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Abstract

The crystal structure of the dopamine D3 receptor (D3R) in complex with eticlopride inspired

the design of bitopic ligands that explored 1) A-alkylation of eticlopride’s pyrrolidine ring, 2)
shifting the position of the pyrrolidine nitrogen, 3) expanding the pyrrolidine ring system, and 4)
incorporating C-alkylations at the 4-position. Structure Activity Relationships (SAR) revealed that
moving the A- or expanding the pyrrolidine ring was detrimental to D,R/D3R binding affinities.
Small pyrrolidine A-alkyl groups were poorly tolerated, but addition of a linker and secondary
pharmacophore (SP) improved affinities. Moreover, O-alkylated analogues showed higher binding
affinities compared to analogously A-alkylated compounds, e.g., O-alkylated 33 (D3R, 0.436 nM
and D,R, 1.77 nM) vs. the A-alkylated 11 (D3R, 6.97 nM and DR, 25.3 nM). All lead molecules
were functional D,R/D3R antagonists. Molecular models confirmed that 4-position modifications
would be well-tolerated for future DoR/D3R bioconjugate tools that require long linkers and or
sterically bulky groups.
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INTRODUCTION

Dopamine D»-like receptors, comprised of Dy, D3 and D4 receptor subtypes (DoR, D3R,
and D4R, respectively) are notable for their clinical relevance and have been targeted for

the development of medications to treat neurological and neuropsychiatric disorders.! For
example, D,-like receptor agonists serve as anti-Parkinsonian agents whereas all current
antipsychotic medications have the common mechanism of D»-like receptor antagonism

or weak partial agonism.2-> Nevertheless, these drugs can produce multiple undesirable
side effects that can limit their therapeutic tolerability.® Indeed, inhibiting and activating
D,R, which is highly expressed in the brain and periphery, may trigger serious side effects
including cardiovascular hypertension and undesirable motor effects, some of which may be
mediated by “on target” actions.”-8

D,R and D3R subtypes have high sequence identity (78%) in their transmembrane

domains, which creates a challenge to develop highly selective DoR or D3R ligands.

The high-resolution structural information of DR, D3R, and D4R, in both the inactive

and more recently active states have provided solid bases to facilitate structure-based

lead optimization.%-11 Based on these structures, we have identified a highly conserved
orthosteric binding site (OBS) in which the primary pharmacophores (PP) of D,-like drugs
and also the endogenous neurotransmitter dopamine (DA) bind that does not offer wide
options to achieve highly selective ligands.12-13 Hence, one strategy to improve subtype
selectivity and modify functional efficacy is to design bitopic ligands. Such molecules would
bind concurrently to both the OBS as well as a secondary binding pocket (SBP), which

may also serve as an allosteric binding site (ABS) and confer allosteric pharmacology,
subtype selectivity or improved affinity to the molecule.14-17 Bitopic ligands have the
potential to further modulate receptor function with altered efficacy, binding kinetics and/or
functional selectivity, as well as potentially reduce “on target” side effects that plague
current medications.818 This strategy has successfully identified compounds with D,R or
D3R subtype selectivity, including the identification of highly selective D3R antagonists and
partial agonists,19-22 and more recently, potent G,-protein biased full DR agonists?3 and
D3R-selective agonists.24

Eticlopride is a selective and high affinity DoR/D3R antagonist/inverse agonist and has
served as a critical tool used to understand D,-like receptor function, associated behavior,
and the influence of receptor antagonism in many preclinical models.25 In 2010, a high-
resolution crystal structure of D3R in complex with eticlopride revealed that it binds in the
OBS of D3R.19 Further, computational studies with (/)-PG648 (1, Figure 1) revealed that
the 2,3-diCl-phenylpiperazine overlaid onto eticlopride in the OBS establishing this moiety
as the PP, where its indole amide terminus interacts with a SBP, the shape and size of which
was later discovered to differ from D,R.12:13.26.27 These differences are largely determined
by a single extra glycine residue on the extracellular loop 1 of D3R, rendering 1 highly D3R
selective and confirming the indole amide as the SP.10.13.28 Sybsequent SAR studies have
further defined the SBP and established the indole amide as a privileged structure for Do-like
receptors.2%-31 Additional studies have revealed interesting allostery that has been attributed
to both the PP, SP and importantly, the length, composition and chirality of the linking chain
between them,14.29,32.33
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Highly D3R selective antagonists and partial agonists have been discovered (e.g., (+)-VK4—
116 (2, Figure 1)) that were inspired by eticlopride and the D3R crystal structure,10.20.28
These bitopic ligands have low to subnanomolar D3R affinity, >1000-fold selectivity

over D,R, and are effective in a number of animal models of substance use disorders
(SUD).20:34-37 Nevertheless, while highly D3R-selective antagonists have been discovered,
it has been far more challenging to discover highly D,R-selective antagonists/partial
agonists.38-40 |n 2018, the crystal structure of D,R in complex with the antipsychotic

drug risperidone (3, Figure 1) revealed an unexpected mode of binding to D,R, further
illuminating important structural features for the actions of risperidone and related drugs

at D,R.? This challenge prompted us to design new bitopic ligands using the eticlopride
scaffold as the PP on which we identified the positions to link an SP to achieve high
affinity binding and to potentially identify an SBP of unique pharmacological interest.
Further, our aim was to discover a position on the eticlopride scaffold that was amenable to
functionalization with structurally bulky groups as new molecular tools with which to study
structure and function of D,R and D3R.

Our design includes four modifications to the eticlopride PP as shown in Figure 2. We

first synthesized a few A-alkyl substituted eticlopride analogues, ultimately appending SPs
(e.g., indole, benzofuran, and dihydroquinolone from the antipsychotic drug, aripiprazole (4,
Figure 1)), a well-characterized partial agonist at D,-like receptors.#1-43 We then shifted the
N- in the pyrrolidine ring to enable linking a SP from the 3-position. As this change was not
well tolerated, we expanded the ring to a piperidine. Finally, we appended an -OH group to
the 4-position of the pyrrolidine ring and then modified this position with various linked SPs
(Figure 2).

RESULTS AND DISCUSSION

Chemistry

The synthetic strategy of A-alkylated eticlopride analogues is shown in Scheme 1. To
investigate SAR at the pyrrolidine ring, alkyl, aromatic and heteroaromatic SPs were
introduced with different alkyl chain lengths to give A-alkylated bitopic analogues as
depicted in Figure 2. All the compounds in Scheme 1 were synthesized by using
hydrochloride salts of (S)-nor-eticlopride (5; provided by the NIDA Drug Supply Program).
In the presence of inorganic bases such as potassium carbonate (KoCOs) or sodium
bicarbonate (NaHCO3), compound 5 underwent A-alkylation with 1-iodopropane yielding
the simple alkyl chain compound 6. Similarly, 5 reacted with benzyl bromide to give

7 and 8, respectively. Alkylations to obtain compounds 9-11 were likewise performed.
Intermediate 12 (A-(4-bromobutyl)benzofuran-2-carboxamide) was prepared by employing
the Appel reaction on A-(2-hydroxyethyl)benzofuran-2-carboxamide.30 Subsequently, 5
underwent A-alkylation with 12 to give 13. However, the synthesis of 15 did not proceed
under base-catalyzed A-alkylation with A~(4-bromobutyl)-1H-indole-2-carboxamide due to
undesired intramolecular cyclization. Hence, NA-(4-oxobutyl)-1A-indole-2-carboxamide (14)
was prepared from the corresponding alcohol?3 and then subjected to reductive amination
with 5 in the presence of sodium triacetoxyborohydride (NaBH(OACc)3)?* to give 15.
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The synthesis of three N-alkylated eticlopride analogues where the position of the A= in the
pyrollidine ring is moved (17a-c) is depicted in Scheme 2. 3-Chloro-5-ethyl-6-hydroxy-2-
methoxybenzoic acid (16), was prepared as previously described,** and converted to the
acid chloride intermediate, with thionyl chloride (SOCI,), followed by treatment with the
respective A-alkylated pyrrolidine amines: (1-methylpyrrolidin-3-yl)methanamine for 17a,
(1-ethylpyrrolidin-3-yl)methanamine for 17b, and (1-propylpyrrolidin-3-yl)methanamine
for 17c¢, in the presence of triethylamine (TEA). A second strategy employed 1,1’-
carbonyldiimidazole (CDI) in THF to react 16 with the respective amines to give the desired
products 17a-c.

The synthetic strategy for 24a,b is outlined in Scheme 3. Initially, 20 was prepared

from 2-(4-bromobutyl)isoindoline-1,3-dione (18) and commercially available fert-butyl
(piperidin-3-ylmethyl)carbamate (19) by N-alkylation under base catalyzed conditions.
Removal of the phthalimide protecting group in compound 20 afforded the primary amine
21, which was coupled with indole- or benzofuran-2-carboxylic acids in the presence of CDI
to afford 22a,b, respectively. Subsequently, deprotection with 2M HCI in diethyl ether gave
primary amine intermediates 23a,b, which underwent amidation with 16 in the presence of
N-(3-dimethylaminopropyl)- AV -ethylcarbodiimide hydrochloride (EDC) to yield the bitopic
analogues 24a,b.

The synthetic strategies for compounds incorporating C-alkylations at the 4-position

of the pyrrolidine ring are depicted in Schemes 4-6. Initially, as shown in

Scheme 4, the carboxylic acid intermediate 27 was obtained when (25,4 R)-1-(tert-
butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (25) and 7-(2-bromoethoxy)-3,4-
dihydroquinolin-2(1A)-one (26) underwent C-alkylation in the presence of NaH at 0
°C.45:46 Next, 27 underwent Steglich esterification with benzyl alcohol in the presence

of EDC, affording the corresponding benzyl ester intermediate 28 that was selectively
reduced to the primary alcohol intermediate 29 by LiBH,4 at —=15 °C. Subsequently, under
Mitsunobu conditions, 29 was reacted with phthalimide to give 30, followed by removal

of the phthalimide group resulting in the primary amine intermediate 31. This intermediate
was coupled with 16 in the presence of O-(6-Chloro-1-hydrocibenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HCTU) to give carboxamide 32, which was
treated with trifluoroacetic acid (TFA) to give the target bitopic eticlopride analogue 33
having the 3,4-dihydroquinolin-2(1A)-one moiety as the SP. Finally, reductive amination at
the pyrrolidine nitrogen of 33 with propionaldehyde yielded the desired A-propyl bitopic
compound 34.

In Scheme 5, we further introduced benzofuran- or indole-2-carboxamide as the SP
through C-alkylation at the 4-position of the pyrrolidine ring. The carboxylic acid
intermediates 36a,b were synthesized starting from different alkyl halides 35a,b and 25
through the O-alkylation method as shown in Scheme 4. Subsequently, the carboxylic acid
intermediates were directly reduced to the primary alcohols (37a,b) in the presence of
borane dimethylsulfide (BMS). Under Mitsunobu reaction conditions, 37a,b was reacted
with phthalimide to yield 38a,b followed by removal of the phthalimide protecting group,
affording the primary amine intermediates (39a,b). These primary amines were coupled
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with 16, in the presence of HCTU, as described earlier, to yield carboxamides (40a,b).
Further, 40b underwent debenzylation by Pd/C catalyzed hydrogenation to produce the
primary alcohol intermediate 41, which was reacted with phthalimide under Mitsunobu
conditions to afford 42. Subsequently, phthalimide deprotection gave primary amine 43 that
was coupled with indole 2- or benzofuran-2-carboxylic acids to give carboxamides 44, 45.
After treatment with TFA compounds 46 and 47 were isolated and subjected to reductive
amination with acetaldehyde producing the A-ethyl analogues 48 and 49 comprising an
indole or benzofuran as the SPs, respectively.

In Scheme 6, 40a,b and 41 underwent deprotection in the presence of TFA to give the
additional target compounds 50a,b and 51 respectively.

SAR of the eticlopride analogues at D,R and D3R

To investigate SAR at D,R and D3R in this series of eticlopride analogues where the SP was
linked to various positions on the eticlopride PP, we determined their binding affinities at
D,R and D3R. The radioligand [3H] A-methylspiperone was employed in all the competition
binding experiments, using membrane preparations from stably transfected HEK293 cells
expressing human D, and D3 receptors. K; values are listed in Table 1.

Removing the A-ethyl substituent from eticlopride to give nor-eticlopride (5) resulted in

a 4-fold decrease in binding affinity at D3R but a remarkable 19-fold decrease at D,R.

In contrast, when the A-alkyl chain was extended to A-propyl in compound 6, DR and
D3R binding affinities were modestly decreased 6- and 2.6-fold, respectively, whereas

the A-benzyl analogue (7) showed dramatic decreases at both D3R (268-fold) and D,R
(1800-fold) compared to eticlopride. As expected, the di-benzylated side product, 8, showed
low affinity, especially at DoR confirming the necessity of the phenolic-OH function. The
N-phenylpropyl analog 9 showed similar affinities as compared to the A-benzyl analogue,
7. Compound 10, inspired by the atypical antipsychotic drug risperidone bearing the
2-methyl-6,7,8,9-tetrahydro-4 H-pyrido[1,2-a]pyrimidin-4-one as the SP linked with a 2C
linker was equiactive at DoR and D3R, but compound 11, whose SP was the same as the
D,-like receptor partial agonist aripiprazole showed a 3.6-fold preference for D3R (Kj=6.97
nM) v. DyR (K;=25.3 nM). Nevertheless, this modest D3R preference was not seen for
compound, 13, but was recapitulated in 15, whose SP is considered a privileged structures
for D3R. However, 15 showed relatively low affinities (K;=173 nM and 61.1 nM) for D,R
and D3R, respectively.

To further investigate SAR, we moved the AVin the pyrrolidine ring to the meta-position
relative to the attached PP, to explore the possibility of accessing an SBP in that direction
at D,R and D3R. The three simple alkylated analogues 17a-c showed dramatically reduced
binding affinities at both D,R and D3R compared to eticlopride. Thus, we abandoned that
series and expanded the pyrrolidine ring to a piperidine ring. Nevertheless, incorporation of
a 2-indole or 2-benzofuran carboxamide with a 4C linker (24a,b) both showed even lower
binding affinities (K;>1000 nM and ~300 nM) at D,R and D3R, respectively.

