.48 — 7.42 (m, 2H), 7.41 — 7.37 (m, 1H), 7.29 — 7.26 (m, 2H), 7.21 (dt, J = 15.8,
7.6 Hz, 2H), 7.13 - 7.07 (m, 5H), 7.03 (d, J = 7.6 Hz, 1H), 6.98 (dd, J = 7.5, 1.3 Hz, 1H),
6.38 (s, 1H), 6.35 (s, 2H), 4.55 (d, J = 16.8 Hz, 1H), 4.50 — 4.44 (m, 2H), 4.06 (dd, J =
12.0, 4.3 Hz, 1H), 4.02 (d, J = 16.4 Hz, 1H), 3.94 (ddd, J = 12.4, 6.8, 5.2 Hz, 1H), 3.42
(ddd, J=12.8, 7.8, 5.0 Hz, 1H), 3.30 — 3.26 (m, 1H), 3.20 — 3.08 (m, 2H), 3.04 (dd, J =
13.7, 4.1 Hz, 1H), 3.00 (d, J = 16.1 Hz, 1H), 2.98 — 2.93 (m, 1H), 2.91 (dd, J=7.7, 5.3
Hz, 1H), 2.78 (dt, J = 16.2, 5.7 Hz, 1H), 2.67 (ddd, J = 15.5, 8.0, 5.2 Hz, 1H), 2.58 (ddd,
J =126, 7.8, 4.8 Hz, 1H), 2.20 — 2.14 (m, 1H), 2.14 (s, 6H), 2.00 (s, 6H). HPLC
retention time: 34.2 min. MS calculated for [C2sH2sN202 + H]*: 401.2, found: 401.2.
17b

Tert-butyl 8-phenethyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (16b). 16b

was synthesized following General Procedure B from 2d (90 mg, 0.288 mmol, 1.0 eq),
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phenethylboronic acid (86 mg, 0.576 mmol, 2.0 eq), Pd(dppf)Cl2 (21 mg, 0.029 mmol,
0.1 eq), and K2COs3 (119 mg, 0.864 mmol, 3.0 eq) to yield the product as a colorless oll
(66 mg, 68%). 'H NMR (500 MHz, CDCl3) d 7.35 — 7.29 (m, 2H), 7.26 — 7.21 (m, 3H),
7.15(t, J=7.6 Hz, 1H), 7.08 (d, J = 7.5 Hz, 1H), 7.03 (d, J = 7.5 Hz, 1H), 4.59 (s, 2H),
3.65 (s, 2H), 2.95 — 2.83 (m, 6H), 1.53 (s, 9H).
(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(8-phenethyl-3,4-

dihydroisoquinolin-2(1H)-yl)propan-1-one (17b). Following General Procedure C,
16b (33 mg, 0.098 mmol) was deprotected to yield the amine intermediate as a white
solid. This intermediate was coupled to diBoc-DMT (43 mg, 0.104 mmol, 1.05 eq) in the
presence of PyBOP (52 mg, 0.099 mmol, 1.0 eq), 6CI-HOBt (17 mg, 0.099 mmol, 1.0
eq), and DIEA (139 puL, 0.99 mmol, 10 eq). Silica gel chromatography yielded the
coupled product as a colorless oil (47 mg, 76%, 2 steps). TFA deprotection yielded the
product as a white solid (27 mg, 73%). 'H NMR (500 MHz, CD30OD, rotamers) & 7.29 (t,
J=7.6Hz 2H), 7.26 — 7.15 (m, 6H), 7.13 (d, J = 6.7 Hz, 2H), 7.10 - 7.01 (m, 3H), 6.95
(d, J=7.6 Hz, 1H), 6.92 (d, J = 7.6 Hz, 1H), 6.85 (d, J = 7.4 Hz, 1H), 6.42 (s, 2H), 6.30
(s, 2H), 4.58 (d, J = 16.7 Hz, 1H), 4.55 — 4.49 (m, 2H), 4.35 (d, J = 16.8 Hz, 1H), 4.04
(d, J = 16.2 Hz, 1H), 3.91 (dt, J = 11.5, 5.4 Hz, 1H), 3.41 (ddd, J = 12.7, 8.0, 4.8 Hz,
1H), 3.27 — 3.16 (m, 3H), 3.11 — 3.05 (m, 3H), 2.90 — 2.83 (m, 5H), 2.81 — 2.72 (m, 3H),
2.64 — 2.48 (m, 4H), 2.20 (s, 6H), 2.19 (s, 6H), 2.06 (s, 1H), 2.09 — 2.03 (m, 1H). HPLC

