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Abstract Figure

CXCRA4 is a G protein-coupled receptor that interacts with its cognate ligand CXCL12 to
synchronize many physiological responses and pathological processes. Disruption of the
CXCL12-CXCR4 circuitry by small molecule antagonists has emerged as a promising strategy
for cancer intervention. We previously disclosed a hit-to-lead effort that led to the discovery of a
series of tetrahydroisoquinoline-based CXCR4 antagonists exemplified by the lead compound
TIQ15. Herein, we describe our medicinal chemistry efforts toward the redesign of TIQ15 as a
result of high mouse microsomal clearance, potent CYP2D6 inhibition, and poor membrane
permeability. Guided by the in vitro ADME data of TIQ15, structural modifications were
executed to provide compound 12a which demonstrated a reduced potential for first-pass
metabolism while maintaining the CXCR4 potency. Subsequent SAR studies and multiparameter
optimization of 12a resulted in the identification of compound 250, a highly potent, selective,
and metabolically stable CXCR4 antagonist possessing good intestinal permeability and low risk

of CYP-mediated drug-drug interactions.

INTRODUCTION
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The C-X-C chemokine receptor type 4 (CXCR4) is a member of the heptahelical G-
protein coupled receptor (GPCR) superfamily and broadly expressed on the surface of many
important cell types, including, but not limited to, hematopoietic stem cells,' leukocytes,”
endothelial cells,” and tumor cells.* Activation of CXCR4 through its binding of endogenous
chemokine ligand CXCLI12’ (SDF-1, stromal cell-derived factor-1) triggers downstream
signaling cascades that result in a breadth of biological processes.’ Beyond its historically-known
function as a co-receptor harnessed by T-tropic (X4) HIV strains for entry into CD4" T cells,’

CXCR4 has been implicated in the pathogenesis of cancer.®

Over the past decade, the CXCR4/CXCL12 axis has garnered considerable attention from
the scientific community due to its complex involvements in a wide range of oncogenic
processes.” Several recent reports have demonstrated the aberrantly high expression of CXCR4
in more than 23 types of human malignancies where tumor cells exploit CXCR4-mediated
chemotactic signaling to evade immune surveillance.'® In this regard, the intratumoral secretion
of CXCLI12 stimulates pro-survival signaling within the tumor microenvironment and recruits
CXCR4" immunosuppressive leukocytes to subvert T cell-mediated antitumor immune
responses. CXCLI12 also plays a major role in recruiting CXCR4 " pro-angiogenic cells which
support revascularization of ischemic tissue and tumor growth.11 CXCR4" cancer cells take
advantage of the CXCL12 chemoattractant gradient to migrate to distant tissues, which defines
the phenomenon known as metastasis.'? Blockade of CXCL12-mediated CXCR4 activity by
small molecule inhibitors has been shown to effectively reverse tumor-influenced
immunosuppression in preclinical models recapitulating human metastatic breast, ovarian, and
pancreatic cancer.”” These studies demonstrated that AMD3100 (1, Figure 1), a small molecule

CXCR4 antagonist, selectively reduced intratumoral infiltration of FoxP3" regulatory T cells and
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alternatively induced rapid CD8" effector T cell accumulation in the tumor microenvironment,
resulting in increased tumor cell apoptosis and necrosis, reduced intraperitoneal dissemination,
and improved overall survival. As such, CXCR4 represents an attractive therapeutic target for

the development of novel anticancer drugs.

To date, a diverse array of CXCR4 antagonists, both peptides and small molecules, have
been disclosed in the literature as recently reviewed elsewhere.'® First-generation antagonists
comprise bicyclam AMD3100 and simplified analogues thereof.'”> This compound initially
entered clinical trials as an anti-HIV agent but later emerged on the market as an FDA-approved
stem cell mobilizer (AMD3100, 1, Figure 1) following a serendipitous discovery in the clinic.'®
In addition to its clinical utility, AMD3100 has been extensively employed as a “proof-of-
concept” tool molecule to elucidate the role of CXCR4 in a variety of preclinical cancer
models.'”  Accordingly, numerous academic research groups and pharmaceutical companies
have devoted significant efforts into the search of next generations of CXCR4 antagonists
combining high potency with acceptable oral bioavailability. These efforts resulted in a plethora
of chemotypes including the first orally active agent AMD11070 (2), which is currently in phase
2 clinical trials for WHIM syndrome.'® The discovery of AMD11070 laid the foundation for the
development of more advanced preclinical leads. For instance, an extensive optimization
campaign of AMDI11070 at GlaxoSmithKline produced GSK812397 (3)." Researchers at
Norvatis also identified IT1t (4) via high-throughput screening and optimization of an

. . .20
1sothiourea series.
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Figure 1. Literature Small-Molecule CXCR4 Antagonists.

Our own efforts in this area have yielded three attractive chemotypes.”’ Most prominent
is the tetrahydroisoquinoline(THIQ)-based series, exemplified by lead compound TIQ15 (5), a
highly potent and selective antagonist. However, upon a thorough assessment of drug-like
properties, we found TIQ15 suffered from intermediate clearance in mouse hepatic microsomes
(17% remaining after 10 minutes) and poor predicted intestinal permeability (P, = 0 at pH 7.4)
by the PAMPA assay result, both of which hamper further in vivo efficacy studies in murine
models. More importantly, TIQ15 inhibits cytochrome P450 (CYP) 2D6 isozyme at
submicromolar concentrations (ICso = 0.3 ¢M) which is indicative of high propensity for drug-
drug interactions that could restrict its use in combination therapy regimens. Together, these
shortcomings prompted our medicinal chemistry efforts toward redesigning the TIQIS5
chemotype to attain a better alignment of ADME attributes. Herein, we describe the structure-
based design, efficient parallel synthesis, and pharmacological evaluation of a novel series of
CXCR4 antagonists that culminated in the discovery of highly potent lead compound 250

exhibiting favorable in vitro pharmacokinetics properties.
RESULTS AND DISCUSSION

Redesign Criteria. To determine suitable chemical modifications, we carefully examined

structural features of TIQ15 to identify regions on the molecule that account for pharmacokinetic
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liabilities. Particularly notable is the butyl amine moiety which has 5 rotatable bonds, 2 hydrogen
bond donors (HBD), and high basicity (estimated pK, = 10.7). Indeed, the poor passive
permeability of TIQ1S5 is attributed to the high basicity arising from the butyl amine and the
THIQ heterocycle (estimated pK, = 9.6). Our NMR studies showed both of these amine centers
were protonated at physiological pH (data not shown), thus likely impeding the diffusion of the
molecule across lipid-coated membranes. In addition, metabolite identification studies on TIQ15,
after incubation with mouse hepatocytes, revealed the formation of two oxidative metabolites (M
+ 16) of the (S)-tetrahydroquinoline (THQ) moiety. By leveraging the outcomes of these studies,
we successfully removed metabolic liability through modifications of THQ core.”? However, we
further postulated that the first-pass metabolism could be ascribed to CYP-mediated oxidation at
the benzylic and aromatic positions of the THIQ ring. As a result, this optimization campaign
focused on three key objectives. The first was to reduce the number of rotatable bonds which has
been demonstrated to improve pharmacokinetic and pharmacological profiles based on the
retrospective analysis of a large collection of pharma compounds.”> Second, we sought to
suppress CYP-mediated oxidative metabolism to the THIQ ring and attenuate CYP inhibition by
introducing substituents to stereo-electronically block CYP enzymes from accessing metabolic
soft spots. Finally, we aimed to enhance the intestinal permeability by increasing the lipophilicity

as well as reducing HBD counts and basicity of amine centers.

Figure 2. ADME improvement-based redesign strategy.
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Taking these criteria into account, we decided to truncate the butyl amine side chain on
the central nitrogen and conformationally constrain the distal amine moiety by incorporating it
into a piperazine ring directly attached to the THIQ core (Figure 2). We chose the piperazine
motif as a surrogate for the butyl amine since this ubiquitous pharmacophore is present in
numerous GPCR ligands,* including CCR5,”> CXCR3,%® and CXCR4 antagonists.'”** '* To
attach the piperazine on the THIQ, we looked for synthetically tractable and operationally
straightforward transformations amenable to rapid SAR exploration. We envisioned that
chemically modifying the benzylic position of the A-ring would be challenging and generate an
additional chiral center. Conversely, decorating the aromatic B-ring with the piperazine would be
more accessible through well-documented transformations, e.g., Buchwald-Hartwig amination or
nucleophilic aromatic substitution (SyAr), and thus was pursued in this medicinal chemistry
program. We hypothesized that appending the piperazine at the C-2 position would achieve a
twofold objective: (1) hinder the exposure of this portion of the molecule to CYP enzymes and
(2) orchestrate the distal piperazine nitrogen to gyrate a similar spatial trajectory as the butyl
amine nitrogen. To validate the latter, a molecular mechanics based analysis of the
conformational overlay of the two scaffolds was conducted with the goal of understanding the
spatial coincidence of the distal nitrogen pharmacophore relative to the common structural
backbone. This analysis considered all conformers of both molecules with a relative energy of
less than 3 kcal'mol™ relative to the global minimum and with a 0.1A RMSD resolution. All
conformers were then positioned based on a minimum RMSD alignment of the maximally
common heavy atom substructure, and the positions of the distal nitrogen were plotted in 3D

space, as depicted in Figure 3. This depiction exhibited that approximately 10% of the
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conformers for each scaffold existed inside a toroidal overlapping region centered between the
THQ and THIQ rings. Further, many of these conformers were of low energy relative to the
global minima, demonstrating that occupancy of this toroidal region will be high for each
scaffold. Finally, adjacent low energy structures were found to exhibit good alignment of the
common backbone (see Figure 3), which further supports the hypothesized conformational
similarity of the pharmacophore positioning between the two scaffolds. This crude analysis
provided reasonable anticipation that compound 12a embodying a piperazinyl
tetrahydroisoquinoline motif would offer similar potency and hence gave us reason to investigate

this new series.

Figure 3. Conformational overlay of 12a (magenta) and TIQ15 (green). A 3D-pharmacophore model was generated
by in silico conformational analysis of TIQ15 and the target compound 12a wherein low energy conformers of these
compounds were generated and superimposed. The gray and yellow clouds represent the possible positions of the
distal nitrogen pharmacophore of TIQ-15 and 12a, respectively, relative to the common backbone. The areas of
overlap at the figure center (indicated by the blue cloud) are representative of the pool of conformers (~10% of the
total for each species) which can adopt similar positioning of the ring and nitrogen pharmacophores. The depicted
structures are conformational minima identified within the regions of overlap. Graphics were generated with
Maestro v9.7.

Preliminary Synthesis and Screening. Since the THQ and THIQ motifs were kept intact, the
new molecular scaffold contained the same stereogenic centers as TIQ15. Though in TIQ15
series we demonstrated the anti-diastereomer with the (R) configuration at the THIQ ring chiral

center was 80-fold more potent than the other isomeric counterpart, we were uncertain if similar
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stereochemical preference would translate to the new series. For that reason, the initial synthesis
of compound 12a was deliberately achiral so that both diastereomers could be prepared and
tested to determine the optimal stereochemistry for the activity. As depicted in Scheme 1, the
route commenced with the N-Boc protection of commercially available racemic THIQ building
block 6 to provide ester 7. Coupling of 7 with 1-Boc-piperazine under typical Buchwald-Hartwig
amination conditions proceeded smoothly to afford ester 8. DIBAL-H reduction of ester 8 to
aldehyde 9 followed by NaBH(OAc); mediated reductive amination with (S)-N-methyl-5,6,7,8-
tetrahydroquinolin-8-amine 10 furnished two diastereomers 11a and 11b which were readily
separated by column chromatography. Global deprotection of Boc groups with TFA delivered
final compounds as free amines 12a (S,R) and 12b (S,S). Since CXCR4 activation initiates G
protein-mediated intracellular Ca>" release, the antagonism of CXCR4 was measured using
CXCL12-induced Ca®" flux inhibition assay. The screening revealed a 50-fold difference in
activity with 12a being the more potent isomer, ICsy of 6.1 nM versus 313.8 nM (12b). It was
noteworthy that 12a fully retained the potency of the parent compound TIQ15, suggesting

validity to the pharmacophore model (vide supra).

Scheme 1. Preparation of 12a, 12b and 30“
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“Reagents and conditions: (a) Boc,O, NaHCO;, 1,4-dioxane, rt; (b) 1-Boc-piperazine, Pd,(dba);, (+)-BINAP,

Cs,COs, toluene, 120 °C, sealed tube; (c) DIBAL-H, toluene, -78 °C; (d) 10, NaBH(OAc);, 1,2-DCE, 1t; () TFA,

DCM, rt; (f) paraformaldehyde, NaBH(OAc);, 1,2-DCE, tt.

Table 1. Comparative In Vitro Profiling of TIQ15, 12a, and 12b

CxCR4  MACHR - Microsomal Stability  Inhibition of hERG PAMPA
Compd  Ca” Flux CaICFluX % remaining™” CYP450 2D6 binding  permeability
ICoM)™ % Human  Mowe  ICo(M)™ ICo@M)™ P (/s
TIQI5S  6.25+2.05 >33.3 77.0 17.0 0.320 8.92 0
12a 6.08+1.43 7.18 99.7 19.9 >20.0 20.3 0
12b 313493.1 2.10 94.2 54.6 >20.0 ND/ 4.00+6.00

“Concentration of compound inhibiting the CXCR4 Ca”" flux/release by 50%. "Metabolism by microsomes
(CYP450 and other NADP-dependent enzymes) was monitored and expressed at % remaining after 10 minutes. “The
lower limit (< 20 pM) in the CYP450 assays (3A4, 2D6) is shown; all compounds >20 ©M against 3A4. “‘Binding
displacement of [*H]astemizole in HEK membranes that overexpress hKv11.1. “Measured at pH 7.4./ND = not
determined. ¥n=2, reported error represents standard deviation. "n=1.

Next, to establish the benchmark data for the new series, compound 12a was extensively
profiled in a series of pharmacological assays designed to predict aspects of pharmacokinetic and
pharmacodynamic performance (Table 1). We were gratified to find significant improvements in
the profiles of 12a. Compound 12a is unlikely to be a perpetrator of drug-drug interactions based
on the lack of inhibitory activity towards the most notable human CYP450 enzymes 3A4 and
2D6. Unfortunately, the permeability issue still lingered (P, = 0 at pH 7.4). Compound 12a was

predicted to have low potential for QT interval prolongation and cardio toxicity on the basis of a
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weak human ether-a-go-go-related gene (#kERG) binding signal (ICso = 20.3 M) and the absence
of antagonist activity in L-type Ca’" channel assay (ICso > 80 uM). However, upon an
assessment of potential off-target activities, compound 12a displayed a weak inhibition against
mixed M;, M3, Ms subtypes of muscarinic acetylcholine receptors (mAChR) (ICsy of 7.2 uM).
Since these mAChRs play fundamental roles in many bodily functions,”” it is essential to
minimize or eliminate this off-target activity during early discovery phase to avoid cholinergic
side effects, cardiovascular, and gastrointestinal adverse events as the compound progresses
toward clinical trials. Taken together, compound 12a represented a viable series with potentially

divergent SAR.

Structure—Activity Relationship (SAR) Studies. The truncation of the butyl amine opened up a
number of possibilities for side chain attachments on the central nitrogen, thus offering a
productive avenue for SAR. The route delineated in Scheme 1 was adapted for the synthesis of
side-chain modified analogues of 12a. Having determined that the R-isomer 12a was more potent
than the S-isomer 12b, we embarked on a synthetic route that tapped into the chiral pool using an
amino acid building block to synthesize single (S,R)-eutomers (Scheme 2). The requisite (R)-
THIQ ester 13 was prepared in gram-scale from commercially available 2-bromo-D-
phenylalanine via a 6-step sequence comprising a Pictet-Spengler reaction and protecting group
manipulations developed by Beadle er al*®* Chiral HPLC analysis of 13 showed a good
enantiomeric ratio (e.r. = 94:6).” Buchwald-Hartwig amination of 13 provided coupling product
14 with the retention of enantiopurity (e.r. = 93:7).>° The conversion of ester 14 to aldehyde 15
via DIBAL-H reduction followed by reductive amination with ($)-5,6,7,8-tetrahydroquinolin-8-
amine 16 gave the chiral-enriched amine 17 (d.r. = 12:1) which was utilized as an advanced

intermediate to access a variety of side-chain modified analogues via reductive amination or N-
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alkylation reactions. Treatments of 17 with appropriate electrophiles (aldehydes, ketones, alkyl
bromides) under standard conditions afforded the penultimate Boc-protected intermediates 18a-
h, which were isolated as single diastereomers. Global Boc deprotection with TFA furnished

target compounds 19a-h.

Scheme 2. Side Chain Modifications”

\ | |
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“Reagents and conditions: (a) 1-Boc-piperazine, Pd,(dba)s, (=)-BINAP, Cs,CO;3, toluene, 120 °C, sealed tube; (b)
DIBAL-H, toluene, -78 °C; (c) 16, NaBH(OAc);, 1,2-DCE, rt; (d) aldehyde/ketone, NaBH(OAc);, 1,2-DCE, tt; (¢)
RBr, DIPEA, 1,2-DCE, 70 °C; (f) TFA, DCM, rt.