We then turned to OC-alkylation at the 4-position of the pyrrolidine ring. Interestingly,
compounds 33 and 34 bearing a 4C linked dihydroquinolinone as the SP with either A-H
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(D2R, Ki = 1.77 nM; D3R, K= 0.436 nM) or N-propyl (D;R, K; =2.57 nM; D3R, Kj =
0.444 nM) groups in the pyrrolidine ring demonstrated high binding affinities. Similarly,
N-nor-analogues 46 and 47 anchoring the indole- or benzofuran-2-carboxamide as the SPs
showed high affinity for both D,R, (K = 2.54 and 2.29 nM) and D3R, (K; = 0.797 and

0.493 nM) respectively. Moreover, incorporation of the Aethyl group in compounds 48 and
49 (as in the parent compound eticlopride) were also well tolerated at DoR and D3R (Kj<2
nM). Interestingly, by simply appending either a terminal phenyl group in 50a or a hydroxyl
group in 51 or a 4C linked O-benzyl 50b as SPs the affinities at both D,R and D3R remained
in the low nanomolar range.

Functional efficacy study

We then selected a set of five compounds (13, 15, 17b, 48, 49) and used bioluminescence
resonance energy transfer (BRET) assays, which measure conformational changes of

the G, protein heterotrimer following activation by D,R or D3R, to evaluate functional
efficacy.2:23 Our results indicated that like the parent compound eticlopride, and in contrast
to the D,R/D3R agonist, quinpirole, all analogues tested were antagonists or very weak
partial agonists (Figure 3).

Molecular modeling study

To understand the structural basis of the impact of different SPs and linkers on the affinities
at D3R, we carried out a molecular docking study for the parent molecule, eticlopride, and
five selected ligands (13, 15, 17b, 48, 49) with different SPs or linkers. As the results of
our functional assays indicated that these analogues were antagonists or very weak partial
agonists (Figure 3), but their binding affinities did not show much selectivity for D3R over
D,R, we chose to use only the D3R structure in the inactive state for these docking studies.

The only difference between 17b and eticlopride is the position of the charged nitrogen.
From the results of molecular docking, we found that the charged nitrogen of 17b points
to Tyr’-35, Thus, it would not be expected to effectively form any ionic interaction

with Asp3-32, compared to that of eticlopride (Figure 4), which would contribute to its
significantly lower affinity at D3R, as compared to the parent ligand.

We then examined the docking poses of the ligands with different SPs and linkers: 13,

15, 48, and 49. Note that 13 and 15 commonly have a A-alkylated linker, while 48

and 49 have a C-alkylated linker at the C4-position. The common SP for 15 and 48

is indoleamide, while that for 13 and 49 is benzofuran. The molecular docking results
suggest that the SPs of these compounds interact with several residues in the extracellular
vestibule, a location different from the previously identified binding pockets responsible
for D3R ligand selectivity.2” In particular, the aromatic ring of the SPs stack with the
aromatic rings of His®-5% and Tyr’-35, two conserved residues between D3R and DR
(Figure 5). We further evaluated the effect of different SPs with the same linker (AAG =
AG (compound_with_benzofuran) = AG(compound_with_indoleamide)) With Molecular Mechanics with
Generalized Born and Surface Area solvation (MM-GB/SA). The AAG value is —0.49
kcal/mol for the pair with the A-alkylated linker (AG13-AG15) and —0.95 kcal/mol for

the pair with the O-alkylated linker (AG49-AG4g). These relatively small AAG values are
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consistent with their correspondingly small K; differences, suggesting that with the same
linker, the different indole and benzofuran SP have only a small impact on binding affinity.
From the MM-GB/SA calculations of the compounds with different linkers but the same SP
(DAG = AG(compound_with_O-aIkylated_linker) - AG(compound_with_N-alkylated_linker))a the AAG is
—11.47 kcal/mol for the pair 48 and 15 (AG4g-AG15) and —11.93 kcal/mol for the pair 49
and 13 (AG49-AG13). These large AAG values agree with their correspondingly significant
K; differences, i.e., ~56- and ~31-fold, respectively. This is likely due to the ligands with

an O-alkylated linker forming stronger interactions with Asp3-32 compared to those with the
N-alkylated linker (Figure 5).

CONCLUSION

In summary, a series of eticlopride analogues were synthesized by introducing the SP with
linker at the 2- () or 4- (C) positions of the pyrrolidine ring of eticlopride. Various SPs
were investigated for their effect on D,R and D3R binding affinities. We discovered that O-
alkylated analogues were preferable in terms of high affinity binding at both D,R and D3R
as compared to their equally A-alkylated analogues e.g., the C-alkylated 33, 34, 46, and 47
showed higher binding affinities than the comparable A-alkylated 11, 13, and 15. Moreover,
in comparing eticlopride with its A-nor analogue, 5, the A-ethyl group contributes to binding
affinities at D3R and particularly DoR. However, N-alkylation no longer plays an important
role in the 4-substituted bitopic ligands e.g., 33 v. 34, 46 v. 48, 47 v. 49,

A subset of analogues was evaluated in BRET assays for functional activity. All of these
analogues were antagonists or very weak partial agonists. Molecular models confirmed SAR
showing that the SPs on the higher affinity C-alkylated analogs were tolerated at both
D,R and D3R and they did not access an SBP that was different between the subtypes.
This is in contrast to previously reported and highly D3R selective antagonists and partial
agonists.20-22 Importantly, this study provides the necessary SAR to position long linker
chains and/or sterically bulky groups on the eticlopride molecule to create bioconjugate
D,R/D3R tools of interest such as fluorescent ligands and Drugs Acutely Restricted by
Tethering (DARTS).48 Further, the design of novel dual target mu opioid receptor and D3R
partial agonists as potentially nonaddictive analgesics has already been inspired by these
novel eticlopride ligands.*®

EXPERIMENTAL METHODS

The reaction conditions and yields were not optimized. Reagents and anhydrous solvents
were purchased from Sigma-Aldrich, AK Scientific, TCI America, Chem Impex and Alfa
Aesar, and were used without further purification. Spectroscopic data and yields are reported
for the compounds as free bases. Flash chromatographic purifications were performed on
silica gel, either manually (EMD Chemicals, Inc.; 230-400 mesh, 60 A), or using a Teledyne
ISCO CombiFlash Rf instrument. H, 13C spectra were acquired using a Varian Mercury
Plus 400 spectrometer. 1H chemical shifts are reported as parts per million (& ppm) relative
to tetramethylsilane (0.00 ppm). All the Coupling constants are measured in Hz. Chemical
shifts for 13C NMR spectra are reported as parts per million (6 ppm) relative to deuterated
solvents. Chemical shifts, multiplicities and coupling constants (J) have been reported
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and calculated using Vnmrj Agilent-NMR 400MR or MNova 9.0. Gas chromatography-
mass spectrometry (GC/MS) data were acquired (where obtainable) using an Agilent
Technologies (Santa Clara, CA) 6890N GC equipped with an HP-5MS column (cross-linked
5% PH ME siloxane, 30 m x 0.25 mm i.d. x 0.25 um film thickness) and a 5973 mass-
selective ion detector in electron-impact mode. Ultrapure grade helium was used as the
carrier gas at a flow rate of 1.2 mL/min. The injection port and transfer line temperatures
were 250 and 280 °C, respectively, and the oven temperature gradient used was as follows:
the initial temperature (100 °C) was held for 3 min and then increased to 295 °C at 15
°C/min over 13 min, and finally maintained at 295 °C for 10 min. Combustion analysis was
performed by Atlantic Microlab, Inc. (Norcross, GA) and the results agree within £0.4% of
calculated values (Table S1). HRMS (mass error within 5 ppm) and MS/MS fragmentation
analysis were performed on LTQ-Orbitrap Velos (Thermo-Scientific, San Jose, CA) coupled
with an ESI source in positive ion mode. HPLC analysis was performed using an Agilent
system coupled with DAD (Diode Array Detector). Separation of the analyte, purity and
enantiomeric or diastereomeric excess determinations was achieved employing the methods
described in the experimental section and supplementary information for each compound
analyzed. HPLC analytical columns used were CHIRALCEL OD-H (Daicel Corporation
CPI Company) column (4.6 x 250 mm, 5 pum) and CHIRALPAK AD-H (Daicel Corporation
CP1 Company) column (4.6 x 250 mm, 5 um). The column temperature was maintained

at 40 °C, and 20 pl of 0.5 mg/mL sample solution were injected in the HPLC for the
analyses. Analyte detection was performed with DAD wavelength set at 254 nm. Infrared
(IR) spectra were obtained (neat) on a Perkin EImer Spectra Two FTIR spectrometer version
10.4.4. Melting point determination was conducted using an OptiMelt automated melting
point system and are uncorrected. Based on NMR, HPLC and combustion analysis data, all
final compounds are 295% pure, unless otherwise stated.

General N-alkylation method.

To the (5)-3-chloro-5-ethyl-6-hydroxy-2-methoxy- A-(pyrrolidin-2-ylmethyl)benzamide
hydrochloride, (5) (1.0 equiv) dissolved in DMF. K,CO3 (8.0 equiv) or NaHCO3 (8.0 equiv)
was added at room temperature (RT), and stirred for 5 min. To this mixture appropriate
alkyl halides (1.2 equiv) were added and stirred for 3—4 h. The progress of the reaction was
monitored by TLC. After reaction completion, cold water (50—-100 mL) was added to the
reaction mixture and the product was extracted with EtOAC (x 3). The combined organic
fractions were washed (x 2) with cold water, dried over anhydrous Na,;SO,4 or anhydrous
MgSQy, filtered and then evaporated to afford the crude A-alkylated analogues.

(S)-3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-((1-propylpyrrolidin-2-
yl)methyl)benzamide (6).—A mixture of 5, (0.200

g, 0.57 mmol), 1-iodopropane (0.07 mL, 0.74 mmol)

and K,COg3 (0.634 g, 4.58 mmol) in acetonitrile (8 mL) was stirred at reflux under argon

at 80 °C for 12 h. The mixture was diluted with H,O (50 mL) and extracted with CHCl3
(3%100 mL). The combined organic layers were collected and dried over anhydrous MgSQOy,
filtered and concentrated to afford the crude product. The crude product was purified

by flash column chromatography (5% CMA; 95% CHCl3, 5% MeOH, 0.1% ammonium
hydroxide) to give the product (160 mg, 79% yield) as a light yellow oil. 1H NMR (400
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MHz, CDCl3) 6 13.86 (s, 1H), 8.83 (d, J= 7.1 Hz, 1H), 7.20 — 7.18 (m, 1H), 3.86 (s, 3H),
3.79-3.74 (m, 1H), 3.31-3.27 (m, 1H), 3.18 (dd, /= 9.5, 5.3 Hz, 1H), 2.75 - 2.53 (m, 4H),
2.22 -2.09 (m, 2H), 1.96 — 1.84 (m, 1H), 1.77 - 1.66 (m, 2H), 1.65 — 1.43 (m, 3H), 1.17
(t, J= 7.5 Hz, 3H), 0.90 (t, J= 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) & 169.5, 160.1,
152.5, 132.8, 130.7, 115.99, 108.2, 62.3, 61.37, 56.2, 53.9, 40.4, 28.1, 22.6, 22.1, 13.4,
11.9; IR: 3366.3 (s, br) cm™; GC-MS (EI): m/z354 (M*). Anal(C1gH,7CIN,O3) C, H, N.

(S)-N-((1-Benzylpyrrolidin-2-yl)methyl)-3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzamide (7).—The compound was prepared from 5 (0.300 g, 0.86 mmol),
benzylbromide (0.176 g, 1.03 mmol) and NaHCO3 (0. 58g, 6.88 mmol) according to the
general A-alkylation procedure. The crude product was purified by flash chromatography
using 20% acetone/CHCI3 as eluent to give the desired product as a yellow solid

(0.246 g, 71% yield). 1H NMR (400 MHz, CDCl3) 6 8.95 (s, 1H), 7.38 (s, 1H), 7.32 (d, J=
7.9 Hz, 5H), 7.23 (s, 1H), 4.02 (d, J=12.5 Hz, 2H), 3.83 (s, 3H), 3.33 (d, /= 13.0 Hz, 1H),
3.00 (s, 1H), 2.80 (s, 1H), 2.62 (g, /= 7.5 Hz, 2H), 2.25 (d, /= 6.5 Hz, 1H), 1.98 (s, 1H),
1.70 (s, 2H), 1.41 — 1.06 (m, 5H). 13C NMR (101 MHz, CDCl3) 6 169.72, 160.32, 152.58,
139.16, 132.92, 130.97, 130.71, 128.74, 128.28, 127.24, 116.06, 108.39, 61.97, 61.42,
58.41, 54.24, 46.23, 40.19, 28.20, 25.43, 22.53, 13.43. The HCI salt was precipitated from
acetone; Mp 72-74 °C. Anal (CyoH»7CIN,0O3 *HCI+0.25H,0) C, H, N. Compound 7 was
analyzed by HPLC: tg=4.912 min, ee was >99% (detailed method reported in SI; Figure S1).

(S)-2-(Benzyloxy)-N-((1-benzylpyrrolidin-2-yl)methyl)-5-chloro-3-ethyl-6-
methoxybenzamide (8).—The compound was prepared from 5

(0.300 g, 0.86 mmol), benzylbromide (0.293 g, 1.72 mmol)

and NaHCOg3 (0. 58g, 6.88 mmol) according to the general A-alkylation procedure.

The crude product was purified by flash chromatography using 20% acetone/CHCl3

as eluent to give the desired product as a colorless solid (0.275 g, 65% yield). 1H NMR
(400 MHz, CDCl3) & 8.02 (s, 1H), 7.38 (d, /= 6.5 Hz, 5H), 7.30 (d, /= 7.5 Hz, 5H), 7.22 (s,
1H), 6.34 (s, 2H), 4.95 (s, 2H), 3.90 (s, 3H), 3.84 (d, J=12.8 Hz, 1H), 3.75 (s, 1H), 3.26 (s,
1H), 3.20 (d, J= 12.8 Hz, 1H), 2.86 — 2.80 (m, 1H), 2.71 (s, 1H), 2.63 (d, J= 7.4 Hz, 1H),
2.15 (d, /=8.0 Hz, 1H), 1.84 (s, 1H), 1.56 (s, 2H), 1.21 (t, /= 7.6 Hz, 3H). The HCI salt
was precipitated from acetone; Mp 71-73 °C. Anal (C,gH33CIN,O3*HCI*1.5H,0) C, H, N.