retention time: 39.1 min. MS calculated for [C2sH32N202 + H]*: 429.2, found: 429.3.
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Scheme 19. Synthesis of 19
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Tert-butyl 7-(phenylcarbamoyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(18). Carboxylic acid 5 (25 mg, 0.090 mmol, 1.0 eq) and aniline (9 yL, 0.095 mmol, 1.05
eq) were coupled in the presence of PyBOP (47 mg, 0.090 mmol, 1.0 eq) and DIEA
(123 pL, 0.900 mmol, 10 eq) in dry DMF (2 mL). Silica gel chromatography yielded the
coupled product as a colorless oil (13 mg, 41%). "H NMR (500 MHz, CDCIz) & 8.11 (s,
1H), 7.65 (dd, J = 12.1, 8.4 Hz, 3H), 7.39 — 7.31 (m, 2H), 7.19 (d, J = 7.9 Hz, 1H), 7.18
—7.10 (m, 1H), 4.59 (s, 2H), 3.64 (t, J = 5.9 Hz, 2H), 2.85 (t, J = 5.9 Hz, 2H), 1.50 (s,
9H).

(S)-2-(2-amino-3-(4-hydroxy-2,6-dimethylphenyl)propanoyl)-N-phenyl-
1,2,3,4-tetrahydroisoquinoline-7-carboxamide (19). Following General Procedure C,
18 (13 mg, 0.037 mmol) was deprotected to yield the amine intermediate as a white
solid. This intermediate was coupled to diBoc-DMT (16 mg, 0.040 mmol, 1.05 eq) in the
presence of PyBOP (20 mg, 0.038 mmol, 1.0 eq) and DIEA (52 pL, 0.380 mmol, 10 eq)
to yield the product as a colorless oil. No 6CI-HOBt was used. TFA deprotection yielded

the product as a white, fluffy solid. '"H NMR (500 MHz, CD3OD, rotamers) & 7.75 — 7.71
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(m, 2H), 7.71 — 7.66 (m, 5H), 7.36 (q, J = 7.7 Hz, 4H), 7.29 (s, 1H), 7.20 (d, J = 7.7 Hz,
1H), 7.19 - 7.11 (m, 3H), 6.41 (s, 2H), 6.29 (s, 2H), 4.71 (s, 2H), 4.60 (td, J = 13.0, 12.2,
4.0 Hz, 2H), 4.32 (d, J = 16.0 Hz, 1H), 3.99 — 3.90 (m, 1H), 3.62 — 3.56 (m, 1H), 3.52 (d,
J=16.1 Hz, 1H), 3.27 — 3.19 (m, 3H), 3.11 (dd, J = 13.8, 3.9 Hz, 2H), 2.82 (q, J = 8.1,
7.3 Hz, 2H), 2.75 (dt, J = 12.9, 6.0 Hz, 1H), 2.63 (dt, J = 16.9, 5.9 Hz, 1H), 2.27 (s, 6H),
2.22 (s, 6H), 2.04 (dt, J = 17.2, 5.5 Hz, 1H). HPLC retention time: 29.0 min. HRMS
calculated for [C27H29N303 + H]*: 444.2282, found: 444.2287.