All final compounds were profiled for inhibitory activity against CXCR4 and counter-
screened against mAChR to determine the extent of off-target activity. In parallel with evaluating
GPCR activities, the assessments of critical in vitro ADME parameters including metabolic
stability, CYP450 inhibition, and passive permeability were also incorporated into the screening
paradigm. To streamline the screening process, a high-throughput metabolic stability assay was
employed in which we measured the percentage of test compound remaining after a 10-min
incubation in liver microsome preparations.’’ For the passive permeability screen, we measured
the permeation rate (P.) of the test compound across a lipid-infused artificial membrane by the
high-throughput PAMPA assay.’” In addition, to minimize potential DDI risks, we routinely

monitored the inhibitory activity of every compound against two primary drug-metabolizing
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CYP isozymes (2D6 and 3A4). With this screening paradigm, we defined a target product profile
with the following criteria: (1) potent CXCR4 antagonist activity (ICso < 100 nM); (2) over
1000-fold CXCR4 selectivity versus mAChR; (3) >50% and >20% remaining in HLM and
MLM; (4) clean CYP profile with all ICsy values greater than 20 ©M; and (5) P, greater than 100

nm/s.

Table 2. Effect of Varying Side Chains on Potency and In Vitro ADME Properties.

mAChR
CXCR4 Ca** Microsomal Stability  Inhibition of  Inhibition of PAMPA
Compd Ca” Flux Flux % remaining”/ CYP450 3A4 CYP4502D6  permeability
IC50 (nM)a’e IC50 ICSO (,UM)CJ ICSO ()uM)C,f Pc (nm/s)d’e
(uMy Human Mouse
12a 6.08+1.43 7.18 99.7 19.9 >20.0 >20.0 0
19a 14.84+3.98 8.60 79.1 53.8 >20.0 >20.0 75.0+14.0
19b 32.249.21 3.16 100 87.4 >20.0 12.0 26.5+16.0
19¢ 26.7+1.68 21.6 82.1 88.3 >20.0 8.57 87.0+18.0
19d 3644257 8.34 75.0 91.0 >20.0 >20.0 16.0/
19e 715+182 >33.3 81.6 85.6 1.78 5.72 9.00+13.0
19f 498+198 >33.3 68.6 76.6 5.62 8.45 0
19g 195+4.10 >33.3 94.4 60.3 >20.0 >20.0 11.0+2.00
19h 154+69.4 5.60 90.3 83.7 >20.0 14.2 1.00+2.00

“Concentration of compound inhibiting the CXCR4 Ca®" flux/release by 50%, reported as the mean from two
independent experiments (n=2). "Metabolic stability was determined as percentage of test compound remaining after
incubation for 10 minutes at 37 °C in liver microsome preparations (CYP450 and other NADP-dependent enzymes).
“The lower limit (< 20 uM) in the CYP450 assays (2D6 and 3A4) is shown. “Measured at pH 7.4. “n=2, reported
error represents standard deviation. 'n=1.

As illustrated in Table 2, the CXCR4 activity appeared to be quite sensitive to the length
and size of the side chain. While the ethyl analogue 19a was equipotent to the lead methyl
compound 12a, the n-Pr (19b) and ¢-PrCH; (19¢) led to a 4-fold loss of potency. Sterically bulky
substituents, such as i-Pr (19d), c-HexCH; (19e), or F,-c-HexCH, (19f) dramatically reduced the
potency (ICsp = 300-700 nM). This steep SAR strongly suggested that steric clashes of larger
side chains with other substructures in the vicinity could alter the binding mode of the molecule
to CXCR4. In tandem with hydrophobic attachments, we sought to engage additional H-bond

donor/acceptors to pick up other interactions with the receptor by incorporating the hydroxyl
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(19g) and methoxy (19h) groups to the terminal position of the ethyl side chain. However, these
polar substituents were not well-tolerated, as they led to a 20-30-fold drop in potency. We
surmised this erosion of activity was likely the result of electrostatic repulsion between the
heteroatom on the side chain and the piperazine NH, given the close spatial proximity of these
two moieties. Interestingly, the steric bulk of the side chain appeared to mitigate the mAChR
activity as reflected by the following trend regarding the ICsy values Me (12a) ~ Et (19a) ~ iPr
(19d) < c-PrCH; (19¢) < c-HexCH; (19e). The presence of a heteroatom within the side chain
(19f, 19g) abolished the activity against this off-target receptor (ICso > 30 x«M). Within this set of
analogues, the metabolic stability in MLM was generally improved as compared to 12a, and
these compounds were quite stable toward HLM (70-100% of original compounds remained
after 10 min). Nevertheless, none of these analogues showed desirable P, and five out of the ten
tested compounds, namely 19b, 19¢, 19e¢, 19f, 19h, moderately inhibited CYP 2D6 isozyme.
From these preliminary SAR, it is evident that none of the side chains in this survey surpassed
the methyl group in terms of providing better CXCR4 potency, selectivity over mAChR, and

ADME properties. As a result, we shifted our attention to the northern portion of the chemotype.

Instead of establishing an extensive round of SAR exploration, we decided to replace the
THQ headpiece with selected 2-(aminomethyl)pyridine moieties, e.g., 3-Me (21a) and 3,5-diMe
(21b), which have been shown to improve the potency in the pyridyl series derived from the
redesign of AMD11070.> As illustrated in Scheme 3, aldehyde 15 was utilized as the common
starting material for the synthesis of headpiece-modified analogues. Reductive amination
reactions of 15 with amines S1 through S4 produced Boc-protected intermediates 20a-d.

Subsequent treatment of these intermediates with TFA furnished final compounds 21a-d.

Scheme 3. Headpiece Modifications”
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“Reagents and conditions: (a) amine (S1, S2, S3, S4), NaBH(OAc);, 1,2-DCE, rt; (b) TFA, DCM, tt.

Interestingly, the ‘open chain’ analogues (21a-c¢) turned out to be less potent than 12a
(Table 3). Although the 3,5-diMe analogue (21b) exhibited fairly potent CXCR4 activity (ICsy =
21.4 nM), deletion of the methyl group at C-3 on the pyridyl ring, exemplified by the 5-Me
analogue (21c), resulted in a substantial loss (24-fold) of potency (ICso = 510 nM), indicating
substitution at C-3 on the pyridyl ring is required for activity. As was noted in a recent
publication on the THIQ series,”” exchanging the THQ headpiece with aforementioned
pyridylmethyl moieties improved mouse metabolic stability, and in this set, this observation was
corroborated. For example, compounds 21a and 21¢ showed an improvement (69% and 77%)
with lower metabolic turnover in MLLM as compared to 12a (20%). However, none of these open
chain analogues significantly diminished (21a-c: all ICsy’s <16 uM) the muscarinic activity of
12a. In addition to ‘open scaffold’ headpieces, we also synthesized and tested an analogue
bearing methyl substitution at C-5 on the THQ ring.”* Compound 21d showed a marginal
decrease (2-3-fold) in CXCR4 activity relative to 12a together with the obliteration of
muscarinic activity (ICso > 16.7 4M) and a modest improvement in MLM stability (2-fold), but
failed to improve the PAMPA permeability. However, the loss of CXCR4 potency for all these

analogues failed to distinguish these from 12a in terms of the therapeutic index
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(CXCR4/mACHR ratios). Therefore, other substitutions around the THQ core were not explored
in this medicinal chemistry program. Collectively, these results, in conjunction with the SAR of
the side chain, suggested that further improving the potency of 12a might be very difficult to
achieve. Therefore, our subsequent efforts were directed to optimizing the profile of 12a via

modifications in the southern region of the molecule, mainly on the piperazine ring.

Table 3. SAR of the Northern Region.

CXCR4 mAChR  Microsomal Stability  Inhibition of PAMPA
Compd Ca’* Flux Ca’* Flux % remaining”* CYP450 3A4  permeability
ICso (M) ICso(uM) ~ Human  Mouse  ICso(uM)** P, (nm/s)*
12a 6.08+1.43 7.18 99.7 19.9 >20.0 0
21a 91.2+12.2 11.1 100 69.2 1.42 193461.5
21b 21.4+3.67 15.4 100 ND* >20.0 0
21¢ 510+234 9.56 100 76.8 >20.0 225426.0
21d 16.1+6.33" >16.7 100 47.8 >20.0 9.00+13.0
35 25.2411.0° >16.7 67.8 43.5 >20.0 323¢

“Concentration of compound inhibiting the CXCR4 Ca®" flux/release by 50%, reported as the mean from two
independent experiments (n=2) unless otherwise stated. "Metabolic stability was determined as percentage of test
compound remaining after incubation for 10 minutes at 37 °C in liver microsome preparations (CYP450 and other
NADP-dependent enzymes). “The lower limit (< 20 uM) in the CYP450 assays (2D6 and 3A4) is shown; all
compounds had >20 #M activity against CYP 2D6. “Measured at pH 7.4. °ND = not determined. * n=2, reported error
represents standard deviation. én=1. 'n=3, reported error represents standard deviation. 'n=4, reported error
represents standard deviation.

Lead Optimization Process. As described previously, the two main liabilities in the
pharmacological profile of 12a included the weak inhibition of mAChR and poor PAMPA
permeability. Since the latter dictates the oral bioavailability which was deemed an important
property in this medicinal chemistry program, increasing the permeability became a priority. We
suspected that the intermediate lipophilicity (cLogP 2.97),>* two H-bond donors, and basic amine
centers in the southern quadrants of the chemotype were contributors to the insufficient passive

permeability by not allowing sufficient population of the free-base form.

From a medicinal chemistry perspective, the synthetic route detailed in Scheme 1 was not

amenable for iterative cycles of design, synthesis, and evaluation of piperazine-modified
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analogues since functionalizing the THIQ ring at an early stage requires cumbersome tasks of

purification and characterization of intermediates. In a search for an alternative route to

oNOYTULT D WN =

accelerate the lead optimization process, we devised a robust diversity-oriented strategy by
10 reordering synthetic steps to generate molecular diversity at the penultimate step via a “late-
stage” Buchwald-Hartwig amination (Scheme 4). The revised route started with a DIBAL-H
15 reduction, which converted ester 13 to the corresponding aldehyde 22. Subsequent reductive
17 amination of 22 with amine 10 furnished the bromide 23. This two-step sequence allowed us to
prepare gram quantities of the key intermediate 23, which was subjected to Buchwald-Hartwig
22 couplings with a variety of commercially available piperazine derivatives, followed by TFA-

24 mediated N-Boc cleavage to readily deliver desired targets 25a-p.

27 Scheme 4. Piperazine Modifications via Late Stage Buchwald-Hartwig Coupling”
29 \ \ X
30 | P | /

N 2

N

32 ”\ _ \ . \ ~N
33 Boc\
34
35

13

37 24a-p 25a-p

— — — N= —
47 ~N N —N N ) N N } —N N

N / /N / N

. F \)

51 *—N N— —N N —N N
(R) (S)
>2 — N :

53 H H
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55 “Reagents and conditions: (a) DIBAL-H, toluene, -78 °C; (b) 10, NaBH(OACc)s, 1,2-DCE, 1t; (c) amine, Pd,(dba)s,,
56 (£)-BINAP, Cs,COs, toluene, 120 °C, sealed tube; (d) TFA, DCM, rt.

60 ACS Paragon Plus Environment

17



oNOYTULT D WN =

Journal of Medicinal Chemistry

Our first approach to improve the permeability involved the inclusion of small
hydrophobic moieties into the piperazine core to increase the lipophilicity and modulate the
basicity. As summarized in Table 4, the addition of a carbon bridgehead or a gem-dimethyl
substituent into the piperazine ring (25a-c¢), which was anticipated to reduce the basicity (pK,) of
the piperazine nitrogen by inducing additional steric interactions with the putative ammonium
ion, did not have substantial impact in the PAMPA assay (P, = 0 nm/s). However, compound
25a did have a great improvement observed in both the muscarinic and MLM properties despite
being 3-4 fold less potent in the calcium flux assay. Interestingly, the stereoisomer 25b had over
20-fold loss in CXCR4 potency compared to 12a and was 7-fold less potent than 25a.
Introduction of methyl groups to both sides of the piperazine NH in 25d further elevated cLogP
(3.81) but only resulted in a modest improvement in permeability (P. = 39 nm/s) along with a 10-
fold reduction in CXCR4 potency versus 12a. However, improvements in muscarinic and MLM
properties were observed similar to 25a. At this juncture, further changes in the piperazine ring
structure were not considered, as not only was CXCR4 potency affected negatively but also the
permeability increase was not realized. In addition, since the cLogP values were increasing, we
considered the observation that highly lipophilic compounds are generally associated with
increased promiscuity, high plasma protein binding, and potent ZERG inhibition would be

steering us in the wrong direction.*

Table 4. SAR of the Southern Quadrants
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CXCR4 AR Dlomael Sabily Ddbened Giimen oo e
Compound Ca*" Flux Ca*" Flux % remaining”® CYP450 3A4  CYP450 2D6 pe“neabﬂbffy
ICso (HM)a'f ICso (uM)# ICso (uM)“# ICso (uM)“# Pe (nm/s)
Human Mouse
12a 6.08+1.43 7.18 99.7 19.9 >20.0 >20.0 0
25a 20.7+9.21" >16.7 100 95.9 >20.0 >20.0 0
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1

2

2 25b 146+83.0 >16.7 100 36.3 >20.0 >20.0 0

5 25¢ 33.9426.0 17.9 100 44.0 >20.0 >20.0 0

6 25d 61.0+45.8 >333 100 85.6 >20.0 >20.0 39.04+56.0
7 25e 29.6+15.7 >333 75.8 17.0 >20.0 >20.0 996+11.0
8 25f 13.8+5.45" >333 0 18.8 >20.0 >20.0 2058

9 25¢g 16.9+9.51" >16.7 56.6 15.1 >20.0 8.13 143+13.0
10 25h 23.549.16" >333 15.5 7.00 4.23 6.09 265+2.00
N 25i 3814355 >16.7 83.1 50.8 >20.0 >20.0 7254170
o 25§ >16,700 9.25 90.3 723 221 6.48 141+12.5
14 25k 17.9% 1.98 27.4 46.1 3.16 2.52 129+26.0°
15 251 30.7+16.8 0.887 355 35.1 3.35 0.508 360+65.0°
16 25m 4.4743.29 10.8 4.20 40.4 6.79 11.0 82.0+32.0°
17 25n 14.1+2.57" 15.1 24.6 39.6 >20.0 >20.0 1424+31.0
18 250 3.59¢ 26.1 52.2 36.7 >20.0 >20.0 740+481
;g 25p 2.9241.93 >16.7 36.6 40.1 >20.0 >20.0 167¢
21 29 32.0+16.6" 26.3 100 100 >20.0 >20.0 3.00+4.00
22 30 171+142 >16.7 83.3 41.7 >20.0 >20.0 364+39.0
23 “Concentration of compound inhibiting the CXCR4 Ca” flux/release by 50%, reported as the mean from two

24 independent experiments (n=2) unless otherwise stated. "Metabolic stability was determined as percentage of test

25 compound remaining after incubation for 10 minutes at 37 °C in liver microsome preparations (CYP450 and other

26 NADP-dependent enzymes). “The lower limit (< 20 M) in the CYP450 assays (2D6 and 3A4) is shown. “‘Measured
27 at pH 7.4. “Measured at pH 5.5./n=2, reported error represents standard deviation. *n=1. "n=4, reported error

28 represents standard deviation.

29

30

31 Consequently, we turned our attention to the second approach in which we envisaged
32

33 reducing the number of HBD counts by grafting a methyl group onto the distal piperazine
34

22 nitrogen, which has been shown to improve passive permeability.’® Accordingly, we made the N-
37

38 methyl analogue 25e. As predicted, this modification resulted in a substantial improvement in
39

40 permeability (P, = 996 nm/s), albeit at the expense of a marginal, 5-fold, reduction in CXCR4
41

g potency (ICsp = 29.6 nM) and a small reduction in human microsomal stability. Gratifyingly, the
44

45 CYP profile remained intact, as no inhibitory potential was observed toward recombinant CYP
46

47 enzymes. This modification has proven to be particularly advantageous for the selectivity over
48

gg off-targets as compound 25e was completely devoid of mAChR activity (ICso > 30 ¢M). These
51

52 observations hence encouraged us to also probe the impact of removing the HBD on the THIQ
53

54 ring. Scheme 5 illustrated our synthetic efforts on capping the THIQ nitrogen with a methyl
55

56

57

58

59
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group. A Cbz-protected piperazine moiety was coupled to compound 23 to provide the
orthogonally protected intermediate 26. Cleavage of the N-Boc group by TFA gave 27, which
underwent reductive amination with formalin to furnish 28. Removal of the Cbz protecting group
by treatment with trifluoromethanesulfonic acid yielded compound 29. Of note, efforts to cleave
the N-Cbz group via canonical Pd-catalyzed hydrogenolytic conditions were unsuccessful,

presumably due to the high basicity of the compound.

Scheme 5. Methylation of THIQ Nitrogen”

N

AN
—
N N : B
23 a Boc\N N,Cbz b HN N,Cbz c N N,Cbz d N NH
RO O O™ L
26 28 29

27
“Reagents and conditions: (a) 1-Cbz-Piperazine, Pd,(dba);, (+)-BINAP, Cs,COs, toluene, 120 °C, sealed tube; (b)
TFA, DCM, rt; (c) paraformaldehyde, NaBH(OAc);, 1,2-DCE, rt; (d) TfOH, TFA, rt.