(S)-3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-((1-(3-phenylpropyl)pyrrolidin-2-
yl)methyl)benzamide (9).—The compound was prepared from 5 (0.250 g, 0.72

mmol), (3-bromopropyl)benzene (0.171 g, 0.86 mmol) and K,CO3 (0.796 g, 5.76

mmol) according to the general A-alkylation procedure. The crude product was

purified by flash chromatography using 10% acetone/CHCI3 as eluent to give the

desired product as a colorless solid (0.215 g, 70% yield). 1TH NMR (400 MHz,

CDCl3) & 13.85 (br s, 1H), 8.83 (s, 1H), 7.24 (s, 2H), 7.22 (s, 2H), 7.18

(s, 1H), 7.16 (s, 1H), 3.86 (s, 3H), 3.80 — 3.67 (m, 1H), 3.34 — 3.17 (m, 2H),

2.86 — 2.67 (m, 2H), 2.67 — 2.56 (m, 2H), 2.32 — 2.14 (m, 2H), 1.89 (m, 2H), 1.78 - 1.70
(m, 2H), 1.69 — 1.52 (m, 2H), 1.35 — 1.24 (m, 2H), 1.20 (t, J= 7.5 Hz, 3H). 13C NMR (101
MHz, CDClI3) 6 169.74, 160.25, 152.59, 142.11, 132.91, 130.89, 128.30, 125.79, 116.04,
108.39, 62.40, 61.59, 53.95, 53.95, 40.45, 34.02, 30.45, 28.17, 22.51, 13.59. HRMS (ESI):
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my/z caled for (Co4H31CIN,O3+H™); 431.2023, found 431.2087 (M+H*). Compound 9 was
analyzed by HPLC: tg=4.591 min, ee was >98% (detailed method reported in SI; Figure S2).

(S)-3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-((1-(2-(2-methyl-4-
0x0-6,7,8,9-tetrahydro-4H-pyrido[1,2-a]pyrimidin-3-yl)ethyl)pyrrolidin-2-
yl)methyl)benzamide (10).—The compound was prepared

from 5 (0.300 g, 0.86 mmol), commercially

available 3-(2-chloroethyl)-2-methyl-6,7,8,9-tetrahydro-4 H-pyrido[1,2-a]pyrimidin-4-

one (0.233 g, 1.03 mmol), and K,CO3 (1.14 g, 8.24 mmol). The reaction mixture was stirred
at reflux in acetone (15 mL) for 8 h in the presence of sodium iodide (Nal) (0.125 g, 0.50
mmol). The progress of the reaction was monitored by TLC. After reaction completion, the
solvent was removed then water added to the reaction mixture and the product was extracted
with EtOAC (3x100 mL). The combined organic fractions were dried over anhydrous
Na,SOy, filtered and evaporated to afford crude compound. The crude product was purified
by flash chromatography using 30% MeOH/CHCIj as eluent to give the desired product

as a colorless solid (0.168 g, 39 % yield). 'H NMR (400 MHz, CDCl3) & 13.86 (s, 1H),

8.79 (s, 1H), 7.20 (s, 1H), 3.87 (s, 3H), 3.72 (dd, J=13.5, 6.6 Hz, 2H), 3.33 (s, 3H), 3.03
—2.90 (m, 1H), 2.79 (s, 3H), 2.72 (s, 2H), 2.67 — 2.55 (m, 2H), 2.49 — 2.32 (m, 2H), 2.27

(d, J=7.9 Hz, 3H), 1.91 (s, 3H), 1.86 — 1.69 (m, 4H), 1.69 — 1.52 (m, 1H), .19 (t, /= 7.1
Hz, 3H). 13C NMR (101 MHz, CDCls) 6 169.46, 162.51, 160.12, 158.35, 155.89, 152.56,
132.83, 130.67, 119.07, 116.02, 108.16, 61.92, 61.46, 53.91, 51.72, 42.62, 40.42, 31.34,
28.13, 25.71, 22.77, 22.50, 21.93, 21.21, 19.19, 13.41. The HCI salt was precipitated from
acetone; Mp 131-132 °C. Anal (CygH35CIN4O422HCI2H,0) C, H, N. Compound 10 was
analyzed by HPLC: tg=8.002 min, ee was >97% (detailed method reported in Sl; Figure S3).

(S)-3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-((1-(4-((2-oxo-1,2,3,4-
tetrahydroquinolin-7-yl)oxy)butyl)pyrrolidin-2-yl)methyl)benzamide (11).

—The compound was prepared from 5 (0.3 g, 0.86 mmol),
7-(4-bromobutoxy)-3,4-dihydroquinolin-2(1H)-one 5e (0.307 g 1.031 mmol), and K,CO3
(0.950 g, 6.88 mmol) according to the general A-alkylation procedure. The crude product
was purified by flash chromatography using 30% acetone/CHCI3 as eluent to give the
desired product as a brown oil (0.180 g, 40% yield). *H NMR (400 MHz, CDCl5) & 13.86 (s,
1H), 8.82 (s, 1H), 7.75 (s, 1H), 7.21 (s, 1H), 7.01 (d, /= 8.4 Hz, 1H), 6.47 (dd, /= 8.3, 2.4
Hz, 1H), 6.26 (d, J= 2.4 Hz, 1H), 3.91 (t, /= 6.1 Hz, 1H), 3.86 (s, 3H), 3.73 (dt, J=22.9,
11.2 Hz, 1H), 3.38 - 3.15 (m, 2H), 2.93 - 2.83 (m, 2H), 2.80 (dd, /= 13.8, 5.7 Hz, 2H),
2.70 — 2.49 (m, 5H), 2.32 — 2.13 (m, 2H), 1.93 — 1.52 (m, 8H), 1.19 (t, J= 7.5 Hz, 3H). 13C
NMR (101 MHz, CDClsg) § 171.37, 169.57, 160.09, 158.59, 152.47, 138.04, 132.90, 130.82,
128.64, 116.05, 115.69, 108.57, 108.17, 102.01, 67.78, 62.31, 61.39, 53.79, 53.59, 40.40,
31.08, 28.19, 26.98, 25.35, 24.58, 22.58, 22.50, 13.40. The HCI salt was precipitated from
acetone; Mp 79-81 °C Anal (CygH35CIN3O5*HCI*H,0) C, H, N. HRMS (ESI): m/z calcd
for (CogH36CIN3O5+H*); 530.2343, found, 529.2435 (M+H*). Compound 11 was analyzed
by HPLC: tg=12.065 min, ee was >99% (detailed method reported in SI; Figure S4).

(S)-N-(4-(2-((3-Chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)pyrrolidin-1-yl)butyl) benzofuran-2-
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carboxamide (13).—A mixture

of 5 (0.2 g, 0.57 mmol), A-(4-bromobutyl)benzofuran-2-carboxamide 1239 (0.17 g, 0.57
mmol), and NaHCO3 (0.048 mg, 0.57 mmol) in acetonitrile (10 mL) was stirred at reflux
under argon at 80 °C for 12 h. The mixture was purified by flash column chromatography
(30% EtOAc:Hexanes) followed by 5% CMA to yield a light pink oil as pure

product (210 mg, 70% yield). 1H NMR (400 MHz, CDCl3) 6 13.80 (s, 1H), 8.81 (d, /= 6.9
Hz, 1H), 7.64 (dd, /= 7.8, 1.3, Hz, 1H), 7.49 — 7.34 (m, 3H), 7.31 - 7.25 (m, 1H), 7.14 (d,
J=0.8 Hz, 1H), 6.73 (s, 1H), 3.84 (s, 3H), 3.76—72 (m, 1H), 3.55 — 3.42 (m, 2H), 3.33-3.28
(m, 1H), 3.20 (dt, /= 9.6, 4.5 Hz, 1H), 2.79 (dt, /= 12.0, 7.7 Hz, 1H), 2.62-2.54 (m, 3H),
2.31-2.13 (m, 2H), 1.91 (dt, J=12.2, 7.9 Hz, 1H), 1.81 - 1.53 (m, 7H), 1.16 (t, J= 7.5 Hz,
3H); 13C NMR (101 MHz, CDCls) 6 169.5, 160.1, 158.9, 154.6, 152.4, 148.8, 132.8, 130.8,
127.6,126.7, 123.6, 122.7, 116.0, 111.7, 110.2, 108.1, 62.4, 61.4, 53.8, 53.7, 40.3, 39.2,
28.2,27.6, 26.2, 22.5, 22.49, 13.4; IR: 3351.2 (s, br) cm™1; Anal. (CgH34CIN3O5) C, H, N.

General reductive amination method

To the carbaldehydes, (1.0 equiv) dissolved in dichloroethane (DCE), corresponding free
amines (1.0 equiv) were added at RT. Subsequently, 2—4 drops of glacial acetic acid (AcOH)
was added and allowed to stir for 30 min. Subsequently, NaBH(OAc)3 (1.25 equiv) was
added portionwise, and the stirring continued at RT for 5 h. The progress of the reaction
was monitored by TLC. The excess acetic acid was removed under vacuum and water (50—
200 mL) was added to the reaction mixture. The pH of the solution was adjusted to 9 by
using saturated ag NaHCQj3 solution and the crude compounds were extracted (x3) with
CHCl3. The combined organic fractions were dried over anhydrous Na,SOy, filtered and
then evaporated to afford the crude products.

(S)-N-(4-(2-((3-Chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)pyrrolidin-1-yl)butyl)-1H-indole-2-carboxamide
(15).—The compound was prepared from 5 (0.3 g, 0.86 mmol), N-(4-oxobutyl)-1+-
indole-2-carboxamide 1423 (0.2 g, 0.87 mmol), and NaBH(OACc)3 (0.227 g 1.08

mmol) according to the general reductive amination method. The crude product was purified
by flash chromatography using 40% acetone/CHCIj as eluent to give the desired product as
a colorless solid (0.285 g, 63% yield). 1H NMR (400 MHz, CDCls) 6 13.67 (br s, 1H), 9.65
(brs, 1H), 8.81 (d, J= 4.3 Hz, 1H), 7.61 (d, J= 8.0 Hz, 1H), 7.43 (dd, /= 8.3, 0.8 Hz, 1H),
7.30 - 7.22 (m, 1H), 7.17 (s, 1H), 7.12 (ddd, /= 8.0, 7.1, 0.9 Hz, 1H), 6.82 (dd, /=2.1, 0.7
Hz, 1H), 6.39 (s, 1H), 3.84 (s, 3H), 3.74 (ddd, /= 13.9, 7.1, 2.4 Hz, 1H), 3.50 (dd, /= 12.9,
6.7 Hz, 2H), 3.32 (ddd, J=13.9, 4.7, 3.1 Hz, 1H), 3.26 — 3.12 (m, 1H), 2.88 — 2.72 (m, 1H),
2.69 - 2.50 (m, 3H), 2.31-2.21 (m, 2H), 1.92 (ddd, /= 16.5, 11.9, 8.1 Hz, 1H), 1.73 (dt,
J=18.1, 9.6 Hz, 3H), 1.62 (ddd, /= 16.1, 12.9, 5.9 Hz, 4H), 1.17 (t, J= 7.5 Hz, 3H). 13C
NMR (101 MHz, CDCls3) § 169.54, 161.74, 160.10, 152.37, 136.31, 132.89, 130.84, 130.78,
127.61, 124.29, 121.82, 120.50, 116.04, 111.96, 108.14, 101.88, 62.49, 61.44, 53.88, 40.39,
39.45, 28.16, 27.59, 26.04, 22.55, 22.50, 13.36. The HCI salt was precipitated from acetone;
Mp 110-112 °C. Anal (C2gH35CIN4O4*HCI*0.5H,0) C, H, N. HRMS (ESI): m/z calcd

for (CogH35CIN4O4+HY), 527.2347; found 527.2449 (M+H™*). Compound 15 was analyzed
by HPLC: tg=18.155 min, ee was >99% (detailed method reported in SI; Figure S5).
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General amidation method (A).

Thionyl chloride (3 equiv) was added to a solution of 3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzoic acid, 16 (1 equiv) in toluene (15 mL/1 mmol) and DMF (4 uL/1 mmol).
The mixture was stirred at RT for 12 h under argon. Excess SOCI, was removed under
vacuum to give a brown solid product (3-chloro-5-ethyl-6-hydroxy-2-methoxybenzoyl
chloride) (VI), which was dissolved in dry CHCI3 (6 mL), followed by addition of
triethylamine (2.4 equiv), in an ice bath. Then the corresponding primary amine (1 equiv)
was added to the mixture and stirred under argon for 48 h at RT. The solvent was removed
under reduced pressure, and the product was purified by column chromatography (5%
CMA).

General amidation method (B)

CDI (1.2 equiv), was added to a solution of 3-chloro-5-ethyl-6-hydroxy-2-methoxybenzoic
acid, 16 (1 equiv) in THF. The reaction mixture was stirred at RT for 2 h under argon. The
corresponding primary amine (1 equiv) was added to the reaction mixture and stirred at RT
under argon overnight. The solvent was removed under reduced pressure, and the product
was purified by column chromatography (5% CMA).

3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-((1-methylpyrrolidin-3-
yl)methyl)benzamide (17a).—This compound was synthesized according to the

general amidation method (A) by using 16 (250 mg, 1.1 mmol) and (1-methylpyrrolidin-3-
yl)methanamine (113.9 mg, 1.0 mmol). The product 17a (120 mg, 46% yield) was obtained
as a light yellow oil. For method (B), 16 (461 mg, 2.0 mmol) and (1-methylpyrrolidin-3-
yl)methanamine (228 mg, 2.0 mmaol) were used. The product 17a (340 mg, 52% yield)

was obtained as a light yellow oil. The free base was converted to the HCI salt as a foam. 1H
NMR (400 MHz, CDCls3) & 13.63 (s, 1H), 8.66 (s, 1H), 7.20 (t, /= 0.7 Hz, 1H), 3.84 (s, 3H),
3.44 (dt, /= 6.6, 5.4 Hz, 2H), 2.65 — 2.38 (m, 7H), 2.35 (s, 3H), 2.06 — 2.04 (m, 1H), 1.58 -
1.54 (m, 1H), 1.17 (t, J= 7.5 Hz, 3H). 13C NMR (101 MHz, CDCls) 6 169.4, 159.98, 152.2,
132.9, 130.9, 116.1, 108.1, 61.5, 60.3, 55.98, 44.2, 42.02, 37.3, 29.0, 22.5, 13.4; IR: 3361.3
(s, br) cm™1; GC-MS (El): m/z326 (M*). Anal. (C1gH23CIN,O3¢HCI*1.25H,0) C, H, N

3-Chloro-5-ethyl-N-((1-ethylpyrrolidin-3-yl)methyl)-6-hydroxy-2-
methoxybenzamide (17b).—This compound was synthesized

according to the general amidation method

(A) by using 16 (200 mg, 0.80 mmol) and (1-ethylpyrrolidin-3-yl)methanamine

(103 mg, 0.80 mmol). The product 17b (110 mg, 40% yield) was obtained as a light

brown oil. For method (B), 16 (490 mg, 2.1 mmol) and (1-ethylpyrrolidin-3-yl)methanamine
(272 mg, 2.1 mmol) were used. The product 17b (360 mg, 50% yield) was obtained

as a yellow oil. The free base was converted to the HCI salt as a foam. 1H NMR (400