Scheme 20. Synthesis of 23
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(S)-N-(2-(2-amino-3-(4-hydroxy-2,6-dimethylphenyl)propanoyl)-1,2,3,4-
tetrahydroisoquinolin-7-yl)benzamide (23). 7-nitro-1,2,3,4-tetrahydroisoquinoline (65
mg, 0.365 mmol, 1.0 eq) was coupled to diBoc-DMT (157 mg, 0.383 mmol, 1.05 eq) in
the presence of PyBOP (190 mg, 0.365 mmol, 1.0 eq), 6CI-HOBt (62 mg, 0.365 mmol,
1.0 eq), and DIEA (512 uL, 3.65 mmol, 10 eq). The coupled product was purified by
silica gel chromatography. Remaining coupling reagents were precipitated in chloroform
and filtered off. The mother liquor was concentrated to yield the pure product as a

yellow solid (205 mg, 99%). The nitro intermediate (22 mg, 0.039 mmol, 1.0 eq) was
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combined with NH4Cl (83 mg, 1.56 mmol, 40 eq) and Zn dust (51 mg, 0.780 mmol, 20
eq) and dissolved in acetone (3 mL) and water (154 pL, 8.58 mmol, 220 eq). After 1
hour at room temperature, solvent was removed under vacuum, and the crude product
was partitioned between ethyl acetate and water. The layers were separated, and the
aqueous layer was extracted with ethyl acetate. The combined organic layers were
washed with brine, dried over MgSOQOs4, filtered, and concentrated under vacuum to
obtain the corresponding aniline as a colorless oil (18 mg, 86%). This intermediate was
coupled to benzoic acid (4 mg, 0.035 mmol, 1.05 eq) in the presence of PyBOP (17 mg,
0.033 mmol, 1.0 eq) and DIEA (57 pL, 0.330 mmol, 10 eq). This intermediate was
dissolved in DCM (2 mL) and TFA (2 mL), and the reaction mixture stirred at room
temperature for 3 hours. Subsequent HPLC purification yielded 23 as a white solid. 'H
NMR (500 MHz, CD3OD, rotamers) & 7.93 (t, J = 7.7 Hz, 4H), 7.61 — 7.56 (m, 2H), 7.55
—7.49 (m, 5H), 7.44 (dt, J = 8.4, 2.3 Hz, 1H), 7.34 (dt, J = 8.3, 2.6 Hz, 1H), 7.23 - 7.19
(m, 1H), 7.06 (d, J = 8.2 Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H), 6.44 (s, 2H), 6.34 (s, 2H),
469 (d, J =171 Hz, 1H), 4.58 (d, J = 15.9 Hz, 1H), 4.64 — 4.52 (m, 2H), 4.25 (d, J =
15.9 Hz, 1H), 3.80 (dt, J = 11.9, 5.7 Hz, 1H), 3.66 (ddd, J = 12.9, 7.6, 5.1 Hz, 1H), 3.43
(d, J = 15.8 Hz, 1H), 3.28 — 3.22 (m, 3H), 3.10 (dd, J = 14.0, 4.0 Hz, 2H), 2.78 — 2.73
(m, 2H), 2.70 (ddd, J = 12.5, 7.5, 4.8 Hz, 1H), 2.55 (dt, J = 16.2, 6.0 Hz, 1H), 2.28 (s,
6H), 2.24 (s, 6H), 2.01 (dt, J = 16.0, 5.8 Hz, 1H). HPLC retention time: 28.4 min. HRMS

calculated for [C27H20N303 + H]*: 444.2282, found: 444.2280.
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Scheme 21. Synthesis of 25a-25d

ii, iii, iv
_—

OH

Tert-Butyl 7-(2-oxo-2-phenylethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (24a). 24a was synthesized following General Procedure H from 2¢c (75
mg, 0.240 mmol, 1.0 eq), acetophenone (58 mg, 0.480 mmol, 2.0 eq), Pdz(dba)s (22
mg, 0.024 mmol, 0.1 eq), BINAP (36 mg, 0.058 mmol, 0.24 eq), and NaOtBu (30 mg,
0.312 mmol, 1.3 eq) to yield the product as a colorless oil (64 mg, 76%). "H NMR (500
MHz, CDCIs) 6 8.02 (d, J = 7.0 Hz, 2H), 7.58 — 7.54 (m, 1H), 7.49 — 7.44 (m, 2H), 7.11 —
7.05 (m, 2H), 7.01 (s, 1H), 4.55 (s, 2H), 4.25 (s, 2H), 3.66 — 3.59 (m, 2H), 2.82 — 2.77
(m, 2H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-oxo-2-phenylethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (25a). Following General Procedure C,
24a (64 mg, 0.182 mmol) was deprotected to yield the amine intermediate as a
colorless oil. This intermediate (26 mg, 0.090 mmol, 1.0 eq) was coupled to diBoc-DMT
(39 mg, 0.095 mmol, 1.05 eq) in the presence of PyBOP (47 mg, 0.090 mmol, 1.0 eq)
and DIEA (126 uL, 0.90 mmol, 10 eq) to yield a brown oil. No 6CI-HOBt was used. TFA