Compound 29 with a methyl-decorated THIQ ring was ~5-fold less active than its des-
methyl counterpart 12a, with an ICsy of 32.0 nM versus 6.1 nM, respectively. Surprisingly, there
was no boost in permeability, and this compound displayed exceptional stability in liver
microsomes across all species as well as a large decrease in muscarinic activity. In light of this
result, we envisioned that methylation of the THIQ ring NH in analogue 25e would fine-tune its
metabolic profile without compromising the CXCR4 activity, given that both methyl analogues
25e and 29 possessed equivalent potency. With this idea in mind, we subjected the parent
compound 12a to a reductive amination conditions with excess paraformaldehyde to provide
compound 30 (Scheme 1). As expected, the resulting analogue 30 showed an additive
improvement in metabolic stability (76 — 83% in HLM, 17 — 42% in MLM) compared to the

N-methyl piperazine analog 25e. However, compound 30 exhibited only moderate CXCR4
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potency (ICso = 171.1 nM) vis-a-vis being 5-6 fold less active than its counterparts (25e, 29). It is
interesting to note in this series that both compounds with the N-methyl piperazine nitrogen (25e
and 30) had superior permeability by >100-fold versus the THIQ N-methyl compound 29 in the
PAMPA assay. This result in itself, points to the major role of the distal piperazine nitrogen in
improving the basicity and also points to the direction and focus that future modifications should

involve modified and N-alkylated piperazines.

As part of the effort to improve the microsomal stability of 25e, we replaced the THQ
headpiece with the tricyclic octahydrophenanthroline motif, which has been shown to reduce

clearance and improve metabolic half-life.'”*

The phenanthroline analogue was synthesized by
following similar methodology described in Scheme 1 using the (R)-TIQ ester 13 and 1-
methylpiperazine for the Buchwald-Hartwig amination (Scheme 6). The resulting coupling
product 31 was then converted to aldehyde 32 via DIBAL-H reduction. Reaction of 32 with
amine 33 under reductive alkylation conditions and subsequent treatment of Boc-protected
intermediate 34 with TFA furnished 35. Profiling of 35 showed only modest improvement in
MLM stability while the other attributes appeared to be comparable to those of 25e. Taken
together, it was evident that, at this point, only 25e and 35 were capable of addressing both the
off-target and permeability issues of 12a while still maintaining potent CXCR4 antagonist
activity, acceptable clearance, and a clean CYP profile. Given the long synthetic sequence
required for the synthesis of the tricyclic headpiece and the observation that this group did not

provide any additional in vitro improvements, we decided to pursue 25e as the new lead for

subsequent SAR exploration.

Scheme 6. Replacing THQ Headpiece with Tricyclic Octahydrophenanthroline Core”
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Sy
“Reagents and conditions: (a) 1-methylpiperazine, Pdy(dba)s, (£)-BINAP, Cs,COs, toluene, 120 °C, sealed tube; (b)
DIBAL-H, toluene, -78 °C; (c) 33, NaBH(OACc)s, 1,2-DCE, rt; (d) TFA, DCM, rt.

While compound 25e was an attractive candidate for in vivo preclinical characterization,
we still wanted to improve upon several features to enhance its drug-like properties. In particular,
we wished to further increase its CXCR4 potency and microsomal stability while maintaining the
permeability, clean CYP profile, and selectivity over mAChR. To this end, we focused on
replacing the methyl group on the terminal piperazine nitrogen with a handful of substitutions
possessing different size, steric demands, and electronic properties. As listed in Table 4, the first
subset of analogues (25f-h) consisted of small aliphatic and alicyclic groups varying from ethyl
to cyclopropyl. In general, these substituents provided analogues with desirable P, and potent
CXCR4 activity. Suspecting demethylation was the major liability, we considered a variety of
replacements for this methyl. The ethyl analogue 25f demonstrated a similar pharmacological
profile to that of 25e, with the exception of very low human liver metabolic stability. However,
the i-Pr (25g) and c-Pr (25h) substituents somehow elicited a detrimental effect on metabolic
stability, and these compounds also picked up moderate CYP 2D6 inhibition. The oxetanyl group
(25i), which is well-known in medicinal chemistry for improving metabolic stability,’” elicited a

very attractive ADME profile but rendered the compound considerably less active against

CXCR4 (10-fold, ICso = 380 nM).
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In the next set of analogues, we subtly changed the electronic nature of the appended
substituent by utilizing electron-withdrawing aryl and heteroaryl groups (25j-m). Of this cohort,
compounds 25k, 251, 25m were fairly permeable. Regarding CXCR4 potency, these substituents
conferred good activity as relative to 25e. This finding, in conjunction with the relatively flat
SAR of aliphatic congeners, signified that the basicity and steric environment on this nitrogen
may not be important for abrogating CXCL12-mediated receptor signaling. The only exception
was the m-trifluoromethylphenyl analogue 25j, which did not inhibit CXCR4 signaling at
concentrations up to 17 uM. This might be the result of an electrostatic repulsion between
fluorine atoms and the negatively charged side chains of aspartic or glutamic acid residues
located in the extracellular binding regions of CXCR4. Perhaps not surprisingly, we encountered
serious metabolic liabilities for heteroaryl variations which could be attributed to the properties
inherent to the unadorned pyridine-like substructures. For example, the 2-pyridyl analogue 25k
inhibited mAChR, CYP 2D6, and 3A4 at low micromolar concentrations. The effect was much
more profound in pyrimidyl congener 251, which is a potent mAChR and CYP2D6 inhibitor.
Homologation of the 2-pyridyl moiety, as found in analogue 25m, appeared to mitigate some of
the aforementioned liabilities and reestablished a single-digit nanomolar on-target potency (ICs
= 4.5 nM). Despite these improvements, this compound was rapidly metabolized by HLM with
only 4% of the original compound remaining at 10 min, thereby precluding it from further
consideration. These SAR studies suggested that small aliphatic substituents, such as the methyl
and ethyl, were preferred for the optimal balance of good activity and ADME properties.

The focus of this work then moved on to the identification of alternative piperazine cores
that could lead to superior overall pharmacological profiles. Guided by the SAR findings from

the preceding array of analogues, we elected to optimize 25d in a rational, structure-based
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fashion. The most obvious limitation of 25d was the low permeability (P, = 39 nm/s), which
instantly prompted us to methylate the piperazine NH. As exemplified by the 3.4,5-
trimethylpiperazine 25n, this modification resulted in a moderate jump in permeability (P, = 142
nm/s), together with a concomitant, 4-fold, increase in CXCR4 potency (ICso = 14.1 nM). Of
note, 25n picked up some muscarinic activity (ICsp = 15 pM) but still remained >1000 fold
selective for CXCR4. Of greater concern was that 25n had a higher turnover rate in HLM (only
25% remaining after 10 min) than its N-des-methyl counterpart 25d, suggesting N-demethylation
is the major biotransformation. To address this issue, we judiciously deployed bicyclic
piperazine moieties (250, 25p) as replacements for the 3,4,5-trimethylpiperazine. We reasoned
that the pyrrolidine portion of these bicyclic piperazines would: (1) mask the N-methyl metabolic
soft spot; (2) rigidify the piperazine ring; and (3) add lipophilicity to the molecule. Therefore,
this modification may allow access to a more potent compound with improvements in clearance,
selectivity, and permeability. Fortuitously, this idea proved successful as the loss in human
microsomal stability was somewhat rescued by this modification, most notably in the R-congener
250 (25 — 52% remaining). The lower clearance rate of 250 versus 25e was greatly outweighed
by other improvements. For instance, 250 featured an excellent CXCR4 potency (ICsp = 3.6 nM),
large selectivity window (>5000-fold) over mAChR, high permeability (P, = 740 nm/s), and a
clean CYP profile. While the S-congener 25p possesses equipotent CXCR4 activity (ICso = 2.9
nM), its metabolic stability in HLM appeared slightly inferior to that of 250 albeit a small
difference. On the basis of these results, 250 was deemed to have the best overall balance of
properties and thus could be selected for further profiling of pharmacokinetic (PK),

pharmacology, and safety characteristics in the future.
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To get a better idea of the potential binding modes of these second-generation
antagonists, we performed docking studies within the CXCR4 receptor. For this study, we chose
TIQ15 and compound 250 and utilized the IT1t:CXCR4 crystal structure (30DU) to determine
interactions within the receptor.*' Overall, we found that 250 picked up similar interactions to
TIQ1S5 but with subtle differences (Figure 4). Most notably, how the shift in side chain
attachment between the two molecules can allow similar positioning of hydrogen bond elements
within the binding pocket. First we replicated the previous study with TIQ15 within CXCR4
showing that this molecule picked up key ionic interactions in the form of salt bridges with
residues GLU 288 and ASP 97 as well as secondary interactions with the aromatic residues TRP
94, HIS 113 and TYR 116.'¢ Compound 250 also picked up these salt bridges with the
piperazine distal nitrogen to GLU 288 similar to the butyl amine chain of TIQ15. The
homologous tetrahydroquinoline ring maintains aromatic interactions with TRP 94, HIS 113, and
TYR 116 in both molecular configurations. The main difference seems to be positioning of the
tetarhydroisoquinoline rings, with an approximate 90 degree difference in the plane of these ring
systems. This difference is mainly due to the restriction of the butyl amine side chain to the
bicyclic pieprazine to the 2-position of the ring. However, in both molecules, the THIQ ring still

maintains the salt bridge to ASP 97.
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Figure 4. Docking Poses of TIQ15 (green) and compound 250 (red) within the 30DU crystal
structure. Key residues are labeled in light gray (ASP 97, TRP 94, HIS 113, TYR 116 and GLU
288).

CONCLUSIONS

In summary, we have successfully redesigned our previously reported THIQ chemotype
in an effort to address the poor mouse microsomal stability, potent CYP 2D6 inhibition, and poor
predicted intestinal permeability. Structural alterations of the parent compound TIQ15 gave rise
to an equipotent analogue 12a, which exhibited improved metabolic stability and substantial
reduction of inhibition against CYP 2D6. However, 12a demonstrated weak mAChR activity in a
calcium flux counterscreen and low intestinal permeability in the PAMPA assay. Facilitated by
efficient Buchwald-Hartwig coupling and the commercial availability of structurally-diverse

piperazine building blocks, the SAR of 12a was explored through the preparation of 32
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analogues that examined the headpiece, side chain, and the piperazinyltetrahydroisoquinoline
core. Subsequent optimization of 12a resulted in the identification of compound 250, which
demonstrated superb on-target potency in combination with favorable in vitro ADME properties,
including reduced mAChR activity and enhanced permeability. Further in vitro and in vivo safety

and pharmacokinetics studies of 250 are currently underway and will be reported in due course.

EXPERIMENTAL SECTION

CXCR4 and Muscarinic Receptor Calcium Flux Assays. The compounds were tested for their
ability to induce or inhibit calcium flux in CCRF-CEM cells. The experimental procedure and
results are provided below. The exemplified biological assays, which follow, have been carried
out with all compounds. Human T lymphoblast cells (CCRF-CEM) expressing endogenous
CXCR4 receptors and muscarinic acetylcholine receptors were grown in suspension culture and
plated in clear bottom 384-well microplates (Greiner bio-one Cat# 789146) in assay buffer
[Hank’s Buffered Saline Solution (Gibco Cat# 14025-092) supplemented with 20 mM HEPES
(Gibco Cat# 15630-080) and 0.1% fatty-acid free BSA (Sigma Cat# A9205)] at 40,000 cells per
well. The cells were loaded with equal volume of calcium indicator dye (AAT Bioquest Inc,
Cat# 34601) for 30 minutes at 37°C. The cells were then equilibrated to room temperature for 15
minutes before assay. Test compounds solubilized and serially diluted in DMSO were transferred
to 384 well plates (Matrix Cat# 4307). The serially diluted compounds were diluted to working
concentrations with the same assay buffer to 0.5% DMSO. They were added to the cells by
FDSS6000 (Hamamatsu) at final concentrations ranging from 25,000 nM to 0.423 nM. Activity

of the compounds to induce calcium flux was monitored by FDSS in the “agonist mode” for 90

ACS Paragon Plus Environment

27



oNOYTULT D WN =

Journal of Medicinal Chemistry

sec. For “antagonist mode” assessment, the cells are subsequently incubated for 25 minutes at
room temperature. SDF-1a (R&D System Cat# 350-NS/CF) or acetylcholine was then added at a
final concentration of 5 nM and 2,000 nM, respectively, to stimulate the cells. Inhibition of SDF-
la and acetylcholine-induced calcium flux was monitored by FDSS6000 for 90 seconds.
Activation data for the test compound over a range of concentrations was plotted as percentage
activation of the test compound (100% = maximum response triggered by a saturating
concentration of SDF-la, ie., 160 nM). After correcting for background, ECs, values were
determined. The ECs is defined as the concentration of test compound, which produced 50% of
the maximal response and was quantified using the 4-parameter logistic equation to fit the data.
Inhibition data for the test compound over a range of concentrations was plotted as percentage
inhibition of the test compound as compared to an internal control compound. The ICsg is
defined as the concentration of test compound, which inhibits 50% of the maximal response and
was quantified using the 4-parameter logistic equation to fit the data. None of the compounds
tested demonstrated agonist activity in the calcium flux assay. All compounds demonstrated
ECsy values >30 uM. In contrast, compounds demonstrated a range of potencies in inhibiting
SDF-1a -induced calcium flux. For the CXCR4 assay, most compounds were tested in replicate
in two separate experiments except where noted in the tables. For compounds 25k and 250 there
was only one experiment in replicate. For compound 21d there were three separate experiments.
For compounds 25a, 25f-h, 25n, 29 and 35 there were four separate experiments in replicate
conducted. For the mAChR assay, results reported are in duplicate from a single experiment for

all compounds.
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PAMPA Assay. Compounds and controls are utilized as 10 mM stocks in 100% DMSO.
Compounds are diluted 1:100 in pH 7.4 or pH 5.5 donor well buffer (pION CAT # 110151)
providing a 100 uM assay solution in 1% DMSO. Compound diluted in donor well buffer is
transferred to a Whatman Unifilter plate and filtered prior to dispensing 200 uL into the donor
well of the assay plate (pION CAT #110163). The PAMPA membrane is formed by pipetting 4
uL of the lipid solution (pION CAT #110169) onto the filter plate (VWR CAT #13503). The
membrane is then covered with 200 uL of acceptor well buffer at pH 7.4 (pION CAT #110139).
The PAMPA assay plate (donor side and acceptor side) is combined and allowed to incubate at
room temperature for 4 hours. The plate is then disassembled and spectrophotometer plates
(VWR CAT #655801) are filled (150 uL/well). The donor, acceptor, reference, and blank plates
are read in the SpectraMax UV plate reader. Data is captured by the pION software which
analyzes the spectra and generates P, values. Each compound was tested in duplicate in two
independent experiments except where noted in the tables. For compounds 19d, 25f, 25p and 35

only one experiment in duplicate was performed.

Recombinant CYP2D6 Inhibition Assay. The CYP2D6 inhibition assay utilizes microsomes
from the insect cells expressing human recombinant CYP2D6 enzyme and fluorogenic probe
(AMMC, 3-[2-(N,N-diethyl-N-methylamino)ethyl]-7-methoxy-4-methylcoumarin) that produces
fluorescent metabolite; both reagents were obtained from Thermo Fisher Scientific/Discovery
Labware (Woburn, MA). Assay was performed in 1536-well microplates in a total volume of 5
ul. Automated liquid handling equipment (Thermo Multidrop Combi, LabCyte ECHO 550) was
used in all steps of compound preparation and for assay reagent additions. Each compound was
tested in duplicate at 7 concentrations ranging from 1 nM to 20 uM; final concentration of

DMSO in reactions was 0.2%. Positive controls were included in each experiment/run. Test
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compounds (10 nL/well) were first pre-incubated at 37°C for 30 min with 2.5 4L of prewarmed
2-fold-concentrated mixture of AMMC fluorogenic substrate (3 uM) and 12.5 nM rCYP2D6
enzyme in 100 mM potassium phosphate assay buffer pH 7.4. At the end of preincubation, the
reactions were initiated by the addition of 2.5 uL of prewarmed 2-fold-concentrated NADPH-
regenerating system (16.2 nM NADP) in the same assay buffer. Assay plates were then
incubated at 37°C for 45 min. Following incubation, reactions were terminated by the addition of
3 uL of quench buffer (80% acetonitrile, 20% 0.5 M TRIS-base). Fluorescence intensity was
measured using the Envision fluorescence plate reader (Perkin Elmer) at excitation and emission
wavelengths of 405 and 460 nm, respectively, using a 430-nm cut-off filter. The end-point
fluorescence readout was normalized to the fluorescence intensity of the reaction performed in
the absence of the test substance (totals, 0% inhibition) and the mixture of reaction components
in the presence of “Inhibitor Cocktail” (background, 100% inhibition). The ICsy value for each
compound is derived from the fitted 20-point curve using a four-parameter logistic regression

model. Each compound was tested in duplicate in a single experiment.

Metabolic Stability Assay. The metabolic stability of final compounds was determined in
human and mouse liver microsomes using the compound depletion approach in single
experiments, quantified by LC/MS/MS described previously.”® Each compound was tested in
duplicate in a single experiment.