MHz, CDCl3) 6 13.60 (s, 1H), 8.66 (s, 1H), 7.21 (t, /= 0.7 Hz, 1H), 3.85 (s, 3H), 3.48-3.44
(m, 2H), 2.81 — 2.46 (m, 9H), 2.45 - 2.03 (m, 1H), 1.58 — 1.53 (m, 1H), 1.18 (t, /= 7.5 Hz,
3H), 1.11 (t, J= 7.2 Hz, 3H); 13C NMR (101 MHz, CDCls) 6 169.4, 159.97, 152.2, 132.9,
130.9, 116.2, 108.2, 61.5, 58.0, 53.5, 50.1, 44.2, 36.6, 28.4, 22.5, 13.8, 13.4; IR: 3368.9

(s, br) cm™1; GC-MS (El): m/z340 (M*). Anal. (C17H25CIN,O3HCI+1.75H,0) C, H, N
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3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-((1-propylpyrrolidin-3-
yl)methyl)benzamide (17c).—This compound was synthesized according to the
general amidation method (A) by using 16 (200 mg, 0.80 mmol) and (1-propylpyrrolidin-3-
yl)methanamine (114 mg, 0.80 mmol). The product 17c (135 mg, 48% yield) was obtained
as a light yellow oil. For method (B), 16 (461 mg, 2.0 mmol) and (1-propylpyrrolidin-3-
yl)methanamine (284 mg, 2.0 mmol) were used. The product 17c (360 mg, 51%

yield) was obtained as a yellow oil. The free base was converted to the HCI salt as a foam.
1H NMR (400 MHz, CDCls) 6 13.60 (s, 1H), 8.66 (s, 1H), 7.21 (t, J= 0.7 Hz, 1H), 3.85
(s, 3H), 3.49-3.45 (m, 2H), 2.81 — 2.30 (m, 10H), 2.12 - 2.00 (m, 2H), 1.18 (t, /= 7.5 Hz,
4H), 1.11 (t, J= 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) 6 169.4, 159.95, 152.2, 132.9,
130.9, 116.2, 108.2, 61.5, 58.0, 53.5, 50.1, 44.2, 36.6, 28.4, 22.6, 13.8, 13.4; IR: 3366.3

(s, br) cm™1; GC-MS (El): m/z354 (M*). Anal. (C1gH27CIN,O3¢HCI+1.25H,0) C, H, N

tert-Butyl ((1-(4-(1,3-dioxoisoindolin-2-yl)butyl)piperidin-3-yl)methyl)carbamate
(20).—K,CO3 (8.51 g, 61.59 mmol) and Nal (4.20 g, 27.99 mmol) were added to

a solution of 2-(4-bromobutyl)isoindoline-1,3-dione 18 (6.0 g, 27.99 mmol) and 3-(Boc-
aminomethyl)piperidine 19 (9.87 g, 34.99 mmol) in acetone (60 mL). The resulting
suspension was stirred at reflux at 50-60 °C for 22 h. After cooling the reaction mixture to
RT, K,CO3 was removed via filtration and the filtrate was concentrated. The crude product
was purified by flash column chromatography (5% CMA) to give pure 20 (10.21 g, 70%
yield) as a thick yellow oil. 1H NMR (400 MHz, CDCl3) 6 7.87 — 7.76 (m, 2H), 7.74 — 7.65
(m, 2H), 4.83 (s, 1H), 3.24 (t, J= 6.6 Hz, 2H), 3.06 (br s, 2H), 2.83 (d, /= 8.4 Hz, 2H), 2.44
(br, 1H), 2.27 (br, 2H), 1.98 (d, /= 7.6 Hz, 3H), 1.90 — 1.63 (m, 5H), 1.40 (s, 9H), 1.15 (d,
J=11.6 Hz, 2H); 13C NMR (101 MHz, CDCl3) 6 168.4, 156.1, 134.0, 131.95, 123.4, 79.6,
57.3,56.4,53.1, 43.5, 36.8, 35.3, 28.4, 28.3, 26.8, 26.1, 22.5, 21.6, 20.1.

tert-Butyl ((1-(4-aminobutyl)piperidin-3-yl)methyl)carbamate (21).—Anhydrous
hydrazine (2.13 mL, 67.88 mmol) was added to a solution of 20 (10.22 g, 24.59 mmol)

in ethanol (120 mL). The solution was stirred under reflux at 90 °C for 4 h. The reaction
mixture was cooled and concentrated. The crude reaction mixture was partitioned between
CHCI3 (300 mL) and 20% K,CO3 (100 mL) aq solution, and the organic layer was collected
and dried over MgSO4. The organic layer was filtered and concentrated to give 21 (4.21 g,
60% yield) as a light yellow oil. 1H NMR (400 MHz, CDCl5) & 4.88 (br s, 1H), 3.24 (br s,
3H), 2.94 (d, J=6.2 Hz, 2H), 2.85 - 2.72 (m, 2H), 2.68 (t, /= 6.4 Hz, 1H), 2.27 (t, /=7.0
Hz, 2H), 1.84 (dd, J=11.3, 2.7 Hz, 1H), 1.70-1.60 (m, 4H), 1.56 — 1.42 (m, 4H), 1.38 (s,
9H), 0.90 (d, J= 11.3 Hz, 2H); 13C NMR (101 MHz, CDCl5) & 156.1, 78.99, 58.8, 57.8,
54.1, 445,415, 36.8, 30.8, 28.5, 28.4, 24.7, 24.3; GC-MS (El): m/z285 (M™).

General amidation method (C).

CDI (1.02 equiv) was added to the solution of carboxylic acid (1.0 equiv) in THF (10
mL/mmol). The solution was cooled to 0 °C and the amine substrate (1.0 equiv) in THF

(3 mL/mmol) was added dropwise. The reaction mixture was allowed to warm to RT and
stirred overnight. The reaction mixture was concentrated, and the crude product was diluted
with CHCl3 (20 mL/mmol) and washed with saturated ag NaHCOj3 solution (2 x 10 mL).
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The organic layer was dried over MgSQy, filtered and concentrated. The crude product was
purified by flash column chromatography 5% CMA), or as indicated.

tert-Butyl ((1-(4-(1H-indole-2-carboxamido)butyl)piperidin-3-
yl)methyl)carbamate. (22a).—This compound was synthesized according to general
amidation Method (C), using 21 (1.08 g, 3.78 mmol) and commercially available indole-2-
carboxylic acid (600 mg, 3.72 mmol). The pure product (1.60 g, 99% yield) was obtained

as a brown solid; IH NMR (400 MHz, CDCl3) 6 9.90 (s, 1H), 7.70 — 7.56 (m, 1H), 7.46 —
7.36 (m, 1H), 7.28 - 7.19 (m, 1H), 7.14 - 7.04 (m, 1H), 7.03 — 6.94 (m, 1H), 6.90 (g, /=0.9
Hz, 1H), 4.72 (s, 1H), 3.47 (q, J= 6.3 Hz, 2H), 2.99 (d, /= 5.7 Hz, 2H), 2.82-2.81 (m, 2H),
2.36 (d, J= 9.0 Hz, 2H), 1.93 (t, /= 11.0 Hz, 1H), 1.80 — 1.46 (m, 9H), 1.41 (s, 9H), 0.95 (s,
1H); 13C NMR (101 MHz, CDCl5) 6 161.9, 156.2, 136.4, 135.1, 131.1, 127.6, 124.2, 121.8,
120.4,112.0, 105.2, 102.4, 79.2, 58.1, 57.6, 54.06, 44.3, 39.3, 36.7, 28.4, 28.3, 27.4, 24.43,
23.97.

tert-Butyl ((1-(4-(benzofuran-2-carboxamido)butyl)piperidin-3-
yl)methyl)carbamate (22b).—This compound was synthesized according to general
amidation method (C), using 21 (1.07 g, 3.76 mmol) and commercially available
benzofuran-2-carboxylic acid (600 mg, 3.70 mmol). The pure product 22b (1.52 g, 94%
yield) was obtained as a yellow solid; 1H NMR (400 MHz, CDCl3) & 7.65-7.64 (m, 1H),
7.50 - 7.42 (m, 2H), 7.40 -7.36 (m, 1H), 7.30 — 7.23 (m, 1H), 7.03 (br, 1H), 4.64 (s, 2H),
3.48 (q, /= 6.6 Hz, 2H), 3.02 (br, 2H), 2.88 (br, 2H), 2.42 (br, 2H), 2.01 (d, /=9.8 Hz, 2H),
1.89 — 1.55 (m, 7H), 1.41 (s, 9H), 0.98 (d, /= 8.8 Hz, 1H); 13C NMR (101 MHz, CDCl5) &
158.9, 156.1, 154.7, 148.9, 127.6, 126.7, 123.6, 122.7, 111.7, 110.2, 79.2, 58.2, 57.6, 54.1,
44.3,39.0, 36.7, 28.4, 28.2, 27.4, 24.4, 23.9.

N-(4-(3-(Aminomethyl)piperidin-1-yl)butyl)-1H-indole-2-carboxamide (23a).—
Compound 22a (1.43 g, 3.34 mmol)) was dissolved in MeOH (30 mL) and 2M HCl in
diethyl ether (19.11 mL) was added slowly dropwise. The reaction mixture was stirred at
reflux for 3 h. The solvent was removed /in vacuoto yield the crude product as the HCI salt.
The salt was dissolved in water (100 mL) and saturated aq K,CO3z (100 mL) solution and
extracted with CHCl3 (3x75 mL). The combined organic layers were collected and dried
over MgSOQy, filtered and concentrated to give 23a as the free base (0.910 g, 93% vyield) as
a yellow solid which was used for the next step without further purification; TH NMR (400
MHz, CDCl3) & 10.07 (s, 1H), 7.61 (d, /=8.0 Hz, 1H), 7.43 (d, /= 8.2 Hz, 1H), 7.31 - 7.17
(m, 1H), 7.10 (t, J=7.5 Hz, 1H), 6.80 (d, /= 11.9 Hz, 2H), 3.49 (q, /= 6.2 Hz, 2H), 3.01 -
2.75 (m, 2H), 2.62 — 2.45 (m, 2H), 2.34 (t, J= 6.9 Hz, 2H), 1.87-1.72 (m, 2H), 1.68 — 1.49
(m, 8H), 1.45 — 1.23 (m, 2H), 0.88 (qd, /= 12.1, 4.3 Hz, 1H); 13C NMR (101 MHz, CDCls)
§161.8, 136.4, 131.1, 127.6, 124.2, 121.7, 120.4, 112.0, 101.9, 58.5, 58.2, 54.4, 46.4, 39.7,
39.6, 28.7, 27.6, 25.1, 24.5; GC-MS (El): m/z328 (M*).

N-(4-(3-(Aminomethyl)piperidin-1-yl)butyl)benzofuran-2-carboxamide (23b).—
The compound was synthesized by employing the same procedure described for 23a, by
using 22b (1.32 g, 3.07 mmol). The organic layer was filtered and concentrated to give the
free base 23b (0.88 g, 90% yield) as a yellow oil which was used in the next step without
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further purification; TH NMR (400 MHz, CDCl3) 6 7.59 — 7.56 (m, 1H), 7.42 — 7.39 (m,
2H), 7.34 - 7.30 (m, 1H), 7.26 — 7.18 (m, 2H), 3.56 — 3.11 (m, 4H), 2.83 (dd, /= 38.8, 10.3
Hz, 2H), 2.52 — 2.50 (m, 2H), 2.28 (br, 2H), 1.80 (t, /= 11.5 Hz, 1H), 1.71 — 1.68 (m, 1H),
1.57 (br, 8H), 0.83 (g, /= 11.7 Hz, 1H); 13C NMR (101 MHz, CDCl3) 6 158.9, 154.6, 148.9,
127.6, 126.7, 123.6, 122.6, 111.6, 110.1, 58.4, 57.97, 54.3, 45.9, 39.1, 38.9, 28.6, 27.5, 24.9,
24.2; GC-MS (El): m/z329 (M*).

General amidation method (D).—To the solution of 3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzoic acid 16 (1.0 equiv) in CH,Cl, (10 mL), Na,CO3 (1.0 equiv) dissolved

in water (3 mL) was added, followed by EDC (1.25 equiv) and corresponding amines 23a

or 23b (1.5 equiv). The reaction mixture was stirred at RT for 24 h. The aq layer was
extracted twice with 1:1 THF/diethyl ether and the combined organic extracts were washed
with saturated NaHCOs3. The organic layer was dried over MgSQy, filtered and concentrated.
The crude product was purified by flash column chromatography (5% CMA).

N-(4-(3-((3-Chloro-5-ethyl-6-hydroxy-2-methoxybenzamido)methyl)piperidin-1-
yl)butyl)-1H-indole-2-carboxamide (24a).—This compound was prepared according
to the general amidation method (D) by using 16 (0.39 g, 1.69 mmol) and 23a (0.64 g,

1.95 mmol). The crude product was purified by flash column chromatography to obtain

the pure 24a as a viscous oil (0.32 g, 31% yield). 1H NMR (400 MHz, CD30D) &

7.57 (d, J= 8.1, Hz, 1H), 7.42 (d, J= 8.2, Hz, 1H), 7.26 (s, 1H), 7.26-7.17 (m, 1H),

7.08 —7.00 (m, 2H), 3.84 (s, 3H), 3.43 (q, /= 6.1, 5.6 Hz, 4H), 3.16 — 3.08 (M, 2H),
2.86-2.76 (m, 2H), 2.63 — 2.48 (m, 2H), 2.21 (br, 1H), 2.01-1.65 (m, 9H), 1.43 — 1.27 (m,
1H), 1.14 (t, J= 7.5 Hz, 3H). 13C NMR (101 MHz, CD30D) 6 169.6, 162.97, 158.9, 152.5,
136.9, 132.9, 130.6, 130.4, 127.5, 123.7, 121.3, 119.8, 116.3, 111.6, 108.8, 102.9, 101.2,
60.9, 52.6, 37.9, 29.2, 26.5, 22.1, 21.1, 12.6. IR: 3363.8 (s, br) cm™1. The HCI salt was
precipitated from 2-propanol/acetone. Mp. 182-184 °C. Anal (C,gH37CIN4O4-HCI) C, H, N.