deprotection yielded the product as a dense off-white solid (43 mg, 86%, 3 steps). 'H
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NMR (500 MHz, CDsOD, rotamers) & 8.06 — 8.02 (m, 4H), 7.63 — 7.57 (m, 2H), 7.52 —
7.47 (m, 4H), 7.07 — 7.04 (m, 1H), 7.04 — 6.99 (m, 3H), 6.95 (d, J = 7.8 Hz, 1H), 6.57 (s,
1H), 6.39 (s, 2H), 6.31 (s, 2H), 4.64 (d, J = 17.1 Hz, 1H), 4.61 — 4.51 (m, 2H), 4.51 (d, J
=17.0 Hz, 1H), 4.32 — 4.27 (m, 4H), 4.19 (d, J = 15.8 Hz, 1H), 3.78 — 3.71 (m, 1H), 3.65
—3.58 (m, 1H), 3.39 (d, J = 15.8 Hz, 1H), 3.25 - 3.19 (m, 3H), 3.11 — 3.06 (m, 2H), 2.74
—2.68 (m, 2H), 2.67 — 2.60 (m, 1H), 2.57 — 2.49 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 2.02
—1.95 (m, 1H). HPLC retention time: 33.4 min. HRMS calculated for [C2sH30N203 + H]":
443.2329, found: 443.2323.
25b

Tert-Butyl 7-(2-oxo0-2-(p-tolyl)ethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (24b). 24b was synthesized following General Procedure H from 2c¢ (100
mg, 0.320 mmol, 1.0 eq), 1-(p-tolyl)ethan-1-one (86 mg, 0.640 mmol, 2.0 eq), Pdz(dba)s
(29 mg, 0.032 mmol, 0.1 eq), BINAP (48 mg, 0.077 mmol, 0.24 eq), and NaOtBu (40
mg, 0.416 mmol, 1.3 eq) to yield the product as a colorless oil (40 mg, 34%). '"H NMR
(400 MHz, CDCI3) 6 7.91 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 7.09 — 7.06 (m,
2H), 7.00 (s, 1H), 4.54 (s, 2H), 4.22 (s, 2H), 3.62 (t, 2H), 2.79 (t, J = 4.9 Hz, 2H), 2.41

(s, 3H), 1.48 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-oxo-2-(p-tolyl)ethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (25b). Following General Procedure C,
24b (40 mg, 0.109 mmol) was deprotected to yield the amine intermediate as a white
solid. This intermediate was coupled to diBoc-DMT (47 mg, 0.114 mmol, 1.05 eq) in the
presence of PyBOP (57 mg, 0.109 mmol, 1.0 eq) and DIEA (152 pL, 1.09 mmol, 10 eq)

to yield a brown oil. No 6CI-HOBt was used. TFA deprotection yielded the product as a
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white, fluffy solid (34 mg, 54%, 3 steps). '"H NMR (500 MHz, CD3OD, rotamers) & 7.95 —
7.91 (m, 4H), 7.32 — 7.28 (m, 4H), 7.04 (d, J = 8.0 Hz, 1H), 7.02 — 6.97 (m, 3H), 6.94 (d,
J=7.8 Hz, 1H), 6.56 (s, 1H), 6.39 (s, 2H), 6.30 (s, 2H), 4.62 (d, J = 17.0 Hz, 1H), 4.60 —
4.53 (m, 2H), 4.51 (d, J = 16.6 Hz, 1H), 4.26 — 4.22 (m, 4H), 4.18 (d, J = 15.8 Hz, 1H),
3.78 —3.72 (m, 1H), 3.63 — 3.56 (m, 1H), 3.39 (d, J = 15.8 Hz, 1H), 3.26 — 3.18 (m, 3H),
3.11-3.06 (m, 2H), 2.73 — 2.68 (m, 2H), 2.66 — 2.60 (m, 1H), 2.55 — 2.48 (m, 1H), 2.40
(s, 3H), 2.39 (s, 3H), 2.24 (s, 6H), 2.18 (s, 6H), 2.00 — 1.93 (m, 1H). HPLC retention
time: 36.5 min. HRMS calculated for [C29H32N203 + H]*: 457.2486, found: 457.2481.
25¢