General. All solvents and reagents were purchased from commercial suppliers and used without
further purification. Analytical thin layer chromatography was carried out on silica pre-coated
glass plates Merck KGaA (silica gel 60 Fjs4, 0.25 mm thickness) and visualized with UV light at
254 nm and/or with phosphomolybdic acid, idodine. Automated flash chromatography was

performed on Teledyne ISCO CombiFlash R 200 system with RediSep R¢ prepacked silica

ACS Paragon Plus Environment

30

Page 30 of 73



Page 31 of 73

oNOYTULT D WN =

Journal of Medicinal Chemistry

cartridges (60 A, 40-63 um particle-size). Concentration refers to rotary evaporation under
reduced pressure.

'H, “C, F NMR spectra were recorded on Varian INOVA or VNMR spectrometer operating at
400 MHz at ambient temperature with CDCIl3 or methanol-d, as solvents. Data for 'H NMR were
recorded as follows: 0 chemical shift (ppm), multiplicity (s, singlet; d, doublet; dd = doublet of
doublet; t, triplet; q, quartet; m, multiplet; br, broad; etc.), coupling constant (Hz), integration.
Chemical shifts are reported in parts per million relative to internal reference CDCl; ("H NMR: §
7.26; *C NMR: § 77.16), methanol-d, (‘"H NMR, ¢ 4.87, 3.31; °C NMR, § 49.00), TMS ('H
NMR: 6 0.00), or external reference TFA (‘°F NMR: 6 -76.55 ppm).

Liquid chromatography/mass spectrometry (LCMS) data was obtained to verify molecular mass
and analyze purity of products. The specifications of the LCMS instrument are the following:
Agilent 1200 HPLC coupled to a 6120 quadrupole mass spectrometer (ESI-API), UV detection
at 254 and 210 nm, Agilent Zorbax XDB-18 C;g column (50 mm x 4.6 mm, 3.5 um), gradient
mobile phase consisting of MeOH/water/0.1 % formic acid buffer, and a flow rate of 1.00
mL/min. The chemical purity of all final compounds was determined by LCMS and confirmed to
be > 95%.

Normal phase analytical chiral HPLC was performed on Agilent 1100 HPLC equipped with
G1315B diode array detector using mixtures of hexanes/IPA and Daicel ChiralPak AD-H
column (150 mm x 4.6 mm, 5 uM). Reverse phase HPLC was performed on the same instrument
using mixtures of MeCN/H,0 and Daicel ChiralCel OD-RH column (150 mm x 4.6 mm, 5 uM).
High resolution mass-spectra (HRMS) were acquired on a VG 70-S Nier Johnson or JEOL mass
spectrometer.

The following compounds were prepared according to reported protocols: (S)-N-methyl-5,6,7,8-
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tetrahydroquinolin-8-amine (10),” (S)-5,6,7,8-tetrahydroquinolin-8-amine (16),” (R)-2-tert-
butyl 3-methyl 5-bromo-3,4-dihydroisoquinoline-2,3(1H)-dicarboxylate (13),%®
1,2,3,4,4a,5,6,10b-octahydro-1,10-phenanthroline (33). 19a

The synthesis, characterization data, and associated references for the following compounds are
provided in the Supporting Information: N-methyl-1-(3-methylpyridin-2-yl)methanamine (S1),
1-(3,5-dimethylpyridin-2-yl)-N-methylmethanamine (S2), , N-methyl-1-(5-methylpyridin-2-
yl)methanamine (S3), (S)-3-methyl-5,6,7,8-tetrahydroquinolin-8-amine (S4).

Synthesis

2-(tert-Butyl) 3-methyl 5-bromo-3,4-dihydroisoquinoline-2,3(1H)-dicarboxylate (7). To a
250-mL round-bottom flask was charged with methyl 5-bromo-1,2,3,4-tetrahydroisoquinoline-3-
carboxylate HCIl salt (3.0 g, 9.79 mmol), 1,4-dioxane (100 mL), and saturated sodium
bicarbonate solution (100 mL). Di-tert-butyl dicarbonate (4.27 g, 19.6 mmol) was added at room
temperature. The biphasic mixture was stirred for 90 minutes and then transferred to a separatory
funnel and extracted twice with ethyl acetate. The combined organic extract was dried over
anhydrous sodium sulfate and concentrated under reduced pressure to a crude material which
was purified by CombiFlash system (40g silica column, 5 minutes hexanes — 30 minutes 0-20%
EtOAc/hexanes) to afford the title compound as a clear gum (3.50 g, 96 % yield). "H NMR (400
MHz, CDCls): 6 7.42 (t, J = 4.6 Hz, 1H), 7.18 - 6.89 (m, 2H), 5.20 (dd, J = 6.9, 2.6 Hz, 0.5H),
4.89 - 4.60 (m, 1.5H), 4.48 (dd, J =29.2, 16.6 Hz, 1H), 3.65 (d, J = 10.9 Hz, 3H), 3.46 (ddd, J =
56.7, 16.5, 3.5 Hz, 1H), 3.08 (ddd, J =48.9, 16.6, 6.7 Hz, 1H), 1.49 (d, J = 23.9 Hz, 9H). HRMS
(m/z): calculated for [C16H20BrNO4 +H]+: 370.06540, found: 370.06521.

2-tert-butyl 3-methyl 5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3,4-dihydroisoquinoline-2,3(1 H)-

dicarboxylate (8). To an oven-dried Biotage 10-20 mL microwave vial equipped with a magnetic
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stir bar was charged with ester 7 (1.03 g, 2.78 mmol), tert-butyl piperazine-1-carboxylate (622
mg, 3.34 mmol), Pdy(dba); (127 mg, 0.139 mmol), rac-BINAP (260 mg, 0.417 mmol), and
cesium carbonate (1.27 g, 3.89 mmol). The vial was sealed with a Teflon-lined septum and
flushed with argon for 5 minutes. Degassed toluene (14 mL) was added, and the resulting
mixture was heated at 120 °C for 48 hours. Upon the completion of the reaction as judged by
TLC analysis, the mixture was allowed to cool to room temperature, filtered through a Celite
pad, and concentrated to a crude material which was purified by CombiFlash system (40g silica
column, 5 minutes hexanes — 30 minutes 0-30% EtOAc/hexanes) to afford the title compound
as a light yellow amorphous solid (1.40 g, quantitative yield). "H NMR (400 MHz, CDCl;): &
7.13 (td, J = 7.8, 4.2 Hz, 1H), 6.98 - 6.65 (m, 2H), 5.03 (dd, J = 6.1, 3.5 Hz, 0.5H), 4.80 - 4.55
(m, 1.5H), 4.42 (dd, J = 34.5, 16.1 Hz, 1H), 3.75 - 3.39 (m, 7H), 3.15 (ddd, J = 52.9, 15.5, 5.9
Hz, 1H), 2.98 - 2.60 (m, 5H), 1.62 - 1.27 (m, 18H). HRMS (m/z): calculated for [CsH37N306 +
H]": 476.27606, found: 476.27542.

tert-Butyl 5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3-formyl-3,4-dihydroisoquinoline-
2(1H)-carboxylate (9). To a 100-mL round-bottom flask containing a stir bar was charged with
ester 8 (500 mg, 1.05 mmol) and anhydrous toluene (13 mL). Diisobutylaluminum hydride (1 M
solution in toluene) (5.25 mL, 5.25 mmol) was added dropwise at -78 °C. After 2 h at -78 °C,
reaction was quenched carefully with methanol then allowed to warm to 0 °C. A saturated
solution of Rochelle salt was added, and the mixture was stirred at room temperature for an hour.
The biphasic mixture was transferred to a separatory funnel. The aqueous layer was separated
and extracted twice with ethyl acetate. The combined organic extract was dried over anhydrous
sodium sulfate and concentrated under reduced pressure to afford the title compound as a crude

material, which was used for the next step without purification. '"H NMR (400 MHz, CDCl): 0
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9.54-9.21 (m, 1H), 7.12 (td, J = 7.6, 5.1 Hz, 1H), 6.95 - 6.69 (m, 2H), 4.91 - 4.17 (m, 3H), 3.90
-3.09 (m, 5H), 3.09 - 2.50 (m, 5H), 1.64 - 1.26 (m, 18H).

(R)-tert-Butyl 5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3-((methyl((S)-5,6,7,8-
tetrahydroquinolin-8-yl)amino)methyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (11a)
and (S)-tert-Butyl 5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3-((methyl((S)-5,6,7,8-
tetrahydroquinolin-8-yl)amino)methyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (11b).
To a 20-mL scintillation vial equipped with magnetic stir bar was charged with amine 10 (114
mg, 0.705 mmol), sodium triacetoxyborohydride (179 mg, 0.846 mmol), and 1,2-dichloroethane
(1.35 mL). After stirring for 5 minutes, a solution of aldehyde 9 (209 mg, 0.470 mmol) in 1,2-
dichloroethane (1 mL) was added dropwise. The resulting mixture was stirred at room
temperature for 48 hours. Upon the completion of the reaction as judged by TLC and LCMS, the
mixture was quenched by the addition of 1N NaOH. The biphasic mixture was transferred to a
separatory funnel. The aqueous layer was separated and extracted with DCM (3 times). The
combined organic extract was dried over anhydrous sodium sulfate and concentrated under
reduced pressure to a crude diastereomeric mixture (1:1 d.r.) which was separated and purified
by CombiFlash system (24g GOLD silica column, 5 minutes DCM — 30 minutes 0-10%
MeOH/DCM) to afford title compounds as yellow foamy solid. Compound 11a (147 mg, 53 %
yield). Upper Rs. 'H NMR (400 MHz, CDCls): 6 8.23 (d, ] =4.7 Hz, 1H), 7.29 (d, J = 7.8 Hz,
1H), 7.05 (t,J = 7.7 Hz, 1H), 6.96 (dd, J = 7.7, 4.6 Hz, 1H), 6.79 (d, J = 7.9 Hz, 1H), 6.66 (dd, J
=14.9, 7.5 Hz, 1H), 4.66 - 4.37 (m, 2H), 3.85 (d, J = 17.0 Hz, 1H), 3.68 - 3.35 (m, 5H), 3.21 (d,
J=16.0 Hz, 1H), 2.92 (dt, J =10.4, 4.5 Hz, 2H), 2.83 - 2.53 (m, 7H), 2.24 (s, 3H), 1.99 - 1.90
(m, 1H), 1.84 (q, J = 6.2 Hz, 2H), 1.47 (d, J = 2.7 Hz, 19H). HRMS (m/z2): calculated for

[C34H49NsO4+ H]": 592.38628, found: 592.38611. Compound 11b (86 mg, 31 % yield). Lower
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R¢. "H NMR (400 MHz, CDCls): d 8.44 - 8.29 (m, 1H), 7.26 - 7.17 (m, 1H), 7.09 (q, ] = 6.3, 4.8
Hz, 1H), 7.01 - 6.90 (m, 1H), 6.77 (dd, J = 20.4, 7.7 Hz, 2H), 4.51 (dd, J = 67.8, 12.3 Hz, 2H),
4.24 (d,J =16.8 Hz, 1H), 3.71 - 3.19 (m, 6H), 2.93 (t, ] = 9.0 Hz, 2H), 2.68 - 2.53 (m, 5H), 2.46
(dd,J=12.8, 5.4 Hz, 1H), 2.33 (s, 3H), 1.86 (d, J = 8.5 Hz, 2H), 1.56 (d, J = 52.6 Hz, 21H).
HRMS (m/z): calculated for [C34H49N504 + H]+: 592.38628, found: 592.38507.

General procedure A: Global Boc Deprotection. To a 20-mL scintillation vial equipped with a
magnetic stir bar was charged with the Boc-protected substrate (1 equiv) and DCM (0.13 M).
Trifluoroacetic acid (36 equiv) was added dropwise, and the resulting mixture was stirred at
room temperature overnight. Upon the completion of the reaction as judged by LCMS, the
mixture was diluted with DCM, cooled in an ice-bath, and quenched by the addition of 3N
NaOH until pH>12. The biphasic mixture was transferred to a separatory funnel. The aqueous
layer was separated and extracted with DCM (3 times). The combined organic extract was dried
over anhydrous sodium sulfate and concentrated under reduced pressure to a crude material
which was purified by CombiFlash system using a gradient of solvent A (DCM) to solvent B
(8:2:0.6 DCM/MeOH/NHj3; solution, 7N in MeOH) as eluent on a silica gel column to afford the
final compound.
(S)-N-Methyl-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-
tetrahydroquinolin-8-amine (12a). Following general procedure A. Boc-protected substrate
11a (100 mg, 0.168 mmol), TFA (0.5 mL), and DCM (1.3 mL). The crude material was purified
by CombiFlash (12g silica column, 5 minutes A — 30 minutes 0-100% B) to afford the title
compound as a light yellow foam (67.5 mg, quantitative yield). '"H NMR (400 MHz, CDCl3): &
8.43 (d,J =4.7 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 7.17 - 7.01 (m, 2H), 6.88 (d, J = 7.8 Hz, 1H),

6.77 (d, J = 7.5 Hz, 1H), 4.66 (s, 2H), 4.22 - 4.11 (m, 1H), 4.08 - 3.95 (m, 2H), 3.05 - 2.87 (m,
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8H), 2.86 - 2.56 (m, 6H), 2.44 (s, 4H), 2.11 - 1.87 (m, 3H), 1.80 - 1.64 (m, 1H). >C NMR (101
MHz, CDCl): 6 157.9, 151.6, 146.7, 136.9, 135.4, 134.0, 129.5, 126.3, 121.7, 121.7, 117.1,
64.5, 59.6, 52.9, 51.8, 47.8, 46.4, 40.5, 29.7, 29.2, 25.7, 21.3. HRMS (m/z): calculated for
[Ca4H33Ns + H]': 392.28142, found: 392.28082.
(S)-N-Methyl-N-(((S)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-
tetrahydroquinolin-8-amine (12b). Following general procedure A. Boc-protected substrate
11b (59.3 mg, 0.10 mmol), TFA (0.3 mL), and DCM (0.8 mL). The crude material was purified
by CombiFlash (12g silica column, 5 minutes A — 30 minutes 0-100% B) to afford the title
compound as a light yellow foam (32.7 mg, 83 % yield). "H NMR (400 MHz, CDCl): 6 8.44
(dd, J=4.7,2.0 Hz, 1H), 7.35 (dd, J = 7.7, 1.7 Hz, 1H), 7.15 - 7.02 (m, 2H), 6.94 - 6.85 (m, 1H),
6.85 - 6.75 (m, 1H), 6.58 (s, 1H), 4.23 (t, J = 6.4 Hz, 2H), 3.86 (dd, J = 9.9, 5.5 Hz, 1H), 3.37 -
3.17 (m, 1H), 3.07 - 2.86 (m, 5H), 2.69 (ddd, J = 41.9, 20.3, 10.7 Hz, 7H), 2.49 (s, 3H), 2.24 -
2.09 (m, 1H), 2.09 - 1.92 (m, 1H), 1.87 - 1.59 (m, 2H), 1.23 (s, 2H). *C NMR (101 MHz,
CDCly): 6 157.0, 151.4, 151.3, 147.2, 137.2, 134.3, 126.7, 122.1, 121.9, 121.5, 117.6, 117.5,
77.4, 773, 77.1, 76.7, 52.3, 52.0, 51.8, 51.6, 45.9, 39.4, 36.8, 29.7, 29.0, 22.6, 21.4. HRMS
(m/z): calculated for [CoH33Ns+ H]': 392.28142, found: 392.28090.

2-(tert-Butyl) 3-methyl (R)-5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3,4-
dihydroisoquinoline-2,3(1H)-dicarboxylate (14). Compound 14 was prepared from ester 13
(107 mg, 0.289 mmol) according to the procedure described for the synthesis of 8. Light yellow
amorphous solid (122 mg, 89 % yield). 'H NMR (400 MHz, CDCl3): § 7.13 (td, ] = 7.8, 4.2 Hz,
1H), 6.98 - 6.65 (m, 2H), 5.03 (dd, J = 6.1, 3.5 Hz, 0.5H), 4.80 - 4.55 (m, 1.5H), 4.42 (dd, J =
34.5,16.1 Hz, 1H), 3.75 - 3.39 (m, 7H), 3.15 (ddd, J = 52.9, 15.5, 5.9 Hz, 1H), 2.98 - 2.60 (m,

5H), 1.62 - 1.27 (m, 18H). HRMS (m/z): calculated for [C,5sH37N30¢ + H]+, 476.27606; found,
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476.27542. Normal phase chiral HPLC: 10% IPA/hexanes isocratic; 40 min; 1.0 mL/min; t; =
8.894 min; t, = 10.346 min; e.r. = 93:7.

tert-Butyl (R)-5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3-formyl-3,4-dihydroisoquinoline-
2(1H)-carboxylate (15). Compound 15 was prepared from ester 14 (500 mg, 1.05 mmol)
according to the procedure described for the synthesis of 9. The crude material was used for the
next step without purification 'H NMR (400 MHz, CDCl3): 6 9.54 - 9.21 (m, 1H), 7.12 (td, J =
7.6, 5.1 Hz, 1H), 6.95 - 6.69 (m, 2H), 4.91 - 4.17 (m, 3H), 3.90 - 3.09 (m, 5H), 3.09 - 2.50 (m,
5H), 1.64 - 1.26 (m, 18H).

tert-Butyl (R)-5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-3-((((S)-5,6,7,8-
tetrahydroquinolin-8-yl)amino)methyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (17). To
a 250-mL round-bottom flask equipped with a magnetic stir bar was charged with amine 16 (2.37
g, 16.0 mmol), sodium triacetoxyborohydride (4.07 g, 19.2 mmol), and 1,2-dichloroethane (43
mL). After stirring for 5 minutes, a solution of aldehyde 15 (4.75 g, 10.7 mmol) in 1,2-
dichloroethane (10 mL) was added dropwise. The resulting mixture was stirred at room
temperature for 48 hours. Upon the completion of the reaction as judged by TLC and LCMS, the
mixture was quenched by the addition of 1N NaOH. The biphasic mixture was transferred to a
separatory funnel. The aqueous layer was separated and extracted with DCM (5 times). The
combined organic extract was dried over anhydrous sodium sulfate and concentrated under
reduced pressure to a crude material which was purified by CombiFlash system (120g silica
column, 5 minutes DCM — 30 minutes 0-5% MeOH/DCM) to afford the title compound as a
yellow amorphous solid (3.04 g, 49 % yield). 'H NMR (400 MHz, CDCl5): 6 8.36 - 8.29 (m,
1H), 7.35 (d, J =7.5 Hz, 1H), 7.16 (t, ] = 7.8 Hz, 1H), 7.09 - 7.01 (m, 1H), 6.93 - 6.79 (m, 2H),

4.67 (d, J =16.8 Hz, 2H), 4.32 (d, ] = 16.5 Hz, 1H), 3.86 - 3.22 (m, 6H), 2.95 (s, 2H), 2.85 - 2.61
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(m, 6H), 2.59 - 2.24 (m, 2H), 1.95 (s, 2H), 1.65 (d, J = 8.7 Hz, 2H), 1.49 (d, J = 8.8 Hz, 18H).
d.r.=12:1 (determined by "H NMR of the purified product). HRMS (m/z): calculated for
[C33H47Ns504+ H]', 578.37063; found: 578.36923.