N-(4-(3-((3-Chloro-5-ethyl-6-hydroxy-2-methoxybenzamido)methyl)piperidin-1-
yl)butyl)benzofuran-2-carboxamide (24b).—This compound was prepared according
to the general amidation method (D) by using 16 (0.250 g, 1.08 mmol) and 23b (0.41 g,

1.25 mmol). The crude product was purified by flash column chromatography to obtain the
pure product 24b (0.160 g, 24% yield) as a viscous oil. 1H NMR (400 MHz, CDCl3) & 13.59
(s, 1H), 8.47 (t, J=5.7 Hz, 1H), 7.63 (d, J= 7.8 Hz, 1H), 7.46 — 7.42 (m, 2H), 7.38-7.34 (m,
1H), 7.27 = 7.22 (m, 1H), 7.19 (t, J= 0.7 Hz, 1H), 7.00 — 6.97 (m, 1H), 3.83 (s, 3H), 3.47

(9, /J=6.4 Hz, 2H), 3.43 - 3.27 (m, 2H), 2.89-2.82 (m, 2H), 2.59 (qd, J= 7.5, 0.7 Hz, 2H),
2.37 (t, J= 6.9 Hz, 2H), 2.04 — 1.89 (m, 2H), 1.82 - 1.56 (m, 8H), 1.17 (t, /= 7.5 Hz, 3H);
13C NMR (101 MHz, cdcls) 6 169.3, 159.96, 158.9, 154.6, 152.1, 148.9, 132.95, 130.98,
127.6,126.7, 123.6, 122.7, 116.1, 111.6, 110.2, 108.1, 61.7, 58.4, 57.98, 54.1, 43.1, 39.1,
36.4,28.7, 27.5, 24.7, 24.3, 22.5, 13.4; IR: 3351.2 (s, br) cm™1.The HCI salt was precipitated
from 2-propanol/acetone. Mp. 172-173 °C; Anal. (CogH35CIN3O5 -HCI-1.5H,0) C, H, N.

General O-alkylation Procedure.

Sodium hydride (NaH) (3.0 equiv) (60% dispersion in mineral oil) was washed three times
with hexane to remove mineral oil, then dried /n vacuo. To the dried NaH in a round bottom
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flask, dry DMF (30 mL) was added and cooled to 0 °C. To this mixture, (25,4R)-1-(tert-
butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (25, 1.0 equiv) was added, then
the reaction was allowed to stir for 30 min. The corresponding alkyl halide (1.2 equiv),
dissolved in DMF (5.0 mL), was added dropwise while maintaining the temperature at 0 °C.
The reaction mixture was then allowed to stir for additional 2—-3 h at 0 °C. Reaction progress
was monitored by TLC. After confirming the reaction completion, ice cold water (100-200
mL) was added, and the aq layer washed with EtOAC to remove unreacted alkyl halide.

The separated aq layer was acidified using aq 10% citric acid solution to pH 2, followed

by extraction with 100-200 mL of EtOAC. The combined organic fractions were washed
twice with cold water, dried over anhydrous Na,SOy, filtered and then evaporated to afford
the corresponding crude C-alkylated carboxylic acid intermediates, then purified by flash
column chromatography.

General amidation method (E).

To the corresponding carboxylic acids (1.2 equiv) dissolved in CHCI3 (10-30 mL), HCTU
(1.3 equiv) was added at RT. After 10 min, the corresponding alkyl amine (1.0 equiv)

was added, and the mixture continued to stir at RT for 2-3 h. The reaction progress was
monitored by TLC. After completion of the reaction, the mixture was basified to pH 9
with saturated ag NaHCO3 and the compounds were extracted with CHCI3 (4x50 mL).
The combined organic fractions were dried over anhydrous Na,SOy, filtered and then
concentrated to afford the corresponding crude amide products. All final products were
purified by flash column chromatography eluting with CHCls/acetone or EtOAC/hexane
solvent systems, as described.

(2S,4R)-1-(tert-Butoxycarbonyl)-4-(4-((2-oxo-1,2,3,4-tetrahydroquinolin-7-
yl)oxy)butoxy)pyrrolidine-2-carboxylic acid (27).—The compound was

prepared from (25,4 R)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic

acid 25 (5.0 g, 22 mmol), 7-(4-bromobutoxy)-3,4-dihydroquinolin-2(1 H)-

one (7.74 g, 26.0 mmol) 26 and NaH (1.56 g, 64.92 mmol) in DMF

(40 mL) according to the general C-alkylation procedure. The crude product was purified

by flash chromatography using 10% MeOH/CHCIs; as eluent to give the desired product as a
clear wax (7.18 g, 74% vyield). Caution: this compound was corrosive and should be handled
with care. Rotamers observed in NMR, IH NMR (400 MHz, CDCl3) & 9.26 (s, 1H; rotamer
A), 8.86 (s, 1H; rotamer B), 7.03 (d, /= 8.3 Hz, 1H), 6.52 (d, /= 8.2 Hz, 1H), 6.36 (d, J

= 9.5 Hz, 1H), 4.39 (dt, /= 38.4, 7.4 Hz, 1H), 4.12 (dd, J=14.1, 6.9 Hz, 1H), 3.94 (t, /= 6.2
Hz, 2H), 3.58 — 3.39 (m, 2H), 2.89 (t, J= 7.5 Hz, 2H), 2.62 (t, J= 7.5 Hz, 2H), 2.46 — 2.08
(m, 2H), 1.91 - 1.78 (m, 2H), 1.79 — 1.65 (m, 2H), 1.47 (d, J= 6.2 Hz, 5H), 1.42 (s, 6H).

2-Benzyl 1-(tert-butyl) (2S,4R)-4-(4-((2-0x0-1,2,3,4-tetrahydroquinolin-7-
yl)oxy)butoxy)pyrrolidine-1,2-dicarboxylate (28).—Compound 27 (4.10 g, 91.5
mmol) was dissolved in DCM (40 mL) and cooled to 0 °C. To this solution, EDC (2.19

g, 11.4 mmol) and DMAP (1.40 g, 11.4 mmol) were added and allowed to stir for 10 min.
Benzyl alcohol (1.24 g, 11.4 mmol) dissolved in DCM (10 mL) was added dropwise, and
the mixture stirred at RT for 5 h. The reaction progress was monitored by TLC and after
reaction completion, saturated aq, NaHCO3 (200 mL) and water (200 mL) were added to the
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reaction mixture, followed by extraction with EtOAC (3x300 mL). The combined organic
layers were dried over anhydrous Na,SQy, filtered and concentrated. The crude product was
purified by flash chromatography using 10% MeOH/CHCI; as eluent to give the desired
product as a yellow oil (3.80 g, 77% yield). *H NMR (400 MHz, CDCl5) 6 7.88 (s, 1H),
7.40 - 7.30 (m, 5H), 7.03 (d, J= 8.3 Hz, 1H), 6.50 (dd, /= 8.3, 2.4 Hz, 1H), 6.30 (dd, J=
7.9, 2.3 Hz, 1H), 5.28-5.08 (m, 2H), 4.41 (dt, /= 35.9, 7.8 Hz, 1H), 4.04 (s, 2H), 3.92 (td,
J=6.2, 2.3 Hz, 2H), 3.66 — 3.53 (m, 1H), 3.45 (t, /= 6.3 Hz, 2H), 2.88 (t, /= 7.5 Hz, 2H),
2.60 (t, J= 7.3 Hz, 2H), 2.32 (dt, /= 12.0, 10.0 Hz, 1H), 2.11 - 1.96 (m, 1H), 1.80 (dd, J=
13.8, 6.3 Hz, 2H), 1.70 (dt, J=10.3, 6.7 Hz, 2H), 1.43 (d, /= 17.0 Hz, 3H), 1.34 (s, 6H).

tert-Butyl (2S,4R)-2-(hydroxymethyl)-4-(4-((2-oxo-1,2,3,4-tetrahydroquinolin-7
yl)oxy)butoxy)pyrrolidine-1-carboxylate (29).—Compound 28 (3.80 g, 7.060 mmol)
was dissolved in anhydrous THF (40 mL) and cooled to =15 °C. To this solution, LiBHy4
(0.230 g, 10.59 mmol) was added slowly and continued to stir at RT for 1 h. The reaction
progress was monitored by TLC and after reaction completion, water (300 mL) was added,
followed by extraction with EtOAC (3x300 mL). The combined organic layers were dried
over anhydrous NaySQy, filtered and concentrated under vacuum. The crude product was
purified by flash chromatography using 10% MeOH/CHCI; as eluent to give the desired
product as a yellow oil (2.30 g, 75% yield). 1H NMR (400 MHz, CDCl5) & 7.86 (s, 1H),
7.03 (d, /=8.4 Hz, 1H), 6.51 (d, /= 8.4 Hz, 1H), 6.30 (s, 1H), 4.74 (d, J= 7.5 Hz, 1H),
4.07 (s, 1H), 3.94 (s, 3H), 3.70 (s, 1H), 3.57 (d, /= 10.6 Hz, 2H), 3.42 (dd, /= 30.9, 8.5

Hz, 3H), 2.89 (t, /= 7.5 Hz, 2H), 2.61 (t, /= 7.3 Hz, 2H), 2.06 (d, /= 35.0 Hz, 1H), 1.88 -
1.78 (m, 2H), 1.73 (d, J= 6.3 Hz, 2H), 1.47 (s, 9H); 13C NMR (101 MHz, CDCl5) & 171.48,
158.59, 138.14, 128.65, 115.73, 108.73, 102.00, 80.51, 68.43, 67.83, 67.06, 59.09, 52.91,
34.48, 31.08, 28.43, 26.42, 26.28, 24.58.

tert-Butyl (2S,4R)-2-((1,3-dioxoisoindolin-2-yl)methyl)-4-(4-((2-oxo-1,2,3,4-
tetrahydroquinolin-7-yl)oxy)butoxy)pyrrolidine-1-carboxylate (30).—Anhydrous
THF (20 mL) and triphenylphosphine (TPP; 1.82 g, 6.94 mmol) were added to a round
bottom flask and cooled to 0 °C. After 5 min, diethyl azodicarboxylate (DEAD; 1.40 g, 6.9
mmol) was added dropwise to the reaction mixture. The stirring continued for 30 min at

the same temperature, followed by dropwise addition of 29 (2.0 g 4.6 mmol) dissolved in
THF (10 mL). After 10 min phthalimide (0.82 g, 5.6 mmol) was added portion wise to the
reaction mixture, the reaction was then warmed to RT and continued to stir for 8 h. Reaction
progress was monitored by TLC, after reaction completion, 10% NaOH aq solution (100
mL) and water (200 mL) were added followed by extraction with EtOAC (3 x 250 mL). The
combined organic layers were dried over anhydrous Na,SOy, filtered and concentrated under
vacuum. The crude product was purified by flash chromatography using 40% EtOAC/hexane
as eluent to give the desired product as a yellow oil (1.43 g, 55% yield). 1H NMR (400

MHz, CDClI3) 6 7.84 (m, 2H), 7.69 (m, 2H), 7.03 (d, /= 8.5 Hz, 2H), 6.49 (d, /= 8.3 Hz,
1H), 6.33 (s, 1H), 4.36 (m, 1H), 4.15 — 4.09 (m, 1H), 3.96 — 3.83 (m, 3H), 3.73 (s, 2H), 3.44
(s, 3H), 2.89 (t, J= 7.4 Hz, 2H), 2.61 (t, J= 7.5 Hz, 2H), 2.02 (m, 2H), 1.81 (s, 2H), 1.70 (s,
2H), 1.38 (s, 3H), 1.31 - 1.15 (m, 6H).
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tert-Butyl (2S,4R)-2-(aminomethyl)-4-(4-((2-oxo-1,2,3,4-tetrahydroquinolin-7-
yl)oxy)butoxy)pyrrolidine-1-carboxylate (31).—Compound 30 (1.43 g, 2.54 mmol)
was dissolved in ethanol (10 mL). To the reaction mixture, anhydrous hydrazine (NoHg4)
(0.326 g, 10.2 mmol) was added and allowed to stir at reflux for 3—4 h. After reaction
completion, 20% ag K,CO3 (20 mL) was added then extracted with CHCI3 (3 x 250 mL).
The product obtained was a pure yellow oil and taken as such for the next step without
further purification (0.850 g, 85% yield). 1H NMR (400 MHz, CDCl5) 6 8.83 (s, 1H,
rotamer A), 8.77 (s, 1H, rotamer B), 7.01 (d, /= 8.2 Hz, 1H), 6.54 — 6.45 (m, 1H), 6.39 (s,
1H), 3.99 (s, 2H), 3.93 (s, 2H), 3.73 (s, 1H), 3.48 (m, 2H), 3.34 (s, 1H), 2.86 (t, /= 7.2, 13.1
Hz, 4H), 2.59 (t, /= 7.4 Hz, 2H), 2.05 (dd, J= 8.6, 7.0 Hz, 1H), 1.95 (t, /= 9.6 Hz, 1H),
1.80 (d, /= 6.7 Hz, 2H), 1.71 (d, /= 5.7 Hz, 2H), 1.61 (s, 2H), 1.45 (s, 9H).

tert-Butyl
(2S,4R)-2-((3-chloro-5-ethyl-6-hydroxy-2-methoxybenzamido)methyl)-4-(4-((2-
oxo0-1,2,3,4-tetrahydroquinolin-7-yl)oxy)butoxy)pyrrolidine-1-carboxylate (32).
—The compound was prepared by using 31 (0.85 g, 1.96 mmol), 16 (0.542 g,

2.35 mmol) and HCTU (1.05 g, 2.55 mmol) according to the general amidation

method (E). The crude product was purified by flash chromatography using 40% EtOAC/
hexane as eluent to give the desired product as brown oil (0.800 g, 63% yield). Rotamers
observed in IH NMR. IH NMR (400 MHz, CDCls) 6 13.70 (s, 1H, rotamer A), 13.58 (s,
1H, rotamer B), 8.90 (s, 1H, rotamer A), 8.57 (s, 1H, rotamer B), 8.04 (s, 1H), 7.22 (s, 1H),
7.03 (d, /=8.0 Hz, 1H), 6.50 (d, /= 8.0 Hz, 1H), 6.29 (s, 1H), 4.12 (d, /= 6.9 Hz, 1H), 3.94
(d, J=16.7 Hz, 3H), 3.86 (s, 3H), 3.64 (s, 1H), 3.45 (s, 2H), 3.41 - 3.24 (m, 1H), 2.88 (t, J
=7.1Hz, 2H), 2.68 — 2.53 (m, 4H), 2.12 (s, 1H), 1.89 (brs, 1H), 1.85 - 1.80 (m, 3H), 1.74 -
1.68 (m, 3H), 1.47 (s, 9H), 1.19 (t, J= 7.5 Hz, 3H). 13C NMR (101 MHz, CDCls) 6 171.40,
169.72, 160.05, 158.60, 155.44, 152.56, 138.17, 133.10, 130.91, 128.64, 116.13, 115.70,
108.70, 108.07, 101.99, 68.50, 67.81, 61.47, 56.13, 52.64, 42.18, 35.57, 31.09, 30.88,
28.42, 26.39, 26.23, 24.59, 22.51, 13.39. HRMS (ESI): m/z calcd for (C33H44CIN3Og+H™),
646.2817; found 646.2893 (M+H™). Compound 32 was analyzed by HPLC: tr=19.660

min, diastereomeric excess was >96% (detail method reported in SI; Figure S6).