Tert-Butyl 7-(2-oxo0-2-(m-tolyl)ethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (24c). 24c was synthesized following General Procedure H from 2c (200
mg, 0.641 mmol, 1.0 eq), 1-(m-tolyl)ethan-1-one (172 mg, 1.28 mmol, 2.0 eq), Pdz(dba)s
(59 mg, 0.064 mmol, 0.1 eq), BINAP (96 mg, 0.154 mmol, 0.24 eq), and NaOtBu (80
mg, 0.833 mmol, 1.3 eq) to yield the product as a colorless oil (154 mg, 66%). '"H NMR
(500 MHz, CDCl3) 8 7.85 — 7.78 (m, 2H), 7.40 — 7.33 (m, 2H), 7.13 — 7.03 (m, 2H), 7.01
(s, 1H), 4.55 (s, 2H), 4.23 (s, 2H), 3.63 (t, J = 7.2 Hz, 2H), 2.80 (t, J = 6.3 Hz, 2H), 2.41
(s, 3H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-oxo-2-(m-tolyl)ethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (25c). Following General Procedure C,
24c (154 mg, 0.421 mmol) was deprotected to yield the amine intermediate as a white
solid. This intermediate (560 mg, 0.166 mmol, 1.0 eq) was coupled to diBoc-DMT (71
mg, 0.174 mmol, 1.05 eq) in the presence of PyBOP (86 mg, 0.166 mmol, 1.0 eq) and

DIEA (233 uL, 1.66 mmol, 10 eq) to yield a brown oil. No 6CI-HOBt was used. TFA
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deprotection yielded the product as a white, fluffy solid (36 mg, 38%, 3 steps). '"H NMR
(500 MHz, CDs0OD, rotamers) & 7.86 — 7.81 (m, 4H), 7.45 — 7.33 (m, 4H), 7.04 (d, J =
7.8 Hz, 1H), 7.02 — 6.97 (m, 3H), 6.94 (d, J = 7.8 Hz, 1H), 6.56 (s, 1H), 6.39 (s, 2H),
6.30 (s, 2H), 4.62 (d, J = 17.0 Hz, 1H), 4.60 — 4.54 (m, 2H), 4.52 (d, J = 16.9 Hz, 1H),
4.29 — 4.25 (m, 4H), 4.19 (d, J = 15.8 Hz, 1H), 3.78 — 3.72 (m, 1H), 3.64 — 3.56 (m, 1H),
3.40 (d, J = 15.8 Hz, 1H), 3.26 — 3.17 (m, 3H), 3.11 — 3.06 (m, 2H), 2.74 — 2.68 (m, 2H),
2.67 — 2.60 (m, 1H), 2.56 — 2.49 (m, 1H), 2.40 (s, 3H), 2.39 (s, 3H), 2.24 (s, 6H), 2.19
(s, 6H), 2.02 — 1.94 (m, 1H). HPLC retention time: 36.7 min. HRMS calculated for
[C29H32N203 + H]*: 457.2486, found: 457.2482.
25d