General Procedure B for Side Chain Modifications via Reductive Amination: To a 20-mL
scintillation vial equipped with a magnetic stir bar was charged with amine 17 (1 equiv), sodium
triacetoxyborohydride (STAB-H) (1.8 equiv), and 1,2-dichloroethane (0.1 M). After stirring for
5 minutes, aldehyde or ketone (3 equiv) was added in one portion. The resulting mixture was
stirred at room temperature for 48-72 hours. Additional equivalents of aldehyde/ketone might be
added to drive the reaction to completion. Upon the completion of the reaction as judged by TLC
and LCMS, the mixture was quenched with 1N NaOH. The biphasic mixture was transferred to a
separatory funnel. The aqueous layer was separated and extracted with DCM 3 times. The
combined organic extract was dried over anhydrous sodium sulfate and concentrated under
reduced pressure to a crude material which was purified by CombiFlash system using a gradient
of solvent A (DCM) to solvent B (MeOH) as eluent on a RediSep Ry GOLD silica column to
afford the Boc-protected product.

General Procedure C for Side Chain Modifications via N-alkylation: To a 20-mL scintillation
vial equipped with a magnetic stir bar was charged with amine 17 (1 equiv), DIPEA (3 equiv),
and 1,2-dichloroethane (0.1 M). Alkyl bromide (3 equiv) was added in one portion, and the
resulting mixture was heated at 70 °C overnight. Upon the completion of the reaction as judged
by TLC and LCMS, the mixture was quenched with a solution of saturated NaHCO;. The
biphasic mixture was transferred to a separatory funnel. The aqueous layer was separated and
extracted with DCM 3 times. The combined organic extract was dried over anhydrous sodium

sulfate and concentrated under reduced pressure to a crude material which was purified by
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CombiFlash system using a gradient of solvent A (DCM) to solvent B (MeOH) as eluent on a
RediSep Ry GOLD silica column to afford the Boc-protected product.
(S)-N-Ethyl-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-
tetrahydroquinolin-8-amine (19a). Compound 19a was synthesized by a two-step sequence.
Step 1 (general procedure B): Amine 17 (150 mg, 0.260 mmol), STAB-H (99 mg, 0.467 mmol),
DCE (2.60 mL), and acetaldehyde (45 u«L, 0.780 mmol). Purification by CombiFlash (12g
GOLD silica column, 5 minutes DCM — 30 min 0-10% MeOH/DCM) provided Boc-protected
intermediate 18a as a yellow foamy solid (87.4 mg, 56 % yield). '"H NMR (400 MHz, CDCls): ¢
8.29 (d,J=5.5Hz, 1H), 7.28 (d,J = 7.6 Hz, 1H), 7.09 (t, ] = 7.8 Hz, 1H), 6.97 (dd, J = 7.7, 4.6
Hz, 1H), 6.82 (d,J = 7.9 Hz, 1H), 6.79 - 6.67 (m, 1H), 4.61 (d, J =17.5 Hz, 2H), 4.06 (d,J =
16.9 Hz, 1H), 3.79 - 3.30 (m, 6H), 2.98 (s, 2H), 2.76 - 2.57 (m, 7H), 2.38 (dd, J = 13.8, 7.0 Hz,
1H), 2.05 (s, 1H), 1.94 (s, 1H), 1.75 (dd, J = 17.2, 6.8 Hz, 1H), 1.48 (s, 20H), 0.92 (t, J = 7.0 Hz,
3H). HRMS calculated for [C35Hs;NsO4 + H]+: 606.40193, found: 606.40175. Step 2 (general
procedure A): Compound 18a (87.4 mg, 0.144 mmol), TFA (0.4 mL, 5.19 mmol), and DCM (1
mL). The crude material was purified by CombiFlash (12g silica column, 5 minutes A — 30
minutes 0-60% B) to afford the title compound as a light yellow foam (47.9 mg, 82 % yield). 'H
NMR (400 MHz, CDCl): 6 8.43 (dd, J =4.7, 1.7 Hz, 1H), 7.30 (dd, J = 7.7, 1.7 Hz, 1H), 7.12 -
6.97 (m, 2H), 6.84 (d, ] = 7.8 Hz, 1H), 6.74 (d, ] = 7.6 Hz, 1H), 4.14 - 4.03 (m, 2H), 3.88 (d, J =
15.2 Hz, 1H), 3.09 - 2.61 (m, 17H), 2.46 (dd, J = 13.2, 10.4 Hz, 1H), 2.17 (dd, J = 16.5, 10.8 Hz,
1H), 2.06 - 1.85 (m, 3H), 1.76 - 1.64 (m, 1H), 1.09 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz,
CDCl3): 6 159.0, 151.8, 146.7, 136.6, 136.3, 134.0, 130.0, 126.1, 121.8, 121.4, 116.9, 61.4, 57.3,
53.2,52.4,48.6,48.1,46.7, 30.0, 29.5, 29.0, 21.9, 15.2. HRMS (m/z): calculated for [C,sH3sNs +

H]": 406.29707, found: 406.29618.
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(S)-N-(((R)-5-(Piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-N-propyl-5,6,7,8-
tetrahydroquinolin-8-amine (19b). Compound 19b was synthesized by a two-step sequence
(general procedure B — general procedure A). White foam (65 % yield over 2 steps). '"H NMR
(400 MHz, CDCls): 0 8.43 (dd, J =4.8, 1.7 Hz, 1H), 7.31 (dd, J = 7.7, 1.7 Hz, 1H), 7.13 - 6.98
(m, 2H), 6.85 (ddd, ] = 7.9, 3.8, 1.1 Hz, 1H), 6.80 - 6.69 (m, 1H), 4.17 - 4.01 (m, 2H), 3.94 (d, J
=15.2 Hz, 1H), 3.15 - 2.33 (m, 18H), 2.20 - 2.02 (m, 2H), 2.00 - 1.85 (m, 2H), 1.76 - 1.65 (m,
1H), 1.56 - 1.41 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H). *C NMR (101 MHz, CDCl3): J 159.1, 151.8,
151.6, 146.7, 136.6, 134.0, 130.1, 126.1, 121.8, 121.4, 116.8, 61.6, 57.9, 56.5, 53.3, 52.5, 52.2,
51.7,48.8,46.7,30.0, 29.8, 29.5, 23.1, 22.1, 11.9. HRMS (m/2): calculated for [CsH37Ns+ H]':
420.31272, found: 420.31223.
(S)-N-(Cyclopropylmethyl)-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (19¢). Compound 19¢ was synthesized by a
two-step sequence (general procedure B — general procedure A). White foam (77 % yield over 2
steps). '"H NMR (400 MHz, CDCls): 6 8.48 (dd, J=4.7, 1.7 Hz, 1H), 7.36 (dd, J = 7.7, 1.7 Hz,
1H), 7.19 - 7.02 (m, 2H), 6.91 (dd, ] = 7.9, 4.1 Hz, 1H), 6.81 (dd, ] = 7.7, 4.1 Hz, 1H), 4.28 (dd,
J=10.3,6.2 Hz, 1H), 4.18 (d, ] = 15.2 Hz, 1H), 3.97 (d, J = 15.2 Hz, 1H), 3.58 - 2.56 (m, 18H),
2.32-2.11 (m, 2H), 2.07 - 1.91 (m, 2H), 1.84 - 1.71 (m, 1H), 1.04 - 0.93 (m, 1H), 0.53 (dqt, J =
26.1, 8.8, 4.3 Hz, 2H), 0.28 - 0.01 (m, 2H). *C NMR (101 MHz, CDCl5): § 159.0, 151.7, 151.5,
146.6, 136.4, 133.8, 130.0, 125.9, 121.7, 121.2, 116.7, 61.6, 59.2, 57.5, 53.1, 52.4, 52.1, 51.6,
48.7,46.6,29.9,29.4,29.3,22.0, 11.3, 4.6, 3.5. HRMS (m/2): calculated for [C,7H3/Ns+ H]":
432.31272, found: 432.31179.
(S)-N-Isopropyl-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-

5,6,7,8-tetrahydroquinolin-8-amine (19d). Compound 19d was synthesized by a two-step
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sequence (general procedure B — general procedure A). White foam (47 % yield over 2 steps).
'H NMR (400 MHz, CDCl3): 6 8.41 (dd, ] = 4.7, 1.7 Hz, 1H), 7.25 (dd, J = 9.5, 1.9 Hz, 1H), 7.08
-6.95 (m, 2H), 6.82 (d, ] =7.7 Hz, 1H), 6.68 (d, J = 7.6 Hz, 1H), 4.12 - 3.97 (m, 2H), 3.43 (d,J
=15.3 Hz, 1H), 3.24 - 3.07 (m, 2H), 3.07 - 2.49 (m, 13H), 2.26 (d, J = 10.9 Hz, 2H), 2.05 - 1.94
(m, 3H), 1.74 (dt, J = 11.2, 5.6 Hz, 1H), 1.11 (dd, ] = 27.8, 6.6 Hz, 6H). >°C NMR (101 MHz,
CDCls): 6 159.4, 151.7, 151.5, 146.7, 136.7, 133.5, 129.6, 126.1, 121.7, 121.4, 116.9, 60.7, 53.5,
53.2,52.9,52.1,47.8, 46.6, 29.4, 28.7, 22.0, 22.0, 21.4. HRMS (m/z): calculated for [C,sH37Ns +
H]": 420.31272, found: 420.31198.
(S)-N-(Cyclohexylmethyl)-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (19¢). Compound 19e was synthesized by a
two-step sequence (general procedure B — general procedure A). White foam (29 % yield over 2
steps). 'H NMR (400 MHz, CDCls): 6 8.42 (dd, J =4.7, 1.7 Hz, 1H), 7.30 (dd, ] = 7.7, 1.7 Hz,
1H), 7.13 - 6.96 (m, 2H), 6.84 (dt, ] = 8.0, 1.9 Hz, 1H), 6.80 - 6.68 (m, 1H), 4.12 (d, J = 15.1 Hz,
1H), 4.08 - 3.96 (m, 2H), 3.11 (dd, J = 12.8, 5.3 Hz, 1H), 3.00 - 2.59 (m, 14H), 2.39 - 2.28 (m,
2H), 2.10 (dd, J = 16.0, 11.1 Hz, 2H), 1.99 - 1.58 (m, 9H), 1.45 - 1.37 (m, 1H), 1.25 - 1.09 (m,
3H), 0.86 - 0.74 (m, 2H). ?C NMR (101 MHz, CDCl;): § 159.3, 151.9, 151.6, 146.6, 136.4,
134.0, 130.3, 126.1, 121.8, 121.3, 116.8, 62.0, 58.3, 53.2, 52.6, 49.0, 46.7, 37.9, 31.9, 31.7, 30.7,
30.0, 29.5, 27.0, 26.4, 26.3, 22.3. HRMS (m/z): calculated for [C30H43Ns + H]": 474.35967,
found: 474.35953.
(S)-N-((4,4-Difluorocyclohexyl)methyl)-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (19f). Compound
19f was synthesized by a two-step sequence (general procedure B — general procedure A).

White foam (72 % yield over 2 steps). 'H NMR (400 MHz, CDCl3): 6 8.43 (dd, J = 4.8, 1.7 Hz,
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1H), 7.38 - 7.31 (m, 1H), 7.14 - 7.04 (m, 2H), 6.88 (dd, ] = 7.9, 1.1 Hz, 1H), 6.79 (dd, ] = 7.6,

1.1 Hz, 1H), 4.23 - 3.96 (m, 3H), 3.12 - 2.85 (m, 9H), 2.84 - 2.60 (m, 6H), 2.37 (dd, J =13.5, 8.5
Hz, 1H), 2.16 - 1.79 (m, 9H), 1.52 (s, 5H), 1.16 (t, J = 12.1 Hz, 2H). >C NMR (101 MHz,
CDCls): 6 158.6, 151.7, 146.5, 136.3, 136.3, 133.7, 129.9, 125.9, 121.6, 121.3, 116.7, 61.6, 60.3,
58.4,53.1,52.4,48.9,46.5,35.7,33.6, 33.5, 33.4, 33.3, 33.1, 33.0, 30.1, 30.0, 29.3, 27.3, 27.2,
27.2,27.1,22.1. "F NMR (376 MHz, CDCls, TFA standard): & -15.42 (d, J = 235.6 Hz), -25.64
(d, J=232.3 Hz). HRMS (m/z): calculated for [C3oH4F,N5+ H]+: 510.34083, found: 510.34065.
2-((((R)-5-(Piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)((S)-5,6,7,8-
tetrahydroquinolin-8-yl)amino)ethan-1-ol (19g). Compound 19g was synthesized by a two-
step sequence (general procedure C — general procedure A). White foam (78 % yield over 2
steps). '"H NMR (400 MHz, CDCly): 6 8.43 (dd, J = 4.8, 1.7 Hz, 1H), 7.36 (dt, ] = 7.7, 1.3 Hz,
1H), 7.11 - 7.06 (m, 2H), 6.86 (dd, J = 7.9, 1.2 Hz, 1H), 6.74 (dd, ] = 7.6, 1.1 Hz, 1H), 4.14 -
4.04 (m, 2H), 3.79 (d, J = 15.5 Hz, 1H), 3.70 - 3.41 (m, 4H), 3.16 - 3.11 (m, 1H), 3.09 - 2.54 (m,
16H), 2.27 - 2.15 (m, 2H), 2.03 (dtt, ] = 12.8, 5.1, 2.7 Hz, 1H), 1.98 - 1.85 (m, 1H), 1.82 - 1.68
(m, 1H). ®C NMR (101 MHz, CDCls): 6 158.2, 151.6, 146.4, 137.1, 136.4, 133.8, 129.6, 126.0,
121.7, 121.5, 116.7, 63.0, 60.1, 56.9, 55.7, 53.0, 52.5, 48.5, 46.4, 29.8, 29.1, 26.4, 21.9. HRMS
(m/z): calculated for [C,sH3sNsO + H]': 422.29199, found: 422.29351.
(S)-N-(2-Methoxyethyl)-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (19h). Compound 19h was synthesized by a
two-step sequence (general procedure B — general procedure A). Yellow foam (69 % yield over
2 steps). 'H NMR (400 MHz, CDCls): 6 8.38 (dd, J =4.8, 1.7 Hz, 1H), 7.31 (dt, J = 7.7, 1.4 Hz,
1H), 7.14 - 6.97 (m, 2H), 6.86 (td, ] = 7.9, 1.2 Hz, 1H), 6.82 - 6.71 (m, 1H), 5.46 (s, broad, 2H),