3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-(((2S,4R)-4-(4-((2-ox0-1,2,3,4-
tetrahydroquinolin-7-yl)oxy)butoxy)pyrrolidin-2-yl)methyl)benzamide (33).—
The compound was prepared from 32 (0.80 g, 1.23

mmol) in the presence of 20% TFA/DCM (20 mL). The reaction mixture stirred at RT

for 8 h and monitored by TLC. The mixture was basified to pH 9 with saturated ag NaHCO3
solution. The product was extracted with CHCI3 (4 X 200 ml), the combined organic
fractions were dried over anhydrous NaySQy, filtered and evaporated to afford the crude
material. The crude product was purified by flash chromatography using 10% MeOH/CHCl3
as eluent to give the desired product as a brown oil (0.560 g, 83% yield). H NMR (400
MHz, CDCl3) & 13.66 (brs, 1H), 8.93 (brs, 1H), 8.60 (br s, 1H), 7.20 (s, 1H), 7.01 (d, /= 8.3
Hz, 1H), 6.49 (d, J= 8.3 Hz, 1H), 6.36 (s, 1H), 4.02 (s, 1H), 3.93 (t, /= 6.2 Hz, 2H), 3.87 (s,
3H), 3.62 (dd, /=9.7, 5.4 Hz, 2H), 3.43 (t, /= 10.9 Hz, 2H), 3.27 (dd, J=12.4, 7.0 Hz, 1H),
3.07 (d, /=12.1 Hz, 1H), 2.97 (dd, J=12.2, 3.6 Hz, 1H), 2.86 (t, /= 7.4 Hz, 2H), 2.59 (q, J
=7.4Hz, 4H), 2.12 - 1.99 (m, 1H), 1.82 (dt, /= 13.4, 6.7 Hz, 3H), 1.76 — 1.65 (m, 3H), 1.62
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—1.49 (m, 1H), 1.18 (t, J= 7.5 Hz, 3H); 13C NMR (101 MHz, CDCls3) 6 171.82, 169.28,
160.04, 158.60, 152.41, 138.16, 132.93, 130.78, 128.57, 116.14, 115.64, 108.77, 108.12,
102.07, 80.28, 68.36, 67.82, 61.54, 56.34, 51.79, 43.17, 36.01, 31.03, 26.43, 26.14, 24.54,
22.49, 13.38; Mp 128-130 °C. The HCI salt was precipitated from acetone; Mp 123-125 °C.
Anal (C28H36C|N306’HC|'0.5H20) C, H, N. HRMS (ES|)I calcd for (C28H36C|N306+H+),
546.2293; found, 546.2354 (M +H*). Compound 33 was analyzed by HPLC: tg=25.268
min, diastereomeric excess was >99% (detailed method reported in SI; Figure S7).

3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-(((2S,4R)-4-(4-((2-ox0-1,2,3,4-
tetrahydroquinolin-7-yl)oxy)butoxy)-1-propylpyrrolidin-2-yl)methyl)benzamide
(34).—The compound was prepared from 33 (0.200 g,

0.36 mmol) and propionaldehyde (0.032 g, 0.54 mmol)

using the general reductive amination method. Both the reactants were dissolved

in DCE (10 mL) and allowed to stir for 10 min at RT in the presence of 2—3 drops of
glacial acetic acid. To the reaction mixture, NaBH(OAc)3 (0.116 g, 0.55 mmol) was added
portionwise and the reaction mixture stirred at RT for 5 h. After completion of the reaction,
the solution was basified to pH 9 with saturated ag NaHCOs3. The product was extracted
with CHCI3 (3x100 mL) and the combined organic fractions were dried over anhydrous
Na,SOy, filtered and then evaporated to afford crude material. This crude compound

was purified by flash chromatography using 10% MeOH/CHClj; as eluent to give the
desired product as a brown oil (0.125 g, 58% yield). 1H NMR (400 MHz, CDCl3) 6 13.81
(s, 1H), 8.80 (s, 1H), 8.16 (s, 1H), 7.21 (s, 1H), 7.03 (d, /= 8.3 Hz, 1H), 6.50 (d, /=8.1
Hz, 1H), 6.32 (s, 1H), 3.93 (t, /= 6.1 Hz, 2H), 3.86 (s, 3H), 3.79 (s, 1H), 3.42 (td, /= 15.6,
8.6 Hz, 2H), 3.32 (s, 1H), 2.88 (t, /=7.5 Hz, 2H), 2.70 (s, 1H), 2.61 (dd, J=13.0, 6.3 Hz,
3H), 2.27 (s, 2H), 2.17 (d, J= 0.6 Hz, 2H), 2.02 (d, J=13.0 Hz, 1H), 1.96 — 1.76 (m, 2H),
1.76 — 1.65 (m, 1H), 1.49 (d, J= 49.9 Hz, 2H), 1.32 — 1.22 (m, 2H), 1.19 (t, J= 7.5 Hz, 3H),
0.91 (t, J= 7.3 Hz, 3H), 0.83 (d, /= 4.3 Hz, 2H); 13C NMR (101 MHz, CDCl5) & 206.83,
171.60, 169.60, 160.13, 158.62, 152.49, 138.10, 132.95, 130.81, 128.62, 116.04, 115.71,
108.57, 108.10, 102.14, 68.76, 67.82, 61.44, 59.69, 55.91, 39.52, 35.27, 31.07, 30.88,
26.50, 26.14, 24.57, 22.51, 13.40, 11.90. HRMS (ESI): m/z calcd for (C31H42CIN3Og+H*);
588.2762, found, 588.2822 (M+H™"). Compound 34 was analyzed by HPLC: tg=20.839
min, diastereomeric excess was >99% (Detailed method reported in Sl; Figure S8).

(2S,4R)-1-(tert-Butoxycarbonyl)-4-(3-phenylpropoxy)pyrrolidine-2-carboxylic
acid (36a).—The compound was prepared by using (3-bromopropyl)benzene (35a; 1.03

g, 5.19 mmol), and (25,4 R)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid
25 (1.00 g, 4.33 mmol) and NaH (0.311 g, 12.9 mmol) according to the general C-alkylation
procedure. The crude product was purified by flash chromatography using 10% MeOH/
CHCl3 as eluent to give the desired product as a yellow oil (1.30 g, 86% yield). Rotamers
observed in NMR, 1H NMR (400 MHz, CDCl3) 6 7.29 (d, J= 7.4 Hz, 2H), 7.18 (t, J=8.5
Hz, 3H), 4.43 (dd, J=27.1, 20.2 Hz, 1H), 4.09 — 3.91 (m, 1H), 3.49 (t, /= 5.1 Hz, 1H), 3.42
(dd, /= 15.7, 6.4 Hz, 3H), 2.67 (t, J= 7.6 Hz, 2H), 2.49 — 2.32 (m, 1H), 2.15 (dt, /= 50.7,
15.4 Hz, 1H), 1.88 (dt, /= 13.4, 6.5 Hz, 2H), 1.49 (s, 9H).
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(2S,4R)-4-(4-(Benzyloxy)butoxy)-1-(tert-butoxycarbonyl)pyrrolidine-2-
carboxylic acid (36b).—The compound was prepared

with ((4-bromobutoxy)methyl)benzene (5.00 g, 20.66 mmol)

35b, and (25,4 R)-1-(tertbutoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic

acid 25 (3.80 g, 16.528 mmol) and NaH (1.19 g 49.58 mmol) according to the

general C-alkylation procedure. The crude product was purified by flash chromatography
using 10% MeOH/CHCI; as eluent to give the desired product as a yellow oil (4.20

g, 52% yield). Rotamers observed in NMR, IH NMR (400 MHz, CDCl3) & 7.38 — 7.27 (m,
5H), 4.50 (s, 2H), 4.39 (dt, /= 42.0, 7.6 Hz, 1H), 4.06 — 3.93 (m, 1H), 3.54 — 3.35 (m, 5H),
2.51-2.30 (m, 1H), 2.23 - 2.05 (m, 1H), 1.65 (t, /= 3.1 Hz, 4H), 1.48 (s, 6H), 1.42 (s, 3H).

tert-Butyl (2S,4R)-2-(hydroxymethyl)-4-(3-phenylpropoxy)pyrrolidine-1-
carboxylate (37a).—The compound was prepared by using 36a (1.30 g, 3.73 mmol),

and borane dimethyl sulfide complex (0.424 g, 5.593 mmol) according to the procedure
described for 37b. The resulting crude product was then taken for the next step without
further purification (1.0 g, 80% yield). 1H NMR (400 MHz, CDCl3) & 7.31 — 7.24 (m, 2H),
7.18 (t, J= 6.8 Hz, 3H), 4.83 (s, 1H), 4.11 (dt, /= 12.5, 6.3 Hz, 1H), 3.90 (s, 1H), 3.69 (d, J
= 6.2 Hz, 1H), 3.55 (dd, /=11.1, 6.9 Hz, 2H), 3.39 (d, /= 5.3 Hz, 3H), 2.68 (dd, /= 15.5,
7.9 Hz, 2H), 2.10 (dd, J=12.1, 7.3 Hz, 1H), 1.94 — 1.79 (m, 2H), 1.63 (s, 1H), 1.47 (s, 9H).

tert-Butyl (2S,4R)-4-(4-(benzyloxy)butoxy)-2-(hydroxymethyl)pyrrolidine-1-
carboxylate (37b).—To the carboxylic acid intermediate 36b (4.10 g, 10.43 mmol)
anhydrous THF (40 mL) was added and cooled to 0°C. To this solution borane dimethyl
sulfide complex (1.18 g, 15.64 mmol) was added drop wise and allowed to stir for 5 h

at RT. After completion of the reaction 200 mL of saturated ag NaHCO3 was added drop
wise followed by 200 mL cold water added and extracted with EtOAC (3x400 mL). The
combined organic fractions were dried over anhydrous Na,SQy, filtered and evaporated to
afford the desired product as a colorless solid (3.30 g, 83% yield). The resulting crude
product was then taken for the next step without further purification. 1TH NMR (400 MHz,
CDClI3) 6 7.35 - 7.31 (m, 5H), 4.50 (s, 2H), 4.08 — 3.86 (m, 2H), 3.74 — 3.63 (m, 1H), 3.59 —
3.51 (m, 2H), 3.48 (t, J= 5.9 Hz, 2H), 3.39 (t, /= 9.4 Hz, 3H), 1.74 — 1.56 (m, 6H), 1.46 (s,
9H).

tert-Butyl (2S,4R)-4-(4-(benzyloxy)butoxy)-2-((1,3-dioxoisoindolin-2-
yl)methyl)pyrrolidine-1-carboxylate (38b).—This compound was prepared from 37b
(3.29 g, 8.69 mmol), TPP (3.42 g, 13.04 mmol), DEAD (2.63 g, 13.04 mmol) and
phthalimide (1.60 g, 10.86 mmol) according to the procedure described for 30. The crude
product was partially purified by flash chromatography using 25% EtOAC/hexane as eluent
to give the desired product as a yellow oil, the compound was used for the next step, without
further purification.

tert-Butyl (2S,4R)-2-((1,3-dioxoisoindolin-2-yl)methyl)-4-(3-phenylpropoxy)
pyrrolidine-1-carboxylate (38a).—This compound was prepared from 37a (1.00 g, 2.99
mmol), TPP (1.17 g, 4.49 mmol), DEAD (0.91 g, 4.48 mmol) and phthalimide (0.528 g,
3.59 mmol) according to the procedure described for 38b. The crude product was partially
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purified by flash chromatography using 25% EtOAC/hexane as eluent to give the desired
product as a yellow oil and used in the next step without further purification. (1.10 g, 80%
yield). 1H NMR (400 MHz, CDCl3) & 7.84 (s, 2H), 7.72 (s, 2H), 7.30 — 7.22 (m, 2H), 7.15
(d, J= 7.4 Hz, 3H), 4.98 (dt, J= 12.7, 6.4 Hz, 2H), 4.36 (m, 1H), 4.15 — 4.01 (m, 1H), 3.90
(m, 1H), 3.67 (s, 2H), 3.39 (s, 3H), 2.64 (s, 2H), 2.10 — 1.92 (m, 1H), 1.84 (s, 1H), 1.58 (s,
9H).

tert-Butyl (2S,4R)-2-(aminomethyl)-4-(3-phenylpropoxy)pyrrolidine-1-
carboxylate (39a).—This compound was prepared from 38a (1.10 g, 2.37 mmol) using
the same procedure described for 31. The crude product obtained was a yellow oil and taken
as such for the next step without further purification.

tert-Butyl (2S,4R)-2-(aminomethyl)-4-(4-(benzyloxy)butoxy)pyrrolidine-1-
carboxylate (39b).—This compound was prepared from 38b (3.00 g, 5.91 mmol) using
the same procedure described for 31. The crude product obtained was a yellow oil which
was used for the next step without further purification. (1.904 g, 85% yield). 1H NMR (400
MHz, CDCl3) § 7.35 - 7.31 (m, 5H), 4.50 (br s, 2H), 3.98 (br s, 1H), 3.89 (br s, 1H), 3.68
(brs, 1H), 3.48 (d, J= 5.6 Hz, 2H), 3.41 (br s, 3H), 2.88 — 2.72 (m, 2H), 2.04 (br s, 1H),
1.94 (brs, 1H), 1.65 (br s, 4H), 1.46 (s, 9H).

tert-Butyl (2S,4R)-2-((3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)-4-(3-phenylpropoxy)pyrrolidine-1-carboxylate
(40a).—The compound was prepared by using 39a (0.56 g, 1.67 mmol), 16 (0.46 g, 2.01
mmol) and HCTU (1.04 g, 2.51 mmol) according to the general amidation method (E). The
crude product was purified by flash chromatography using 30% EtOAC/hexane as eluent to
give the desired product as brown oil (0.57 g, 62% yield). 'H NMR (400 MHz, CDCl3) &
13.71 (s, 1H), 8.84 (s, 1H, rotamer A), 8.50 (s, 1H, rotamer B), 7.26 (s, 2H), 7.22 (s, 1H),
7.16 (d, /=7.0 Hz, 3H), 4.11 (m, 1H), 3.95 (s, 1H), 3.87 (s, 3H), 3.63 (s, 2H), 3.38 (s, 3H),
2.63 (dt, /J=14.6, 7.6 Hz, 3H), 2.17 — 2.02 (m, 2H), 1.97 — 1.78 (m, 3H), 1.57 (s, 9H), 1.26
(s, 1H), 1.19 (t, J= 7.5 Hz, 3H).