Tert-Butyl 7-(2-oxo0-2-(o-tolyl)ethyl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (24d). 24d was synthesized following General Procedure H from 2c¢ (100
mg, 0.320 mmol, 1.0 eq), 1-(o-tolyl)ethan-1-one (86 mg, 0.640 mmol, 2.0 eq), Pdz(dba)s
(29 mg, 0.032 mmol, 0.1 eq), BINAP (48 mg, 0.077 mmol, 0.24 eq), and NaOtBu (40
mg, 0.416 mmol, 1.3 eq) to yield the product as a colorless oil (96 mg, 82%). '"H NMR
(500 MHz, CDCls) 6 7.74 (d, J = 7.7 Hz, 1H), 7.40 — 7.35 (m, 1H), 7.27 — 7.22 (m, 2H),
7.09 (d, J = 7.8 Hz, 1H), 7.05 — 7.01 (m, 1H), 6.98 (s, 1H), 4.56 (s, 2H), 4.18 (s, 2H),
3.63 (s, 2H), 2.80 (t, J = 5.9 Hz, 2H), 2.47 (s, 3H), 1.49 (s, 9H).

(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(2-oxo-2-(o-tolyl)ethyl)-
3,4-dihydroisoquinolin-2(1H)-yl)propan-1-one (25d). Following General Procedure C,
24d (96 mg, 0.263 mmol) was deprotected to yield the amine intermediate as a
colorless oil. This intermediate (40 mg, 0.133 mmol, 1.0 eq) was coupled to diBoc-DMT

(57 mg, 0.140 mmol, 1.05 eq) in the presence of PyBOP (69 mg, 0.133 mmol, 1.0 eq)
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and DIEA (186 pL, 1.33 mmol, 10 eq) to yield a brown oil. No 6CI-HOBt was used. TFA
deprotection yielded the product as a white, fluffy solid (35 mg, 47%, 3 steps). '"H NMR
(500 MHz, CD3sOD, rotamers) & 7.80 (d, J = 7.8 Hz, 2H), 7.39 — 7.35 (m, 2H), 7.32 -
7.27 (m, 2H), 7.26 — 7.22 (m, 2H), 7.03 — 6.99 (m, 1H), 6.99 (s, 2H), 6.93 (d, J = 7.7 Hz,
1H), 6.53 (s, 1H), 6.39 (s, 2H), 6.31 (s, 2H), 4.61 (d, J = 16.9 Hz, 1H), 4.59 — 4.53 (m,
2H), 4.51 (d, J = 16.9 Hz, 1H), 4.21 — 4.16 (m, 5H), 3.75 — 3.69 (m, 1H), 3.66 — 3.59 (m,
1H), 3.37 (d, J = 15.8 Hz, 1H), 3.26 — 3.18 (m, 3H), 3.11 — 3.05 (m, 2H), 2.74 — 2.68 (m,
2H), 2.67 — 2.62 (m, 1H), 2.55 — 2.48 (m, 1H), 2.37 (s, 3H), 2.36 (s, 3H), 2.24 (s, 6H),
2.19 (s, 6H), 1.99 — 1.92 (m, 2H). HPLC retention time: 36.1 min. HRMS calculated for
[C29H32N203 + H]*: 457.2486, found: 457.2483.

Scheme 22. Synthesis of 28
H
Bfm,Boc | Nmﬁoc . H
I ii NH
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2c 26
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NH oH
28

Tert-butyl 7-(phenylamino)-3,4-dihydroisoquinoline-2(1H)-carboxylate (26).
Intermediate 2¢ (100 mg, 0.320 mmol, 1.0 eq), NaOtBu (92 mg, 0.960 mmol, 3.0 eq),
Pd(dppf)Cl2 (47 mg, 0.064 mmol, 0.2 eq), and aniline (35 uL, 0.384 mmol, 1.2 eq) were
combined in a round bottom flask equipped with a teflon stirbar. 1,4-dioxane (10 mL)
was added, and the reaction mixture was degassed. The flask was attached to a reflux