4.25(dd, J=15.3,4.5 Hz, 1H), 4.12 (dd, J = 10.3, 6.5 Hz, 1H), 4.02 (dd, J = 15.4, 4.1 Hz, 1H),
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3.41-3.29 (m, 2H), 3.27 (s, 3H), 3.19 (dt, ] = 13.7, 4.7 Hz, 2H), 2.92 (dddd, J = 24.5, 19.3, 11.9,
5.1 Hz, 7H), 2.81 - 2.41 (m, 8H), 2.14 - 2.01 (m, 1H), 2.01 - 1.82 (m, 2H), 1.69 (dtt, J = 11.4,
8.9, 4.8 Hz, 1H). >C NMR (101 MHz, CDCls): 6 158.4, 151.6, 146.5, 136.9, 134.1, 129.1, 126.5,
121.7,121.7,121.4,117.4,72.4, 62.7, 58.8, 57.1, 53.0, 52.7, 52.1, 51.7, 46.9, 46.2, 29.2, 28.1,
22.0. HRMS (m/z): calculated for [C,6H37N50 + H]+: 436.30764, found: 436.30781.
(R)-N-Methyl-1-(3-methylpyridin-2-yl)-N-((5-(piperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)methanamine (21a). Compound 21a was prepared
according to the procedure described for the synthesis of 21b. Orange semi solid (59 % yield
over two steps). 'H NMR (500 MHz, CDCLs): 6 8.35 (d, J= 4.7 Hz, 1H), 7.43 (d, J= 7.5 Hz, 1H),
7.09-7.06 (m, 2H), 6.84 (d, J= 7.5 Hz, 1H), 6.73 (d, J= 7.5 Hz, 1H), 4.03 (d, J= 15.0 Hz, 1H),
4.00 (d, J=15.0 Hz, 1H), 3.73 (d, J=12.5 Hz, 1H), 3.62 (d, J= 12.5 Hz, 1H), 3.02-2.88 (m, 8H),
2.66 (t, J= 7.2 Hz, 3H), 2.61 (dd, J= 12.0, 9.5 Hz, 1H), 2.52 (dd, J= 12.2, 3.5 Hz, 1H), 2.44 (s,
3H), 2.28 (s, 3H), 2.18 (dd, J= 17.0, 11.0 Hz, 1H). >C NMR (125 MHz, CDCl;): 6 156.8, 151.8,
146.2, 138.1, 136.4, 133.0, 129.8, 126.1, 122.5, 121.6, 116.8, 63.7, 63.6, 53.2, 51.3, 48.7, 46.6,
43.0, 30.3, 18.5. HRMS (m/z): calculated for [C,,H3,Ns + H]": 366.26522, found 366.26504.
(R)-1-(3,5-Dimethylpyridin-2-yl)-N-methyl-N-((5-(piperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)methanamine (21b). To a 20-mL scintillation vial was
added aldehyde 15 (270 mg, 0.605 mmol), amine S2 (100 mg, 0.666 mmol), DCE (3.0 mL), and
sodium triacetoxyborohydride (192 mg, 0.908 mmol) then the mixture was allowed to stir at
room temperature overnight. The reaction was diluted with DCM, washed with 1N NaOH, dried
over Na,SQOy, filtered, and concentrated to afford a crude material which was purified via
CombiFlash (2 minutes DCM — 5 minutes at 10% B (80:20:3, DCM:MeOH:NH,OH) — 9

minutes at 50% B). The fractions were concentrated to afford a yellow oil which was dissolved
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in DCM (5 mL) and TFA (0.5 mL). The reaction was allowed to stir at room temperature
overnight. The reaction was diluted with DCM, washed with 1N NaOH, dried over Na,;SO,,
filtered, and concentrated to afford a crude material which was purified via CombiFlash (2
minutes DCM — 5 minutes at 10% B (80:20:3, DCM:MeOH:NH4OH) — 9 minutes 50% B) to
afford the title compound as an orange semi solid (110 mg, 48% yield over two steps). '"H NMR
(500 MHz, CDCl3): 6 8.19 (s, 1H), 7.09 (t, J= 7.7 Hz, 1H), 6.87 (d, J= 7.8 Hz, 1H), 6.75 (d, J=
7.5 Hz, 1H), 4.04 (s, 2H), 3.73 (d, J= 12.4 Hz, 1H), 3.60 (d, J= 12.4 Hz, 1H), 3.03-2.88 (m, 9H),
2.69-2.65 (m, 2H), 2.58 (dd, J=12.3, 9.6 Hz, 1H), 2.51 (dd, J= 12.3, 3.4 Hz, 1H), 2.41 (s, 3H),
2.27 (3, 3H), 2.26 (s, 3H), 2.16 (dd, J= 16.8, 11.0 Hz, 1H). *C NMR (100 MHz, CDCL3): &
153.7,151.7, 146.4, 138.9, 136.3, 132.2, 131.8, 129.8, 126.0, 121.6, 116.8, 63.4, 63.1, 53.1, 51.2,
48.6, 46.5,42.9, 30.1, 18.3, 17.9. HRMS (m/z): calculated for [C3H34Ns + H]": 380.28087,
found 380.28068.

(R)-N-Methyl-1-(5-methylpyridin-2-yl)-N-((5-(piperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)methanamine (21¢). Compound 21¢ was prepared
according to the procedure described for the synthesis of 21b. Orange semi solid (67 % yield
over two steps). 'H NMR (500 MHz, CDCls): 6 8.32 (d, J= 0.5 Hz, 1H), 7.42 (dd, J= 7.9, 1.6
Hz, 1H), 7.29 (d, J= 7.9 Hz, 1H), 7.05 (t, /= 7.6 Hz, 1H), 6.82 (d, J= 7.6 Hz, 1H), 6.72 (d, J=
7.6 Hz, 1H), 4.04 (d, J= 15.3 Hz, 1H), 4.01 (d, J= 15.3 Hz, 1H), 3.71 (d, J= 13.9 Hz, 1H), 3.57
(d, J=13.9 Hz, 1H), 2.99-2.85 (m, 8H), 2.65 (brs, 2H), 2.56 (dd, J= 12.6, 10.0 Hz, 1H), 2.47
(dd, J=12.6, 3.4 Hz, 1H), 2.34 (brs, 3H), 2.28 (s, 3H), 2.25 (s, 3H), 2.14 (dd, J= 16.8, 11.3 Hz,
1H); ?C NMR (125 MHz, CDCls): 6 156.3, 151.7, 149.4, 137.1, 136.5, 131.4, 129.8, 126.0,
122.6, 121.6, 116.8, 64.4, 63.2, 53.2, 51.3, 48.7, 46.5, 43.2, 30.2, 18.1. HRMS (m/z): calculated

for [CyoH3Ns + H]': 366.26522, found 366.26501.
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(S)-N,3-Dimethyl-N-(((R)-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-
5,6,7,8-tetrahydroquinolin-8-amine (21d). To a 20-mL scintillation vial was added amine S4
(0.166 g, 0.943 mmol), DCM (5 mL), sodium triacetoxyborohydride (0.285 g, 1.35 mmol), and
aldehyde 15 (0.400 g, 0.897 mmol). The reaction mixture was allowed to stir over night. The
reaction was diluted with DCM, washed with 1M NaOH, dried with Na,SOy, filtered, and
concentrated to afford a yellow oil. The crude material was purified via CombiFlash (2 minutes
DCM — 5 minutes at 10% B (80:20:3, DCM:MeOH:NH,OH) — 9 minutes at 50% B). The
fractions were concentrated to afford a yellow oil which was dissolved in DCM (3 mL) and TFA
(0.6 mL) then the mixture was allowed to stir over night. The reaction was diluted with DCM,
washed with 1M NaOH, dried with Na,SOy, filtered and concentrated to afford a yellow oil. The
crude material was purified via CombiFlash (2 minutes DCM — 5 minutes at 10% B (80:20:3,
DCM:MeOH:NH,OH) — 9 minutes at 50% B). The fractions were concentrated to afford the
title compound as a yellow oil. (0.122 g, 0.301 mmol, 63 % yield over 2 steps). "H NMR (500
MHz, CDCl3): 6 8.28 (d, J= 1.4 Hz, 1H), 7.14 (d, J= 1.0 Hz, 1H), 7.07 (t, J= 7.8 Hz, 1H), 6.85
(d, J=7.6 Hz, 1H), 6.74 (d, J= 7.6 Hz, 1H), 4.04 (d, J= 15.2 Hz, 1H), 3.91 (d, J= 15.2 Hz, 1H),
3.91-3.88 (m, 1H), 3.01-2.91 (m, 6H), 2.85-2.60 (m, 6H), 2.55-2.47 (m, 1H), 2.51 (s, 3H), 2.26
(s, 3H), 2.14 (dd, J= 16.1, 10.6 Hz, 1H), 2.05-1.91 (m, 2H), 1.72-1.63 (m, 1H). *C NMR (125
MHz, CDCl): 6 155.1, 151.9, 147.4, 137.2, 136.8, 133.2, 130.8, 130.1, 126.0, 121.8, 116.8,
64.3,59.9,53.3,51.7,48.8, 46.7, 41.6, 30.3, 29.2, 26.3, 21.3, 18.1. HRMS (m/z): calculated for
[CasH36Ns + H]': 406.29652, found 406.29611.

tert-Butyl (R)-5-bromo-3-formyl-3,4-dihydroisoquinoline-2(1H)-carboxylate (22).
Compound 22 was prepared according to the procedure described for the synthesis of 9 starting

with ester 13 (10 g, 27.0 mmol), anhydrous toluene (270 mL), and DIBAL-H (1 M solution in
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toluene) (80 mL, 80 mmol). The crude material was used for the next step without purification.
'H NMR (400 MHz, CDCl3): 6 9.52 (d, J = 5.5 Hz, 1H), 7.53 - 7.36 (m, 1H), 7.18 - 6.92 (m, 2H),
4.96 (dd,J=7.3,3.2 Hz, 0.5H), 4.72 (dd, ] = 16.7, 6.8 Hz, 1H), 4.66 - 4.37 (m, 1.5H), 3.58 -
3.28 (m, 1H), 3.05 (ddd, J = 33.6, 16.6, 6.7 Hz, 1H), 1.49 (d, J = 22.7 Hz, 9H).

tert-Butyl (R)-5-bromo-3-((methyl((S)-5,6,7,8-tetrahydroquinolin-8-yl)amino)methyl)-3,4-
dihydroisoquinoline-2(1H)-carboxylate (23). To a 500-mL round-bottom flask equipped with
magnetic stir bar was charged with amine 10 (6.57 g, 40.5 mmol), sodium triacetoxyborohydride
(10.3 g, 48.6 mmol), and 1,2-dichloroethane (100 mL). After stirring for 5 minutes, a solution of
aldehyde 22 (9.19 g, 27.0 mmol) in 1,2-dichloroethane (35 mL) was added dropwise. The
resulting mixture was stirred at room temperature for 48 hours. Upon the completion of the
reaction as judged by TLC and LCMS, the mixture was quenched by addition of saturated
NaHCOj solution. The biphasic mixture was transferred to a separatory funnel. The aqueous
layer was separated and extracted with DCM (3 times). The combined organic extract was dried
over anhydrous sodium sulfate and concentrated under reduced pressure to a crude material
which was purified by CombiFlash system (220g GOLD silica column, 5 minutes DCM — 30
minutes 0-5% MeOH/DCM) to afford the title compound as a colorless amorphous solid (10.5 g,
80 % yield). "H NMR (400 MHz, CDCls): 6 8.30 (s, 1H), 7.35 (d, J = 7.8 Hz, 1H), 7.28 (s, 1H),
6.94 (t,J =7.4 Hz, 2H), 6.87 (s, 1H), 4.83 - 4.30 (m, 2H), 3.96 - 3.60 (m, 2H), 3.14 (d, ] =17.0
Hz, 1H), 2.84 - 2.70 (m, 2H), 2.70 - 2.48 (m, 2H), 2.36 (s, 4H), 2.09 - 1.72 (m, 3H), 1.62 (s, 1H),
1.47 (s, 9H). HRMS (m/z): calculated for [C,5H3,BrN3;O, + H]+: 486.17561, found: 486.17731.
General procedure D for Late-stage Buchwald-Hartwig Coupling: To an oven-dried Biotage 5-
10 mL microwave vial equipped with a magnetic stir bar was charged with compound 23 (1

equiv), Pdy(dba); (0.05 equiv, 5 mol %), rac-BINAP (0.15 equiv, 15 mol %), cesium carbonate
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(1.4 equiv), and amine (if solid) (1.2 equiv). The vial was sealed with a Teflon-lined septum and
flushed with argon for 5 minutes. Degassed toluene (0.2 M) and amine (if liquid) (1.2 equiv)
were added successively via a syringe, and the vessel was degassed with argon for 5 minutes.
The resulting mixture was heated at 120 °C for 24 hours. Upon the completion of the reaction as
judged by TLC and LCMS, the mixture was allowed to cool to room temperature, filtered
through a Celite pad, and concentrated to a crude material which was purified by CombiFlash
system using a gradient of solvent A (DCM) to solvent B (MeOH) as eluent on a RediSep Rf

GOLD silica column to afford the Boc-protected product.

(S)-N-(((R)-5-((1R,4R)-2,5-Diazabicyclo[2.2.1]heptan-2-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yl)methyl)-N-methyl-5,6,7,8-tetrahydroquinolin-8-amine (25a). Compound 25a was
synthesized by a two-step sequence (general procedure D — general procedure A). Light yellow
foam (71 % yield over two steps). 'H NMR (400 MHz, CDCls): § 8.37 (s, 1H), 7.38 (d, J = 7.7
Hz, 1H), 7.16 - 7.02 (m, 2H), 6.99 (d, J = 8.0 Hz, 1H), 6.73 (d, ] = 7.6 Hz, 1H), 6.22 (s, 2H),
4.34 (dd, J=16.0,4.7 Hz, 1H), 4.21 - 3.96 (m, 4H), 3.79 - 3.70 (m, 1H), 3.50 - 3.38 (m, 1H),
3.27 - 2.54 (m, 9H), 2.27 (d, ] = 2.9 Hz, 3H), 2.11 - 1.80 (m, 5H), 1.73 (d, J = 8.9 Hz, 1H). °C
NMR (101 MHz, methanol-d,): 6 157.4, 150.4, 147.5, 139.5, 136.6, 133.4, 128.1, 126.9, 123.6,
121.2, 117.4, 66.7, 60.2, 60.2, 59.6, 58.8, 52.9, 52.4, 46.6, 36.3, 35.9, 30.0, 29.7, 22.5, 22.3.
HRMS (m/z): calculated for [CysH33N5 + H]+: 404.28142, found: 404.28088.
(S)-N-(((R)-5-((1S,4S)-2,5-Diazabicyclo[2.2.1]heptan-2-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yl)methyl)-N-methyl-5,6,7,8-tetrahydroquinolin-8-amine (25b). Compound 25b was
synthesized by a two-step sequence (general procedure D — general procedure A). Yellow foam

(511 mg, 82 % vield). "H NMR (400 MHz, CDCls): 8 8.31 (dd, J = 4.7, 1.8 Hz, 1H), 7.20 (dd, J
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=7.7,1.7 Hz, 1H), 6.95 - 6.83 (m, 2H), 6.41 (dd, J = 14.1, 7.8 Hz, 2H), 3.96 - 3.79 (m, 4H), 3.69
(dd, J=9.0, 2.5 Hz, 1H), 3.57 (s, 1H), 3.35 - 3.30 (m, 1H), 2.92 (dd, ] = 10.2, 2.1 Hz, 1H), 2.71 -
2.51 (m, 7H), 2.43 - 2.30 (m, 5H), 2.11 (dd, J = 15.8, 10.2 Hz, 1H), 1.96 - 1.78 (m, 4H), 1.58
(ddd, =9.7,5.2, 2.8 Hz, 2H). >C NMR (101 MHz, CDCl;): 5 157.6, 147.7, 146.5, 136.8,
136.3,133.5,125.2, 124.7, 121.2, 117.5, 112.5, 77.4, 64.1, 61.5, 59.6, 59.4, 56.8, 51.4, 48.7,
41.2,36.5,32.7,29.0, 25.2, 21.0. HRMS (m/z): calculated for [CasH33Ns + H]': 404.28142,
found: 404.28069.
(S)-N-(((R)-5-(3,3-Dimethylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-N-
methyl-5,6,7,8-tetrahydroquinolin-8-amine (25¢). Compound 25¢ was synthesized by a two-
step sequence (general procedure D — general procedure A). Yellow foam (51 % yield over two
steps). 'H NMR (400 MHz, CDCls): 6 8.38 (dd, J =4.8, 1.7 Hz, 1H), 7.25 - 7.20 (m, 1H), 7.03 -
6.90 (m, 2H), 6.75 (d, ] =7.8 Hz, 1H), 6.67 (d, J = 7.6 Hz, 1H), 3.96 (d, J = 15.3 Hz, 1H), 3.89 -
3.76 (m, 2H), 3.00 - 2.30 (m, 17H), 2.12 (dd, J = 16.5, 10.4 Hz, 1H), 1.99 - 1.83 (m, 3H), 1.65 -
1.56 (m, 1H), 1.12 (d, J = 25.6 Hz, 6H). °C NMR (101 MHz, CDCl3): § 157.8, 151.6, 146.6,
136.5, 136.4, 133.5, 130.0, 125.8, 121.6, 121.3, 116.8, 77.4, 64.3, 63.5, 59.8, 53.2, 51.5, 50.0,
48.6,41.8,41.2,30.1,29.0, 25.9, 21.1. HRMS (m/z): calculated for [CosH37Ns + H]: 420.31272,
found: 420.31334.
(S)-N-(((R)-5-((3S,5R)-3,5-Dimethylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yl)methyl)-N-methyl-5,6,7,8-tetrahydroquinolin-8-amine (25d). Compound 25d was
synthesized by a two-step sequence (general procedure D — general procedure A). White foam
(52 % yield over two steps). 'H NMR (400 MHz, CDCl3):  8.38 (dd, J = 4.7, 1.7 Hz, 1H), 7.29 -
7.19 (m, 1H), 7.02 - 6.90 (m, 2H), 6.75 (d, J = 7.9 Hz, 1H), 6.66 (d, J = 7.6 Hz, 1H), 3.97 (d,J =