tert-Butyl (2S,4R)-4-(4-(benzyloxy)butoxy)-2-((3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)pyrrolidine-1-carboxylate (40b).—The compound was
prepared by using 39b, (1.50 g, 3.96 mmol), 16, (1.09 g, 4.75 mmol) and HCTU (2.45 g,
5.94 mmol) according to the general amidation method (E). The crude product was purified
by flash chromatography using 30% EtOAC/hexane as eluent to give the desired product as
brown oil (1.47 g, 63% yield). 1H NMR (400 MHz, CDCl3) 6 13.67 (s, 1H, rotamer A),
13.54 (s, 1H, rotamer B), 8.85 (s, 1H, rotamer A), 8.50 (s, 1H, rotamer B), 7.32 (br s, 5H),
7.21 (s, 1H), 4.49 (s, 2H), 4.10 (d, J=16.1 Hz, 1H), 3.93 (d, /= 16.4 Hz, 1H), 3.86 (s, 3H),
3.81-3.70 (m, 2H), 3.62 (s, 1H), 3.47 (s, 2H), 3.39 (s, 3H), 2.61 (q, J=14.9, 7.5 Hz, 2H),
2.11 (s, 1H), 1.88 (s, 1H), 1.61 (d, J=27.5 Hz, 4H), 1.47 (s, 9H), 1.19 (t, /= 7.5 Hz, 3H).

tert-Butyl (2S,4R)-2-((3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)-4-(4-hydroxybutoxy)pyrrolidine-1-carboxylate
(41).—A mixture of 40b (1.00 g, 1.69 mmol) and 10% Pd/C (0.100 g) in MeOH:EtOAC
(1:1), (30 mL) was shaken on a Parr hydrogenator apparatus, under an atmosphere of
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hydrogen gas (Hp, 45 psi) at RT, for 1 h. The reaction mixture was filtered through a celite
pad and evaporated under vacuum. The crude product was purified by flash chromatography
using 5% MeOH/CHClI3 as eluent to give the desired product as a yellow oil (0.676 g, 80%
yield). 1H NMR (400 MHz, CDCl3) & 13.76 — 13.46 (m, 1H), 8.88 (s, 1H, rotamer A), 8.55
(s, 1H, rotamer B), 7.21 (s, 1H), 4.08 (t, /= 16.2, 5.9 Hz, 1H), 3.97 (s, 2H), 3.85 (s, 3H),
3.78 (dd, J=13.3, 8.7 Hz, 1H), 3.62 (t, /= 5.6 Hz, 2H), 3.44 (d, /= 14.4 Hz, 3H), 2.59 (q, J
= 7.5 Hz, 2H), 2.10 (d, J= 23.7 Hz, 2H), 1.96 — 1.84 (m, 2H), 1.68 — 1.57 (m, 4H), 1.46 (s,
9H), 1.18 (t, /= 7.5 Hz, 3H).

tert-Butyl
(2S,4R)-2-((3-chloro-5-ethyl-6-hydroxy-2-methoxybenzamido)methyl)-4-(4-(1,3-
dioxoisoindolin-2-yl)butoxy)pyrrolidine-1-carboxylate (42).—This compound was
prepared from 41 (0.900 g, 1.79 mmol), TPP (0.705 g, 2.69 mmol), DEAD (0.544 g,

2.69 mmol) and phthalimide (0.330 g, 2.245 mmol) according to the procedure described
for 30. The crude product was purified by flash chromatography using 30% EtOAC/hexane
as eluent to give the desired product as a pale yellow solid (0.644 g, 57% yield). 1H

NMR (400 MHz, CDCl3) 6 13.65 (m, 1H), 8.90 (s, 1H, rotamer A), 8.55 (s, 1H, rotamer
B), 7.85 - 7.79 (m, 2H), 7.73 — 7.66 (m, 2H), 7.21 (s, 1H), 4.08 — 4.04 (m, 1H), 3.95

(s, 1H), 3.86 (s, 3H), 3.69 (t, /= 7.1 Hz, 2H), 3.56 (m, 1H), 3.40 (s, 3H), 2.60 (q, J
=7.5Hz, 2H), 2.13 (s, 1H), 1.87 (s, 1H), 1.73 (dt, /= 14.3, 6.4 Hz, 2H), 1.63 (s, 2H),

1.62 — 1.53 (m, 2H), 1.45 (s, 9H), 1.25 (t, J= 7.1 Hz, 3H).

tert-Butyl (2S,4R)-4-(4-aminobutoxy)-2-((3-chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)pyrrolidine-1-carboxylate (43).—This compound was
prepared from 42 (0.64 g, 1.02 mmol) according to the procedure described for 31. The
compound obtained as a pure yellow oil (0.36 g, 70% yield). 1H NMR (400 MHz, CDCl3) &
13.90 - 13.14 (m, 1H), 8.85 (s, 1H, rotamer A), 8.51 (s, 1H, rotamer B), 7.17 (s, 1H), 4.03
(d, J=5.1 Hz, 1H), 3.91 (s, 1H), 3.81 (s, 3H), 3.74 (s, 1H), 3.53 (m, 3H), 3.33 (s, 2H), 2.67
(s, 1H), 2.56 (g, /=7.5 Hz, 2H), 2.09 (d, /= 7.7 Hz, 1H), 1.84 (s, 1H), 1.56 — 1.49 (m, 4H),
1.42 (s, 9H), 1.39 (s, 2H), 1.14 (t, J= 7.5 Hz, 3H).

tert-Butyl (2S,4R)-4-(4-(1H-indole-2-carboxamido)butoxy)-2-((3-chloro-5-
ethyl-6-hydroxy-2-methoxybenzamido)methyl)pyrrolidine-1-carboxylate (44).—
The compound was prepared by using 43 (0.140 g, 0.281 mmol), indole-2-carboxylic

acid (54.3 mg, 0.337 mmol) and HCTU (0.174 g, 0.421 mmol) according to the general
amidation method (E). The crude product was purified by flash chromatography using 40%
EtOAC/hexane as eluent to give the desired product as brown oil (0.120 g, 65% vyield).

1H NMR (400 MHz, CDCl5) 6 13.58 (s, 1H, rotamer A), 13.70 (s, 1H, rotamer B), 9.41 (s,
1H), 8.90 (s, 1H, rotamer A), 8.56 (s, 1H, rotamer B), 7.64 (d, /= 8.0 Hz, 1H), 7.43 (d, /=
8.3 Hz, 1H), 7.28 (d, J= 7.2 Hz, 1H), 7.22 (s, 1H), 7.13 (t, J= 7.5 Hz, 1H), 6.87 (d, /= 31.1
Hz, 1H), 6.47 (m, 1H), 4.12 (s, 1H), 3.97 (s, 1H), 3.86 (s, 3H), 3.63 (s, 1H), 3.55 — 3.42 (m,
3H), 3.28 (s, 1H), 2.80 (s, 2H), 2.61 (q, J= 7.5 Hz, 2H), 2.14 (s, 1H), 1.90 (d, J= 6.7 Hz,
2H), 1.67 (s, 3H), 1.47 (s, 9H), 1.29 (d, J= 32.5 Hz, 1H), 1.19 (t, J= 7.5 Hz, 3H).
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tert-Butyl (2S,4R)-4-(4-(benzofuran-2-carboxamido)butoxy)-2-((3-chloro-5-
ethyl-6-hydroxy-2-methoxybenzamido)methyl)pyrrolidine-1-carboxylate (45).—
The compound was prepared by using 43 (0.200 g, 0.40 mmol), benzofuran-2-carboxylic
acid (0.081 g, 0.50 mmol) and HCTU (0.248 g, 0.601 mmol) according to the general
amidation method (E). The crude product was purified by flash chromatography using 40%
EtOAC/hexane as eluent to give the desired product as brown oil (0.160 g, 62% yield).

1H NMR (400 MHz, CDCls) 6 13.70 (s, 1H, rotamer A), 13.58 (s, 1H, rotamer B), 8.90 (s,
1H, rotamer A), 8.56 (s, 1H, rotamer B), 7.65 (d, J= 7.4 Hz, 1H), 7.48 (dd, /= 8.3, 0.8 Hz,
1H), 7.45 (d, /= 0.9 Hz, 1H), 7.39 (ddd, /= 8.4, 7.2, 1.3 Hz, 1H), 7.32 - 7.27 (m, 1H), 7.21
(s, 1H), 6.78 (s, 1H), 3.98 (s, 1H), 3.85 (s, 3H), 3.84 (m, 1H), 3.62 (s, 1H), 3.48 (dd, /=
15.5, 6.0 Hz, 4H), 3.32 (s, 1H), 2.60 (g, /= 7.6 Hz, 2H), 2.16 (s, 1H), 1.90 (s, 1H), 1.78 -
1.60 (m, 5H), 1.46 (s, 9H), 1.27 (m, 1H), 1.19 (t, /= 10.2 Hz, 3H).

N-(4-(((3R,5S)-5-((3-Chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)pyrrolidin-3-yl)oxy)butyl)-1H-indole-2-carboxamide
(46).—The compound was prepared from 44 (0.120 g, 0.186 mmol) according to the
procedure described for 33. The crude product was purified by flash chromatography using
10% MeOH/ CHCl3 as eluent to give the desired product as brown oil (0.076 g, 74% yield).
1H NMR (400 MHz, CDCls) 6 13.95 — 13.36 (br s, 1H), 9.51 (br s, 1H), 8.91 (br s, 1H),
7.62 (d, /=8.0 Hz, 1H), 7.43 (d, /= 8.3 Hz, 1H), 7.27 (d, J=10.9 Hz, 1H), 7.20 (s, 1H),
7.12 (t, J= 7.4 Hz, 1H), 6.81 (s, 1H), 6.41 (s, 1H), 4.01 (m, 1H), 3.87 (s, 3H), 3.68 — 3.56
(m, 2H), 3.50 (d, J= 6.4 Hz, 2H), 3.46 (s, 2H), 3.33 - 3.19 (m, 1H), 3.07 (d, /= 12.2 Hz,
1H), 3.01 - 2.89 (m, 1H), 2.59 (g, /= 7.4 Hz, 2H), 2.04 (dd, J=13.5, 6.8 Hz, 1H), 1.80 -
1.61 (m, 5H), 1.54 (td, J=13.0, 6.1 Hz, 1H), 1.18 (t, J= 7.7 Hz, 3H); 13C NMR (101 MHz,
CDCl3) & 169.16, 161.46, 159.89, 152.26, 136.08, 132.79, 130.66, 130.64, 127.44, 124.25,
121.65, 120.46, 116.00, 111.80, 107.96, 101.60, 80.26, 68.05, 61.41, 56.13, 51.60, 43.15,
39.18, 35.86, 26.88, 26.62, 22.34, 13.23. HRMS (ESI): m/z calcd for (CogH35CIN4O5+H*);
543.2296, found, 543.2377 (M +H*). Compound 46 was analyzed by HPLC: tg=29.407
min, diastereomeric excess was >99% (detailed method reported in SI; Figure S9).

N-(4-(((3R,5S)-5-((3-Chloro-5-ethyl-6-hydroxy-2-
methoxybenzamido)methyl)pyrrolidin-3-yl)oxy)butyl)benzofuran-2-
carboxamide (47).—The compound was prepared from

45 (0.160 g, 0.248 mmol) according to the procedure described for 33. The crude product
was purified by flash chromatography using 10% MeOH/CHCI3 as eluent to give the desired
product as brown oil (0.092 g, 68% yield). 1TH NMR (400 MHz, CDCl3) & 13.88 — 13.38
(brs, 1H), 8.97 (s, 1H), 7.64 (d, J=7.7 Hz, 1H), 7.47 (dd, J= 8.3, 0.7 Hz, 1H), 7.43 - 7.37
(m, 1H), 7.36 (d, /= 0.7 Hz, 1H), 7.31 - 7.27 (m, 1H), 7.17 (s, 1H), 6.80 (s, 1H), 4.04 (m,
1H), 3.90 (s, 3H), 3.79 — 3.59 (m, 2H), 3.56 — 3.37 (m, 4H), 3.36 — 3.23 (m, 1H), 3.13 (d,
J=12.3 Hz, 1H), 3.03 (dd, /= 12.3, 3.9 Hz, 1H), 2.64 — 2.46 (m, 2H), 2.09 (dd, /= 13.6, 7.0
Hz, 1H), 1.80 — 1.52 (m, 5H), 1.25 (s, 1H), 1.15 (t, J= 7.5 Hz, 3H); 13C NMR (101 MHz,
CDCl3) & 169.40, 160.06, 158.90, 154.65, 152.50, 148.66, 132.95, 130.70, 127.59, 126.82,
123.66, 122.71, 116.13, 111.59, 110.30, 108.06, 80.17, 68.14, 61.56, 56.44, 51.49, 43.05,
39.00, 35.92, 26.89, 26.76, 22.43, 13.31. HRMS (ESI): m/z calcd for (C2gH34CIN3Og+H™);
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544.2136, found 544.2208 (M+H™). Compound 47 was analyzed by HPLC: tg=15.702
min, diastereomeric excess was >99% (detailed method reported in SI; Figure S10).

N-(4-(((3R,5S)-5-((3-Chloro-5-ethyl-6-hydroxy-2-methoxybenzamido)methyl)-1-
ethylpyrrolidin-3-yl)oxy)butyl)-1H-indole-2-carboxamide (48).—This compound
was prepared from 46 (0.080 g, 0.15 mmol), acetaldehyde (0.013 g, 0.29 mmol),
NaBH(OACc)3 (0.040 g, 0.188 mmol) and 2 drops of acetic acid according to the procedure
described for 34. The crude product was purified by flash chromatography using 10%
MeOH/CHCIj as eluent to give the desired product as brown oil (0.042 g, 50% yield).