condenser, and the system was flushed with argon. The reaction mixture stirred at 110
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°C overnight. The reaction mixture was concentrated under vacuum to remove 1,4-
dioxane. The crude product was dissolved in ethyl acetate, and solids were filtered off.
Silica gel chromatography in ethyl acetate/hexanes yielded a mixture containing the
desired product as a brown oil. HPLC retention time: 61.0 min. MS calculated for
[C20H24N202 + H]*: 325.2, found: 325.2.
N-phenyl-1,2,3,4-tetrahydroisoquinolin-7-amine (27). 26 (19 mg, 0.059 mmol)
was dissolved in DCM (1.5 mL) and TFA (1.5 mL). The reaction mixture turned from
reddish-brown to dark gray-blue. The crude product was purified by semi-preparative
HPLC to yield the pure product as a green-blue oil. HPLC retention time: 26.8 min. MS
calculated for [C1sH1eN2 + H]": 225.1, found: 225.1.
(S)-2-amino-3-(4-hydroxy-2,6-dimethylphenyl)-1-(7-(phenylamino)-3,4-
dihydroisoquinolin-2(1H)-yl)propan-1-one (28). 27 (22 mg, 0.065 mmol, 1.0 eq) was
coupled to diBoc-DMT (28 mg, 0.068 mmol, 1.05 eq) in the presence of PyBOP (34 mg,
0.065 mmol, 1.0 eq) and DIEA (113 pL, 0.65 mmol, 10 eq) to yield a green-gray oil. The
coupled intermediate was dissolved in DCM (1.5 mL) and TFA (1.5 mL). The green
reaction mixture stirred at room temperature for 1 hour. Solvent was removed under
vacuum, and the product was purified by semi-preparative HPLC and lyophilized to yield
a gray solid (7 mg, 21%, 3 steps). '"H NMR (500 MHz, CD30D, rotamers) d 7.23 — 7.17
(m, 4H), 7.04 — 7.00 (m, 4H), 6.91 (d, J = 8.2 Hz, 1H), 6.89 — 6.84 (m, 3H), 6.84 — 6.80
(m, 3H), 6.45 (s, 1H), 6.44 (s, 2H), 6.38 (s, 2H), 4.63 (d, J = 16.9 Hz, 1H), 4.55 (ddd, J =
13.2, 11.9, 4.2 Hz, 3H), 4.45 (d, J = 16.9 Hz, 1H), 4.16 (d, J = 15.8 Hz, 1H), 3.73 — 3.62
(m, 2H), 3.27 (d, J = 13.9 Hz, 1H), 3.26 — 3.19 (m, 3H), 3.09 (ddd, J = 13.8, 4.4, 1.9 Hz,

2H), 2.71 — 2.59 (m, 3H), 2.49 (ddd, J = 15.8, 7.4, 4.7 Hz, 1H), 2.27 (s, 6H), 2.23 (s,
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6H), 1.96 (ddd, J = 15.7, 6.8, 4.6 Hz, 1H). HPLC retention time: 34.3 min. MS calculated
for [C26H29N302 + H]*: 416.2, found: 416.3.
6.2 In Vitro Pharmacology

Unless otherwise noted, all tissue culture reagents and radiolabeled ligands were
purchased from commercial sources.

Cell Lines and Membrane Preparations. Membranes prepared from
transfected C6 rat glioma cells stably expressing rat MOR or rat DOR or Chinese
hamster ovary (CHO) cells stably expressing human KOR, human MOR, or human
DOR were used for all assays. Cells were grown to confluence at 37 °C in 5% COz2 in
Dulbecco’s Modified Eagle’s Medium (DMEM) or 1:1 DMEM:F12 media containing 10%
v/v fetal bovine serum and 5% v/v penicillin/streptomycin. Membranes were prepared by
washing confluent cells three times with ice cold phosphate-buffered saline (0.9% NaCl,
0.61 mM Naz2HPO4, 0.38 mM KH2POs4, pH 7.4). Cells were detached from the plates by
incubation in warm harvesting buffer (20 mM HEPES, 150 mM NaCl, 0.68 mM EDTA,
pH 7.4) and pelleted by centrifugation at 200xg for 3 minutes. The cell pellet was
suspended in ice-cold 50 mM Tris-HCI buffer, pH 7.4 and homogenized with a Tissue
Tearor (Biospec Products, Inc) for 20 seconds at setting 4. The homogenate was
centrifuged at 20,000xg for 20 minutes at 4 °C, and the pellet was rehomogenized in 50
mM Tris-HCI pH 7.4 with a Tissue Tearor for 10 seconds at setting 2, followed by
recentrifugation. The final pellet was resuspended in 50 mM Tris-HCI pH 7.4 and frozen
in aliquots at -80 °C. Protein concentration was determined via Pierce BCA protein