15.2 Hz, 1H), 3.88 - 3.76 (m, 2H), 2.98 - 2.55 (m, 11H), 2.41 (d, J = 26.6 Hz, 5H), 2.19 - 2.02
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(m, 2H), 1.91 (td, J = 15.0, 12.9, 7.9 Hz, 3H), 1.66 - 1.57 (m, 1H), 0.97 (dd, J =22.7, 6.3 Hz,
6H). *C NMR (101 MHz, CDCls): § 158.0, 151.2, 146.7, 136.5, 133.6, 129.9, 125.8, 121.5,
121.4,116.8, 64.3, 59.8, 59.6, 58.5, 51.5, 51.0, 50.8, 48.6, 41.4, 30.1, 29.1, 26.1, 21.1, 19.7, 19.6.
HRMS (m/z): calculated for [CyH37N5 + H]+: 420.31272, found: 420.31131.
(S)-N-Methyl-N-(((R)-5-(4-methylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (25¢). Compound 25e was synthesized by a
two-step sequence (general procedure D — general procedure A). White foam (69 % yield over
two steps). '"H NMR (400 MHz, CDCls): ¢ 8.42 (dd, J =4.8, 1.7 Hz, 1H), 7.36 - 7.28 (m, 1H),
7.10 - 6.99 (m, 2H), 6.86 (dd, ] = 7.9, 1.2 Hz, 1H), 6.73 (dd, J = 7.6, 1.1 Hz, 1H), 4.07 (d, ] =
15.4 Hz, 1H), 3.98 - 3.87 (m, 2H), 3.00 (dt, J = 10.2, 4.6 Hz, 2H), 2.85 - 2.45 (m, 15H), 2.37 -
2.14 (m, 5H), 2.06 - 1.87 (m, 3H), 1.68 (dddd, J = 15.5, 10.3, 7.2, 4.8 Hz, 1H). >C NMR (101
MHz, CDCls): 0 158.1, 151.3, 146.8, 136.8, 135.9, 133.9, 129.7, 126.1, 121.7, 121.6, 116.9,
64.5,59.7,55.7,53.5,51.7,48.2,46.2, 41.1, 29.7,29.2, 26.1, 21.3. HRMS (m/z): calculated for
[CasH35Ns + H]': 406.29707, found: 406.29649.
(S)-N-(((R)-5-(4-Ethylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-N-methyl-
5,6,7,8-tetrahydroquinolin-8-amine (25f). Compound 25f was synthesized by a two-step
sequence (general procedure D — general procedure A). White foam (61 % yield over two
steps). '"H NMR (400 MHz, CDCls): 6 8.45 (dd, J =4.8, 1.7 Hz, 1H), 7.39 - 7.32 (m, 1H), 7.12 -
7.05 (m, 2H), 6.90 (dd, J = 7.9, 1.2 Hz, 1H), 6.77 (dd, J = 7.6, 1.1 Hz, 1H), 4.13 (d, J = 15.5 Hz,
1H), 4.02 - 3.95 (m, 2H), 3.05 (dd, J = 11.7, 5.0 Hz, 2H), 2.89 - 2.45 (m, 18H), 2.40 - 2.23 (m,
1H), 2.08 - 1.92 (m, 3H), 1.78 - 1.67 (m, 1H), 1.12 (t, J = 7.2 Hz, 3H). C NMR (101 MHz,

CDCl3): 6 158.0, 151.2, 146.7, 136.5, 136.4, 133.6, 129.8, 125.9, 121.5, 121.4, 116.6, 64.3, 59.7,
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53.3,52.3,51.5,51.5,48.5,41.5, 30.0, 29.1, 26.1, 21.2, 12.0. HRMS (m/z): calculated for
[Ca6H37Ns + H]": 420.31272, found: 420.31300.
(S)-N-(((R)-5-(4-Isopropylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-N-
methyl-5,6,7,8-tetrahydroquinolin-8-amine (25g). Compound 25g was synthesized by a two-
step sequence (general procedure D — general procedure A). Light yellow foam (55 % yield
over two steps). 'H NMR (400 MHz, CDCls): 6 8.39 (dd, J =4.7, 1.7 Hz, 1H), 7.29 - 7.23 (m,
1H), 7.04 - 6.95 (m, 2H), 6.81 (d, ] =7.9 Hz, 1H), 6.68 (d, J = 7.6 Hz, 1H), 4.00 (d, J = 15.4 Hz,
1H), 3.92 - 3.82 (m, 2H), 3.01 - 2.44 (m, 19H), 2.12 (dd, J = 16.3, 10.5 Hz, 1H), 1.99 - 1.83 (m,
3H), 1.65 (s, 1H), 1.02 (d, ] = 6.7 Hz, 6H). >C NMR (101 MHz, CDCly): § 158.0, 151.3, 146.7,
136.6, 136.3, 133.7, 129.8, 125.9, 121.5, 121.4, 116.6, 64.4, 59.7, 54.4, 51.9, 51.5, 49.2, 48.5,
41.4,30.0,29.1,26.2, 21.2, 18.8, 18.6. HRMS (m/z): calculated for [Co7H30Ns + H]: 434.32837,
found: 434.32803.
(S)-N-(((R)-5-(4-Cyclopropylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-N-
methyl-5,6,7,8-tetrahydroquinolin-8-amine (25h). Compound 25h was synthesized by a two-
step sequence (general procedure D — general procedure A). White foam (54 % yield over two
steps). 'H NMR (400 MHz, CDCls): 6 8.46 (dd, J = 4.8, 1.7 Hz, 1H), 7.36 (ddd, ] = 7.6, 1.8, 0.9
Hz, 1H), 7.12 - 7.04 (m, 2H), 6.87 (dd, J =7.9, 1.1 Hz, 1H), 6.76 (dd, ] = 7.6, 1.1 Hz, 1H), 4.13
(d,J=15.4 Hz, 1H), 3.99 (q, ] = 8.6 Hz, 2H), 3.01 - 2.62 (m, 15H), 2.48 (s, 3H), 2.35 - 2.26 (m,
1H), 2.09 - 1.91 (m, 3H), 1.75 - 1.63 (m, 2H), 0.49 - 0.42 (m, 4H). *C NMR (101 MHz, CDCl;):
0 158.0, 151.4, 146.7, 136.6, 136.4, 133.7, 129.9, 125.9, 121.6, 121.4, 116.7, 64.4, 59.8, 53.8,
51.5,48.6,41.5, 38.5,30.1,29.2, 26.2, 21.3, 5.7. HRMS (m/z): calculated for [Co7H37Ns + H] "

432.31272, found: 432.31173.
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(S)-N-Methyl-N-(((R)-5-(4-(oxetan-3-yl)piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (25i). Compound 25i was synthesized by a
two-step sequence (general procedure D — general procedure A). White foam (63 % yield over
two steps). 'H NMR (400 MHz, CDCls): 6 8.46 (dd, J =4.7, 1.7 Hz, 1H), 7.40 - 7.32 (m, 1H),
7.15-7.04 (m, 2H), 6.90 (dd, J = 7.8, 1.2 Hz, 1H), 6.78 (dd, J = 7.6, 1.1 Hz, 1H), 4.70 - 4.64 (m,
4H), 4.11 (d, J = 15.5 Hz, 1H), 3.97 (q, ] = 8.1 Hz, 2H), 3.58 (q, ] = 6.5 Hz, 1H), 3.05 (dt, J =
10.5, 4.3 Hz, 2H), 2.86 - 2.40 (m, 16H), 2.24 (s, 1H), 2.08 - 1.91 (m, 3H), 1.78 - 1.67 (m, 1H).
>C NMR (101 MHz, CDCLy): 6 157.9, 150.9, 146.6, 136.5, 136.5, 133.6, 129.8, 125.9, 121.7,
121.3,116.6, 75.3, 64.2, 59.6, 59.1, 51.4, 51.1, 50.0, 48.5, 41.5, 30.0, 29.0, 26.2, 21.1. HRMS
(m/z): calculated for [C,7H37N50 + H]+: 448.30764, found: 448.30681.
(S)-N-Methyl-N-(((R)-5-(4-(3-(trifluoromethyl)phenyl)piperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (25j). Compound
25j was synthesized by a two-step sequence (general procedure D — general procedure A).
Light yellow foam (53 % yield over two steps). 'H NMR (399 MHz, CDCls): 6 8.46 (dd, ] = 4.8,
1.7 Hz, 1H), 7.39 - 7.29 (m, 2H), 7.16 - 7.01 (m, 5H), 6.90 (d, J = 7.8 Hz, 1H), 6.80 (d, J = 7.6
Hz, 1H), 4.08 (d, J = 15.4 Hz, 1H), 4.01 - 3.90 (m, 2H), 3.33 (dt, J =31.4, 10.7 Hz, 5H), 3.15
(ddd, J=10.3, 6.2, 3.7 Hz, 2H), 2.91 - 2.74 (m, 6H), 2.66 (dt, ] = 16.6, 4.6 Hz, 1H), 2.52 (s, 4H),
2.21(dd,J=16.3, 10.4 Hz, 1H), 1.99 (dddd, J =29.6, 22.0, 11.3, 3.3 Hz, 3H), 1.75 - 1.62 (m,
1H). >C NMR (101 MHz, CDCls): 6 158.0, 151.5, 150.9, 146.8, 136.8, 136.7, 133.8, 131.8,
131.5,131.2,130.9, 129.9, 129.5, 128.4, 126.1, 125.7, 123.0, 122.1, 121.5, 120.3, 118.8, 118.8,
116.7,115.8, 115.8, 115.8, 112.1, 112.1, 112.0, 112.0, 64.5, 59.8, 51.6, 51.6,49.2, 48.7, 41 .4,
30.2,29.3, 26.0, 21.4. ’F NMR (376 MHz, CDCls, TFA standard): & 13.3. HRMS (m/%):

calculated for [C3;H3sF3Ns + H]": 536.30011, found: 536.29919.
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(S)-N-Methyl-N-(((R)-5-(4-(pyridin-2-yl)piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (25k). Compound 25k was synthesized by a
two-step sequence (general procedure D — general procedure A). White foam (47 % yield over
two steps). 'H NMR (400 MHz, CDCls): 6 8.43 (dd, J=4.7, 1.8 Hz, 1H), 8.17 (dd, T = 5.0, 1.9
Hz, 1H), 7.44 (ddd, J = 8.9, 7.1,2.0 Hz, 1H), 7.29 (dd, ] = 7.8, 1.7 Hz, 1H), 7.11 - 6.96 (m, 2H),
6.84 (d, J =7.9 Hz, 1H), 6.75 (d, J = 7.6 Hz, 1H), 6.64 (d, ] = 8.6 Hz, 1H), 6.59 (dd, J =7.1, 5.0
Hz, 1H), 4.04 (d, J = 15.4 Hz, 1H), 3.99 - 3.84 (m, 2H), 3.60 (d, ] = 33.1 Hz, 4H), 3.07 (dt, J =
10.4,4.5 Hz, 2H), 2.90 - 2.44 (m, 11H), 2.19 (dd, J = 16.4, 10.4 Hz, 1H), 2.07 - 1.86 (m, 3H),
1.72 - 1.60 (m, 1H). *C NMR (101 MHz, CDCls): J 159.6, 158.0, 151.1, 147.9, 146.8, 137.4,
136.7, 136.6, 133.7, 129.9, 126.0, 121.9, 121.5, 116.6, 113.3, 107.1, 64.4, 59.7, 51.5, 48.6, 45.8,
41.8,30.2,29.2, 26.3, 21.3. HRMS (m/z2): calculated for [CaH3sNg + H]": 469.30797, found:
469.30711.
(S)-N-Methyl-N-(((R)-5-(4-(pyrimidin-2-yl)piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (251). Compound 251 was synthesized by a
two-step sequence (general procedure D — general procedure A). Light yellow foam (39 % yield
over two steps). 'H NMR (400 MHz, CDCls): 6 8.43 (d, J = 4.6 Hz, 1H), 8.28 (t, J = 4.6 Hz, 2H),
7.29 (d,J=7.7 Hz, 1H), 7.07 - 6.97 (m, 2H), 6.81 (d, J = 7.9 Hz, 1H), 6.74 (d, ] = 7.6 Hz, 1H),
6.44 (t, ] =4.8 Hz, 1H), 4.20 - 3.69 (m, 7H), 2.99 (dq, J = 12.2, 7.2, 5.9 Hz, 2H), 2.89 (dd, ] =
16.3, 3.0 Hz, 1H), 2.81 - 2.59 (m, 6H), 2.57 - 2.40 (m, 4H), 2.19 (dd, J = 16.2, 10.2 Hz, 1H), 2.06
- 1.88 (m, 3H), 1.67 (h, J = 9.4 Hz, 1H). *C NMR (101 MHz, CDClL): 6 161.7, 158.1, 157.7,
151.2, 146.8, 136.7, 136.6, 133.8, 130.0, 126.0, 122.0, 121.5, 116.7, 109.8, 64.4, 59.7, 51.7, 51.6,
48.7,44.3,41.7,30.2,29.2, 26.3, 21.3. HRMS (m/z): calculated for [CogH3sN7 + H]: 470.30322,

found: 470.30297.
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(S)-N-Methyl-N-(((R)-5-(4-(pyridin-2-ylmethyl)piperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (25m). Compound
25m was synthesized by a two-step sequence (general procedure D — general procedure A).
White foam (38 % yield over two steps). 'H NMR (400 MHz, CDCl5): 6 8.50 (d, J = 4.9 Hz, 1H),
8.40 (d, J =4.6 Hz, 1H), 7.58 (td, J = 7.6, 1.8 Hz, 1H), 7.37 (d, J = 7.8 Hz, 1H), 7.25 (s, 1H),
7.08 (dd, J =7.4,5.1 Hz, 1H), 7.03 - 6.96 (m, 2H), 6.80 (d, J = 7.9 Hz, 1H), 6.68 (d, J = 7.6 Hz,
1H), 4.00 (d, J = 15.4 Hz, 1H), 3.91 - 3.82 (m, 2H), 3.69 - 3.64 (m, 2H), 2.99 (dt, J = 10.0, 4.1
Hz, 2H), 2.80 - 2.41 (m, 16H), 2.10 (dd, J = 16.5, 10.2 Hz, 1H), 2.01 - 1.84 (m, 3H), 1.67 - 1.58
(m, 1H). "C NMR (101 MHz, CDCls): 6 158.5, 158.0, 151.3, 149.2, 146.7, 136.6, 136.3, 136.3,
133.7,129.7,125.9, 123.2, 121.9, 121.5, 121.5, 116.6, 110.0, 64.7, 64.4, 59.6, 53.8, 51.5, 48.5,
41.6, 30.0, 29.2, 26.2, 21.3. HRMS (m/z2): calculated for [C3oH3sNg + H]": 483.32362, found:
483.32315.

(S)-N-Methyl-N-(((R)-5-((3R,55)-3,4,5-trimethylpiperazin-1-yl)-1,2,3,4-
tetrahydroisoquinolin-3-yl)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (25n). Compound
25n was synthesized by a two-step sequence (general procedure D — general procedure A).
Light yellow foam (55 % yield over two steps). 'H NMR (400 MHz, CDCl3): 6 8.38 (dd, ] =4.7,
1.7 Hz, 1H), 7.33 - 7.20 (m, 1H), 7.06 - 6.91 (m, 2H), 6.76 (d, J = 7.9 Hz, 1H), 6.66 (d, ] = 7.6
Hz, 1H), 3.99 (d, J = 15.4 Hz, 1H), 3.91 - 3.79 (m, 2H), 2.88 - 2.54 (m, 8H), 2.44 (s, 4H), 2.33 -
2.09 (m, 7H), 2.01 - 1.83 (m, 3H), 1.65 (t, ] = 6.4 Hz, 1H), 1.02 (dd, J = 25.3, 6.2 Hz, 6H). °C
NMR (101 MHz, CDCls): 6 158.0, 150.8, 146.7, 136.6, 136.2, 133.7, 129.6, 126.0, 121.6, 121.4,
116.5, 64.3,59.9, 59.7, 58.8, 58.4, 58.1, 51.6, 48.4, 41.3, 37.9, 29.9, 29.1, 26.0, 21.2, 18.1, 18.0.

HRMS (m/z): calculated for [Cy7H39N5 + H]+: 434.32837, found: 434.32964.
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(S)-N-(((R)-5-((R)-Hexahydropyrrolo[1,2-a]pyrazin-2(1H)-yl)-1,2,3.4-
tetrahydroisoquinolin-3-yl)methyl)-N-methyl-5,6,7,8-tetrahydroquinolin-8-amine (250).
Compound 250 was synthesized by a two-step sequence (general procedure D — general
procedure A). White foam (53 % yield over two steps). 'H NMR (400 MHz, CDCLy): J 8.38 (dd,
J=4238,1.7Hz, 1H), 7.24 (dd, ] = 7.7, 1.7 Hz, 1H), 7.04 - 6.91 (m, 2H), 6.83 (d, J = 7.8 Hz, 1H),
6.67 (d,J=7.6 Hz, 1H), 3.97 (d, J = 15.4 Hz, 1H), 3.91 - 3.76 (m, 2H), 3.09 - 2.96 (m, 4H), 2.75
(tdd, J =26.2,11.2,4.4 Hz, 5H), 2.57 (dd, J = 16.6, 4.8 Hz, 1H), 2.52 - 2.37 (m, 4H), 2.31 - 2.09
(m, 5H), 2.01 - 1.55 (m, 8H), 1.31 (tt, J = 10.9, 4.6 Hz, 1H). >C NMR (101 MHz, CDCls): ¢
157.8, 151.3, 146.6, 136.5, 136.4, 133.6, 129.9, 125.8, 121.6, 121.3, 117.1, 64.3, 62.7, 59.8, 56.8,
53.2,51.9,51.4,50.5,48.5, 40.9, 29.9, 29.0, 27.1, 25.6, 21.2, 21.1. HRMS (m/z): calculated for
[C,7H37Ns + H]": 432.31272, found: 432.31206.
(S)-N-(((R)-5-((S)-Hexahydropyrrolo[1,2-a]pyrazin-2(1H)-yl)-1,2,3.4-
tetrahydroisoquinolin-3-yl)methyl)-N-methyl-5,6,7,8-tetrahydroquinolin-8-amine (25p).
Compound 25p was synthesized by a two-step sequence (general procedure D — general
procedure A). White foam (57 % yield over two steps). 'H NMR (400 MHz, CDCLy): J 8.35 (dd,
J=4238,1.7Hz, 1H), 7.21 (dd, ] = 7.7, 1.7 Hz, 1H), 7.00 - 6.88 (m, 2H), 6.78 (d, J = 7.9 Hz, 1H),
6.63 (d, J=7.6 Hz, 1H), 3.96 (d, J = 15.5 Hz, 1H), 3.87 - 3.78 (m, 2H), 2.95 (dddd, J = 26.7,
13.1,6.7,2.2 Hz, 4H), 2.77 - 2.59 (m, 5SH), 2.58 - 2.49 (m, 2H), 2.46 - 2.33 (m, 4H), 2.29 (td, ] =
10.9, 3.1 Hz, 1H), 2.07 (ddp, J = 15.1, 10.4, 5.6, 5.1 Hz, 3H), 1.96 - 1.54 (m, 8H), 1.36 (dq, J =
15.6, 5.0 Hz, 1H). >C NMR (101 MHz, CDCls): 6 157.7, 151.1, 146.5, 136.4, 136.3, 133.5,
129.7,125.7,121.4, 121.2, 116.9, 64.2, 62.8, 59.7, 55.8, 53.2, 51.8, 51.4, 51.3, 48.4, 40.9, 29.9,
29.0,27.2,25.6,21.0. HRMS (m/z): calculated for [Cy7H37Ns5 + H]+: 432.31272, found:

432.31401.
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tert-Butyl (R)-5-(4-((benzyloxy)carbonyl)piperazin-1-yl)-3-((methyl((S)-5,6,7,8-
tetrahydroquinolin-8-yl)amino)methyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (26).
Compound 26 was obtained according to general procedure D using 23 (250 mg, 0.514 mmol),
Pd,(dba); (24 mg, 0.026 mmol), rac-BINAP (48 mg, 0.077 mmol), cesium carbonate (234 mg,
0.720 mmol), degassed toluene (2.5 mL), and benzyl piperazine-1-carboxylate (liquid) (0.136
mg, 0.617 mmol). Yellow foamy solid (228 mg, 71 % yield). 'H NMR (400 MHz, CDCls): 6
8.25 (s, 1H), 7.46 - 7.28 (m, 6H), 7.08 (t, J = 7.8 Hz, 1H), 6.99 (s, 1H), 6.81 (d, ] = 7.9 Hz, 1H),
6.77 - 6.60 (m, 1H), 5.17 (s, 2H), 4.72 - 4.27 (m, 2H), 3.73 (dd, J = 110.2, 23.1 Hz, 6H), 3.23 (d,
J=16.1 Hz, 1H), 2.96 (s, 2H), 2.88 - 2.55 (m, 6H), 2.49 - 2.30 (m, 1H), 2.26 (s, 3H), 1.92 (dd, J
=45.1,9.7 Hz, 3H), 1.49 (s, 10H). HRMS calculated for [C37H47N504 + H]+: 626.37063, found:
626.37010.

Benzyl 4-((R)-3-((methyl((S)-5,6,7,8-tetrahydroquinolin-8-yl)amino)methyl)-1,2,3,4-
tetrahydroisoquinolin-5-yl)piperazine-1-carboxylate (27). Compound 27 was obtained
according to general procedure A. Light yellow foam (90 % yield). "H NMR (400 MHz, CDCl;):
0 8.41 (dd, J=4.8, 1.7 Hz, 1H), 7.38 — 7.33 (m, 6H), 7.16 — 7.08 (m, 2H), 6.88 (dd, /= 8.0, 1.1
Hz, 1H), 6.82 (dd, J=7.7, 1.1 Hz, 1H), 5.16 (s, 2H), 4.28 (d, /= 15.6 Hz, 1H), 4.10 (dd, J =
15.5,5.7 Hz, 2H), 3.10 — 2.88 (m, 8H), 2.84 — 2.58 (m, 7H), 2.36 (s, 3H), 2.11 — 1.87 (m, 4H),

1.75 (s, 1H). HRMS calculated for [C3,H39Ns0; + H]+: 526.31820, found: 526.31704.

Benzyl 4-((R)-2-methyl-3-((methyl((S)-5,6,7,8-tetrahydroquinolin-8-yl)amino)methyl)-
1,2,3,4-tetrahydroisoquinolin-5-yl)piperazine-1-carboxylate (28). To a 20-mL scintillation
vial equipped with a magnetic stir bar was charged with 27 (336 mg, 0.639 mmol), sodium

triacetoxyborohydride (406 mg, 1.92 mmol), dichloromethane (6.4 mL). After stirring for 5
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minutes, paraformaldehyde (58 mg, 1.92 mmol) was added in one portion. The resulting mixture
was stirred at room temperature for 48 hours. Upon the completion of the reaction as judged by
TLC and LCMS, the mixture was quenched by addition of saturated NaHCOj solution. The
biphasic mixture was transferred to a separatory funnel. The aqueous layer was separated and
extracted with DCM (3 times). The combined organic extract was dried over anhydrous sodium
sulfate and concentrated under reduced pressure to a crude material which was purified by
CombiFlash system (24g silica column, 5 minutes DCM — 30 minutes 0-30% 8:2:0.6
DCM/MeOH/NHj; solution, 7N in MeOH) to afford the title compound as a yellow gel (410 mg,
quantitative yield). "H NMR (400 MHz, CDCls): d 8.46 - 8.37 (m, 1H), 7.41 - 7.30 (m, 6H), 7.10
(t,J=7.7Hz, 1H), 7.02 (dd, J = 7.7, 4.7 Hz, 1H), 6.84 (d, ] =7.9 Hz, 1H), 6.77 (d, J = 7.6 Hz,
1H), 5.17 (s, 2H), 3.84 - 3.61 (m, 7H), 2.88 (t, J =25.2 Hz, 8H), 2.67 (dd, J = 16.7, 5.3 Hz, 2H),
2.48 (d, J =23.7 Hz, 4H), 2.30 (s, 3H), 1.95 (s, 3H), 1.65 (dt, ] = 9.2, 4.8 Hz, 1H). HRMS
calculated for [C33H,NsO, + H]": 540.33385, found: 540.33370.
(S)-N-Methyl-N-(((R)-2-methyl-5-(piperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (29). To a 20-mL scintillation vial equipped
with a Teflon-coated magnetic stir bar was charged with 28 (410 mg, 0.760 mmol) and
trifluoroacetic acid (3.8 mL). Trifluoromethanesulfonic acid (202 pL, 2.28 mmol) was added
dropwise at 0 °C, and the resulting mixture was stirred at room temperature for 1 hour. Upon the
completion of the reaction as judged by LCMS, the mixture was diluted with DCM, cooled in an
ice-bath, and carefully quenched by the addition of 3N NaOH until pH>12. The biphasic mixture
was transferred to a separatory funnel. The aqueous layer was separated and extracted with DCM
(3 times). The combined organic extract was dried over anhydrous sodium sulfate and

concentrated under reduced pressure to a crude material which was purified by CombiFlash
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system (12g silica column, 5 minutes DCM — 30 minutes 0-80% 8:2:0.6 DCM/MeOH/NHj3
solution, 7N in MeOH) to afford the title compound as a light yellow foam (193 mg, 63 % yield).
'H NMR (400 MHz, CDCl;): & 8.44 (td, ] = 4.5, 1.6 Hz, 1H), 7.38 - 7.30 (m, 1H), 7.12 (t, ] = 7.7
Hz, 1H), 7.05 (ddd, J = 7.4, 4.8, 2.6 Hz, 1H), 6.95 - 6.86 (m, 1H), 6.81 - 6.72 (m, 1H), 4.23 (s,
1H), 3.90 - 3.77 (m, 3H), 3.13 (t, ] = 4.8 Hz, 3H), 3.02 - 2.78 (m, 8H), 2.74 - 2.44 (m, 7H), 2.29
(s, 3H), 2.07 - 1.86 (m, 3H), 1.73 - 1.61 (m, 1H). °C NMR (101 MHz, CDCl;): & 157.8, 151.7,
146.7, 136.7, 136.0, 133.8, 129.6, 125.9, 121.5, 121.3, 116.5, 64.5, 62.1, 59.8, 52.2, 51.5, 51.1,
48.2,41.7,40.6,29.7,29.3,29.2, 28.9, 25.4, 21.2. HRMS calculated for [C,5H3sNs+ H]":
406.29707, found: 406.29641.
(S)-N-Methyl-N-(((R)-2-methyl-5-(4-methylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-
yD)methyl)-5,6,7,8-tetrahydroquinolin-8-amine (30). Compound 30 was prepared according to
the procedure described for the synthesis of 28 using 12a (96 mg, 0.245 mmol), dichloromethane
(2.5 mL), sodium triacetoxyborohydride (156 mg, 0.734 mmol), and paraformaldehyde (37 mg,
1.22 mmol). Yellow amorphous solid (74.2 mg, 72 % yield). '"H NMR (400 MHz, CDCl;): 6 8.40
(dd, J=4.8,1.7 Hz, 1H), 7.30 - 7.23 (m, 1H), 7.07 - 6.95 (m, 2H), 6.84 (dd, J = 8.0, 1.2 Hz, 1H),
6.71 - 6.65 (m, 1H), 3.78 - 3.63 (m, 3H), 2.88 - 2.75 (m, 7H), 2.65 - 2.45 (m, 7H), 2.39 (s, 3H),
2.33 (s, 3H), 2.27 (s, 3H), 2.04 - 1.80 (m, 4H), 1.61 (tdd, J = 10.9, 5.6, 3.2 Hz, 1H). °C NMR
(101 MHz, CDCls): 6 157.8, 151.4, 146.6, 136.5, 135.2, 133.8, 129.1, 126.0, 121.5, 121.5, 116.8,
65.1,57.1, 56.5, 55.8, 55.6, 51.7, 46.2, 40.7, 39.6, 28.7, 27.1, 25.9, 20.2. HRMS (m/z): calculated
for [CasH37Ns+ H]": 420.31272, found: 420.31212.

2-(tert-Butyl) 3-methyl (R)-5-(4-methylpiperazin-1-yl)-3,4-dihydroisoquinoline-2,3(1H)-
dicarboxylate (31). Compound 31 was prepared according to the procedure described for the

preparation of 8 using compound 13 (0.4 g, 1.08 mmol), 1-methylpiperazine (144 L, 1.30
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mmol), Pd,(dba); (49 mg, 0.054 mmol), rac-BINAP (101 mg, 0.162 mmol), cesium carbonate
(493 mg, 1.51 mmol), and toluene (5.40 mL). Orange amorphous solid (204 mg, 49 % yield). 'H
NMR (400 MHz, CDCls): 6 7.13 (dq, J = 8.1, 4.3 Hz, 1H), 7.00 - 6.74 (m, 2H), 5.02 (dt, ] = 6.5,
3.3 Hz, 0.5H), 4.76 - 4.55 (m, 1.5H), 4.42 (ddd, J = 37.7, 16.1, 2.5 Hz, 1H), 3.64 - 3.44 (m, 3H),
3.14 (tdd, J = 18.6, 14.3, 6.4 Hz, 1H), 2.91 - 2.81 (m, 3H), 2.57 (s, 3H), 2.34 (d, J = 3.9 Hz, 3H),
1.45 (dt, J =31.9, 2.5 Hz, 9H). MS (m/z): 390 (M+H").

tert-Butyl (R)-3-formyl-5-(4-methylpiperazin-1-yl)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (32). Compound 32 was prepared from ester 31 according to the procedure
described for the synthesis of 9. The crude material was used for the next step without
purification. 'H NMR (400 MHz, CDCl3): 6 9.48 —9.22 (m, 1H), 7.07 (dt, J= 8.7, 4.3 Hz, 1H),
6.81 (ddt, J=36.5, 17.5, 8.9 Hz, 2H), 4.81 — 4.17 (m, 2H), 3.52 — 3.04 (m, 1H), 2.97 - 2.71 (m,

4H), 2.51 (s, 4H), 2.27 (d, J= 10.1 Hz, 3H), 1.57 — 1.19 (m, 9H).

tert-Butyl (R)-3-(((4aR,10bS)-3,4,4a,5,6,10b-hexahydro-1,10-phenanthrolin-1(2H)-
yl)methyl)-5-(4-methylpiperazin-1-yl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (34). To a
solution of aldehyde 32 (365 mg, 1.01 mmol) and amine 33 (210 mg, 1.12 mmol) in
dichloromethane (5 mL) was added sodium triacetoxyborohydride (445 mg, 2.1 mmol). The
reaction was stirred overnight (16 hours) at room temperature, followed by addition of 33 (100
mg, 0.53 mmol) and sodium triacetoxyborohydride (220 mg, 1.04 mmol). The reaction was
stirred for an additional 16 hours. The organics were washed with saturated NaHCO; and brine
solutions then separated and dried over anhydrous Na,SO,. Filtration and concentration followed
by column chromatography (DCM/MeOH (0.1% NH4OH) gradient) gave the title compound as a

white foam (388 mg, 72 % yield). '"H NMR (400MHz, CDCl3): & 1.48 (s, 9H), 1.63 (m, 2H), 1.89
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(m, 2H), 2.39 (d, 4H, J=5 Hz), 2.66 (m, 10H), 3.01 (m, 4H), 3.25 (m, 2H), 4.27 (d, 1H, J=18
Hz), 4.4 (d, 1H, J=18 Hz), 4.54 (d, 1H, J=18 Hz), 4.65 (m, 1H), 6.2 (d, 0.5H, J=7 Hz), 6.29 (d,
0.5H, J=8 Hz), 6.74 (d, 1H, J=6 Hz), 6.97 (m, 2H), 7.41 (d, 1H, J=8 Hz), 7.93 (d, 1H, J=15 Hz);
MS (m/z): 532 (M+H").
(4aR,10bS)-1-(((R)-5-(4-Methylpiperazin-1-yl)-1,2,3,4-tetrahydroisoquinolin-3-yl)methyl)-
1,2,3,4,4a,5,6,10b-octahydro-1,10-phenanthroline (35). Compound 35 was obtained according
to general procedure A. Off-white foam (79 % yield). 'H NMR (400MHz, CDCl3): & 1.69 (m,
6H), 2.11 9m, 1H), 2.24 (m, 3H), 2.34 (s, 3H), 2.51 (m, 4H), 2.73 (m, 6H), 2.97 (m, 6H), 3.61
(m, 1H), 4.04 (m, 2H), 6.69 (d, 1H, J=8Hz), 6.85 (d, 1H, J=7Hz), 7.08 (m, 2H), 7.39 (d, 1H,
J=8Hz), 8.36 (d, 1H, J=5Hz). °C NMR (125 MHz, CDCl;): & 21.88, 23.65, 26.97, 28.61, 29.28,
33.7,46.22,46.3, 51.63, 52.55, 55.56, 55.69, 58.57, 66.83, 117.05, 121.59, 122.47,126.14,
130.08, 133.6, 137.17, 146.11, 147.15, 151.31, 157.61. HRMS calculated for [C7H3sNs+ H] "

432.31272, found: 432.31169.
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CXCR4, chemokine (C-X-C motif) receptor 4; GPCR, G protein-coupled receptor; CXCL12,
CXC chemokine ligand type 12; THQ, 5,6,7,8-tetrahydroquinoline; TIQ, 1,2,3,4-
tetrahydroisoquinoline; 1Csy, 50% inhibitory concentration; CYP 450, cytochrome P450; ZERG,
the human ether-a-go-go related gene; Caco, human colorectal adenocarcinoma cells; PAMPA,
parallel artificial membrane permeability assay; HLM, human liver microsomes; MLM, mouse
liver microsomes; SAR, structure-activity relationship; T;,, half-life; LC, liquid
chromatography; HPLC, high pressure liquid chromatography; MS, mass spectrometry; HRMS,
high resolution mass spectrometry; TLC, thin layer chromatography; Bz, benzoyl, MeOH,
methanol; EtOH, ethanol; Et;N, triethylamine; THF, tetrahydrofuran; EtOAc, ethyl acetate;
Na,;SOy4, sodium sulfate; K,COs, potassium carbonate; Na,COs, sodium carbonate; CH,Cl, or
DCM, methylene chloride; NaHCOj3, sodium bicarbonate; HCI, hydrochloric acid.
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CYP450 2D6
Substrate
TIQ15 12a

IC50 CXCR4 = 6.5 nM IC50 CXCR4 = 6.1 nM
ICso MAChR > 16,667 nM ICso MAChR = 7,176 nM
Met stab (H, M) =77, 17 % Met stab (H, M) = 100, 20 %

CYP2D6 IC59 = 0.3 M CYP2D6 ICs0 > 20 uM

PAMPA P, = 0 nm/s PAMPA P = 0 nm/s
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IC59 CXCR4 = 3.6 nM
IC5o MAChR > 16,667 nM
Met stab (H, M) = 52, 37 %
CYP2D6 ICsq> 20 M
PAMPA P, = 740 nm/s