assay kit using bovine serum albumin as the standard.
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Binding Affinity. Binding affinities at KOR, MOR, and DOR were determined by
competitive displacement of [*H]diprenorphine as previously reported.8.113-115 |n g 96-
well plate format, cell membranes (5-20 ug of protein) and [3H]diprenorphine (0.2 nM)
were incubated in Tris-HCI buffer (50 mM, pH 7.4) with various concentrations of test
compound at 25 °C for 1 hour, allowing the mixture to reach equilibrium. Nonspecific
binding was determined using the opioid antagonist naloxone (10 uM), and total binding
was determined using vehicle in the absence of competitive ligand. After incubation,
membranes were filtered through Whatman GF/C 1.2 micron glass fiber filters and
washed with 50 mM Tris-HCI buffer. The radioactivity remaining on the filters was then
quantified by liquid scintillation counting after saturation with EcoLume liquid scintillation
cocktail in a Perkin-Elmer Microbeta 2450. Binding affinity (Ki) values were calculated
using the Cheng-Prusoff equation via nonlinear regression analysis using GraphPad
Prism software from at least three separate binding assays performed in duplicate
unless otherwise noted.

Stimulation of [3*S]GTPyS Binding. Agonist stimulation of KOR, MOR, and
DOR was determined by [**S]guanosine 5'-O-[y-thio]triphosphate ([**S]GTPyS) binding
assays as previously reported.8%113-115 |n g 96-well plate format, membranes from cells
expressing opioid receptors as described above (10 ug of protein), [*S]|GTPyS (0.1
nM), and guanosine diphosphate (30 uM) were incubated in GTPyS buffer (50 mM Tris-
HCI, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, pH 7.4) with various concentrations of
test compound at 25 °C for 1 hour. Basal stimulation was determined by incubation in
the absence of any ligand. After incubation, membranes were filtered through Whatman

GF/C 1.2 micron glass fiber filters and washed with GTPyS buffer with no EDTA. The
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radioactivity remaining on the filters was then quantified by liquid scintillation counting
after saturation with EcoLume liquid scintillation cocktail in a Perkin-Elmer Microbeta
2450. Data are reported as percent stimulation compared to the effects of 10 yM
standard agonist - U69,593 (KOR), DAMGO (MOR), or DPDPE (DOR). Percent
stimulation and ECso values were determined via nonlinear regression analysis using
GraphPad Prism software from at least three separate assays performed in duplicate
unless otherwise noted. Efficacy is expressed as percent stimulation relative to standard
agonist.
6.3 Computational Modeling

Modeling of three-dimensional structures of receptor-ligand complexes was
based on the available X-ray structure of the human KOR in the active conformation
(PDB ID: 6b73).2° Structures of peptidomimetic ligands were generated using the 3D-
Builder Application of QUANTA (Accelrys, Inc.) followed by Conformational Search
included in the program package. Low-energy ligand conformations (within 2 kcal/mol)
that demonstrated the best superposition of aromatic substituents of the
tetrahydroisoquinoline core with the pharmacophore elements (Tyr' and Phe3) of
receptor-bound conformations of cyclic tetrapeptides’'® were selected for docking into
the receptor binding pocket. Ligands were positioned inside the receptor binding cavity
to reproduce the binding modes of cyclic tetrapeptides and co-crystalized ligands in
MOR and KOR X-ray structures. Two conformations of peptidomimetics were tested:
with the peptide bond in cis (#=0°) and trans (©o=180°) configurations. Though ligands
with a cis peptide group have slightly higher conformational energy (by ~1 kcal/mol),

they fit better in the ligand binding pockets of the receptors, overlapping with ligands co-
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crystalized with KOR and MOR. The docking pose of each ligand was subsequently
refined using the solid docking module of QUANTA. Models of opioid ligand-receptor

complexes are available upon request.
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