H NMR (400 MHz, CDCl5) 6 13.80 (br s, 1H), 9.31 (s, 1H), 8.81 (d, /= 5.9 Hz,

1H), 7.63 (d, /= 8.1 Hz, 1H), 7.43 (d, /= 8.2 Hz, 1H), 7.29 (d, /= 7.2 Hz, 1H), 7.22

(s, 1H), 7.13 (t, J=7.2 Hz, 1H), 6.80 (d, /= 1.3 Hz, 1H), 6.34 (s, 1H), 3.96 (m, 1H), 3.85 (s,
3H), 3.81 - 3.72 (m, 1H), 3.51 (dd, J=13.0, 6.7 Hz, 3H), 3.44 (td, /= 9.3, 3.4 Hz, 2H), 3.36
—3.24 (m, 1H), 2.86 (dt, /= 19.2, 7.4 Hz, 2H), 2.62 (q, /= 7.6 Hz, 2H), 2.30 (dt, /= 10.0,
6.2 Hz, 2H), 2.09 - 1.97 (m, 1H), 1.98 - 1.79 (m, 2H), 1.79 — 1.56 (m, 3H), 1.20 (t, /= 5.7
Hz, 3H), 1.10 (t, J= 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl5) & 169.56, 161.52, 160.14,
152.45, 139.25, 136.13, 132.93, 130.84, 127.63, 124.43, 121.82, 120.65, 116.04, 114.03,
111.88, 108.12, 101.57, 68.71, 61.42, 60.41, 59.12, 47.32, 39.49, 39.31, 35.45, 27.17,
26.68, 22.67, 22.52, 14.09, 13.48, 13.41. HRMS (ESI) calcd for (C3gH39CIN4O5+H™);
m/z571.2609, found 571.2716 (M +H*). Compound 48 was analyzed by HPLC: tg=20.495
min, diastereomeric excess was >96% (detailed method reported in SI; Figure S11).

N-(4-(((3R,5S)-5-((3-chloro-5-ethyl-6-hydroxy-2-methoxybenzamido)methyl)-1-
ethylpyrrolidin-3-yl)oxy)butyl)benzofuran-2-carboxamide (49).—The compound
was prepared from 47 (0.100 g, 0.18 mmol), acetaldehyde (0.016 g, 0.36 mmol),
NaBH(OACc)3 (0.048 g, 0.225 mmol)) and 2 drops of acetic acid according to the

procedure described for 34. The crude product was purified by flash chromatography

using 10% MeOH/CHCI3 as eluent to give the desired product as brown oil (0.054

g, 52% yield). 1H NMR (400 MHz, CDCls) 6 13.81 (s, 1H), 8.81 (d, /= 5.9 Hz,

1H), 7.67 - 7.63 (m, 1H), 7.47 (dd, J= 8.3, 0.8 Hz, 1H), 7.45 (d, J= 0.9 Hz, 1H), 7.39 (ddd,
J=8.4,7.2,13Hz, 1H), 7.30 - 7.27 (m, 1H), 7.21 (s, 1H), 6.78 (s, 1H), 3.96 (dt, /= 9.5,
5.9 Hz, 1H), 3.85 (s, 3H), 3.76 (ddd, J=14.1, 7.4, 2.0 Hz, 1H), 3.54 — 3.47 (m, 3H), 3.42
(tt, /=117, 4.5 Hz, 2H), 3.31 (ddd, J=14.1, 4.6, 2.6 Hz, 1H), 2.96 — 2.79 (m, 2H), 2.61
(g, J= 7.5 Hz, 2H), 2.36 — 2.24 (m, 2H), 1.88 (qdd, J=15.4, 7.8, 5.1 Hz, 2H), 1.78 — 1.60
(m, 4H), 1.19 (t, J= 8.9 Hz, 3H), 1.10 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCls)

§ 169.56, 160.14, 158.83, 154.65, 152.46, 148.85, 132.92, 130.82, 127.63, 126.76, 123.65,
122.69, 116.03, 111.60, 110.21, 108.11, 68.64, 61.42, 60.41, 59.10, 47.34, 39.48, 38.99,
35.45, 27.21, 26.58, 22.51, 14.09, 13.41. HRMS (ESI): m/z calcd for (C3gH3gCIN3Og+H™);
572.2449, found 572.2551 (M +H™). 49 was analyzed by HPLC: tg=14.506 min,
diastereomeric excess was >99% (detailed method reported in Sl; Figure S12).

3-Chloro-5-ethyl-6-hydroxy-2-methoxy-N-(((2S,4R)-4-(3-
phenylpropoxy)pyrrolidin-2-yl)methyl)benzamide (50a).—The

compound was prepared from 40a (0.540 g, 0.987 mmol) according to the

procedure described for 33. The crude product was purified by flash chromatography using
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10% MeOH/CHCI; as eluent to give the desired product as brown oil (0.326 g, 74% yield).
1H NMR (400 MHz, CDCls) 6 13.67 (s, 1H), 8.90 (s, 1H), 7.32 — 7.24 (m, 2H), 7.21 (s, 1H),
7.17 (d, /= 6.9 Hz, 3H), 3.98 (s, 1H), 3.90 (s, 3H), 3.59 (d, /= 6.7 Hz, 2H), 3.37 (t, /= 6.3
Hz, 3H), 3.23 (s, 1H), 3.03 (d, J= 12.2 Hz, 1H), 2.91 (d, /= 12.4 Hz, 1H), 2.76 — 2.55 (m,
3H), 2.08 — 1.97 (m, 1H), 1.95 - 1.80 (m, 2H), 1.54 (dd, /= 13.5, 6.5 Hz, 1H), 1.26 (s, 1H),
1.19 (t, J= 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) & 169.18, 160.07, 152.42, 141.77,
132.90, 130.80, 128.39, 128.30, 125.80, 116.14, 108.17, 80.54, 67.84, 61.54, 56.16, 51.93,
43.40, 36.10, 32.36, 31.28, 22.51, 13.40. HRMS (ESI): m/z calcd for (Co4H31CINoO4+H)
447.1972, found 447.2028 (M +H™*). Compound 50a was analyzed by HPLC: tr=7.574

min, diastereomeric excess was >99% (detailed method reported in SI; Figure S13).

N-(((2S,4R)-4-(4-(Benzyloxy)butoxy)pyrrolidin-2-yl)methyl)-3-chloro-5-ethyl-6-
hydroxy-2-methoxybenzamide (50b).—The compound was prepared from 40b (0.300
g, 0.50 mmol) according to the procedure described for 33. The crude product

was purified by flash chromatography using 10% MeOH/CHCls3 as eluent to give

the desired product as brown oil (0.192 g, 77% yield).

1H NMR (400 MHz, CDCl3) 6 13.92 — 13.25 (br s, 1H), 7.34 (d, /= 2.2 Hz, 1H), 7.33

(s, 5H), 7.21 (s, 1H), 4.50 (s, 2H), 3.99 (s, 1H), 3.89 (s, 3H), 3.68 — 3.54 (m, 2H), 3.48

(t, /= 6.2 Hz, 2H), 3.38 (t, /= 5.9 Hz, 2H), 3.32 - 3.18 (m, 1H), 3.05 (d, /= 12.4 Hz,

1H), 2.93 (dd, J=12.3, 4.2 Hz, 1H), 2.61 (q, /= 7.5 Hz, 2H), 2.03 (dd, /= 13.7, 7.0 Hz,
1H), 1.74 - 1.59 (m, 3H), 1.60 — 1.46 (m, 1H), 1.19 (t, J= 7.5 Hz, 3H); 13C NMR (101
MHz, CDClI3) 6 169.28, 160.07, 152.43, 138.54, 132.94, 130.81, 128.33, 127.59, 127.50,
116.14, 108.12, 80.21, 72.89, 70.07, 68.54, 61.57, 56.32, 51.76, 43.18, 36.00, 26.66, 26.55,
22.50, 13.39. HRMS (ESI): m/z calcd for (CogH35CIN,O5+H*); 491.2234, found 491.2310
(M +H™). Compound 50b was analyzed by HPLC: tz=6.885 min, diastereomeric excess was
>99% (detailed method in SlI; Figure S14).

3-Chloro-5-ethyl-6-hydroxy-N-(((2S,4R)-4-(4-hydroxybutoxy)pyrrolidin-2-
yl)methyl)-2-methoxybenzamide (51).—The compound was prepared

from 41 (0.300 g, 0.60 mmol) according to the procedure

described for 33. The crude product was purified by flash

chromatography using 10% MeOH/CHClIs as eluent to give the desired product as brown

0il (0.175 g, 73% yield). 1H NMR (400 MHz, CDCl3) & 13.31 (br s, 1H), 9.02 (m, 1H), 7.21
(s, 1H), 4.74 (s, 1H), 4.09 (s, 1H), 3.95 (dd, /= 11.2, 6.8 Hz, 1H), 3.86 (s, 3H), 3.81 (dd, J
=10.0, 4.3 Hz, 1H), 3.66 — 3.52 (m, 3H), 3.40 (d, /=4.7 Hz, 2H), 3.31 (d, /= 12.6 Hz, 1H),
3.18 (dd, J=12.4, 3.8 Hz, 1H), 2.59 (q, /= 7.5 Hz, 2H), 2.23 (dd, /= 13.7, 6.8 Hz, 1H),
1.80 — 1.68 (m, 1H), 1.59 (m, 4H), 1.18 (t, J= 7.5 Hz, 3H). 13C NMR (101 MHz, CDCls)

6 170.10, 159.98, 152.42, 133.30, 130.75, 116.07, 107.61, 78.19, 68.64, 62.43, 61.50,
57.58, 50.30, 41.39, 35.08, 29.33, 26.35, 22.38, 13.25. HRMS (ESI): m/z calculated for
(C19H29CIN,O5+H™); 401.1765, found, 401.1837 (M +H*). Compound 51 was analyzed by
HPLC: tg=9.091 min, diastereomeric excess was >99% (detailed method in SI; Figure S15).
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Radioligand binding assays.

Binding at dopamine D,-like receptors was determined similarly to previously described
methods.22 Membranes were prepared from HEK293 cells expressing human Dy R or D3R
grown in a 50:50 mix of DMEM and Ham’s F12 culture media, supplemented with 20 mM
HEPES, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 1X antibiotic/antimycotic,
10% heat-inactivated fetal bovine serum, and 200 ug/mL hygromycin (Life Technologies,
Grand Island, NY) and kept in an incubator at 37 °C and 5% CO,. Upon reaching 80-90%
confluence, cells were harvested using pre-mixed Earle’s Balanced Salt Solution (EBSS)
with 5 mM EDTA (Life Technologies) and centrifuged at 3,000 rpm for 10 min at 21 °C.
The supernatant was removed, and the pellet was resuspended in 10 mL hypotonic lysis
buffer (5 mM MgCl, - 6 H,O, 5 mM Tris, pH 7.4 at 4 °C) and centrifuged at 14,500 rpm
(~25,000 g) for 30 min at 4 °C. The pellet was then resuspended in fresh EBSS binding
buffer made from 8.7 g/L Earle’s Balanced Salts without phenol red (US Biological, Salem,
MA), 2.2 g/L sodium bicarbonate, pH to 7.4. A Bradford protein assay (Bio-Rad, Hercules,
CA) was used to determine the protein concentration and membranes were diluted to 500
pg/mL and stored in a =80 °C freezer for later use.

Radioligand competition binding experiments were conducted using thawed membranes on
test day, each test compound was diluted into 10 half-log serial dilutions using 30% DMSO
vehicle, starting from 1 mM or 100 uM concentration. When it was necessary to assist
solubilization of the drugs at the highest tested concentration, 0.1% or 0.01% acetic acid
(final concentration v/v), respectively, was added alongside the vehicle. Previously frozen
membranes were diluted in fresh EBSS to a 200 pug/mL (for hD, R or hD3R) stock for
binding. Radioligand competition experiments were conducted in 96-well plates containing
300 pl fresh binding buffer, 50 ul of diluted test compound, 100 pl of membranes (20
pg/well total protein for hDy R and hD3R, and 50 pl of [3H] A-methylspiperone radioligand
diluted in binding buffer (0.4 nM final concentration; Perkin Elmer). Nonspecific binding
was determined using 10 uM (+)-butaclamol (Sigma-Aldrich, St. Louis, MO) and total
binding was determined with 30% DMSO vehicle. All compound dilutions were tested in
triplicate and the reaction incubated for 1 h at RT. The reaction was terminated by filtration
through Perkin Elmer Uni-Filter-96 GF/B, presoaked for 1 h in 0.5% polyethylenimine,
using a Brandel 96-Well Plates Harvester Manifold (Brandel Instruments, Gaithersburg,
MD). The filters were washed (3 x 1 mL/well) of ice-cold binding buffer. Perkin Elmer
MicroScint 20 Scintillation Cocktail (65 L) was added to each well and filters were counted
using a Perkin Elmer MicroBeta Microplate Counter. ICgq values for each compound

were determined from dose-response curves and Kj values were calculated using the
Cheng-Prusoff equation.*” When a complete inhibition couldn’t be achieved at the highest
tested concentrations, Kj values have been extrapolated by constraining the bottom of the
dose-response curves (= 0% residual specific binding) in the non-linear regression analysis.
These analyses were performed using GraphPad Prism versions 6.00-8.00 for Macintosh
(GraphPad Software, San Diego, CA).

K; values were determined from at least 3 independent experiments and are reported as
mean + SD. Kj values for the radioligand were obtained from homologous competition
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binding experiments (DR Ky = 0.378 nM and D3R Ky = 0.431 nM), using the same assay
conditions and vehicle reported above.

Bioluminescence resonance energy transfer (BRET) assays.

The G,-protein activation assay uses a set of BRET-based constructs previously described.2!
Briefly, HEK293T cells were transiently co-transfected with pcDNAS3.1 vectors encoding i)
D3R or DyR, ii) Ga.oA fused to Renilla luciferase 8 (Rluc8; provided by Dr. S. Gambhir,
Stanford University, Stanford, CA) at residue 91, iii) untagged Gp1, and iv. Gy2 fused

to mVenus. Transfections were performed using polyethyleneimine (PEI) at a ratio of 2:1
(PEI:total DNA; wt:wt), and cell culture was maintained as described previously.23 After
~48 h of transfection, cells were washed with PBS and resuspended in PBS + 0.1% glucose
+ 200 pM Na Bisulfite buffer. Approximately 200,000 cells were then distributed in each
well of the 96-well plates (White Lumitrac 200, Greiner bio-one). Coelenterazine H (5 pM),
a luciferase substrate for BRET, was then added followed by addition of vehicle and test
compounds using an automated stamp transfer protocol (Nimbus, Hamilton Robotics) from
an aliquoted 96-well compound plate. The reference ligands — quinpirole and eticlopride
were from Tocris Bioscience. mVenus emission (530 nm) over RLuc 8 emission (485 nm)
were then measured after 10 min of ligand incubation at 37 °C using a PHERAstar FSX
plate reader (BMG Labtech). BRET ratio was then determined by calculating the ratio of
mVenus emission over RLuc 8 emission.

Data were collected from at least 3 independent experiments. Concentration response curves
(CRCs) were generated using a non-linear sigmoidal dose-response analyses using Prism 8
(GraphPad Software). CRCs are presented as mean drug-induced BRET + SEM.

Molecular modeling

The crystal structure of D3R in complex with eticlopride (PDB ID: 3PBL)0 was first
processed by the protein preparation wizard of the Schrodinger Suite (release 2020-4) after
the thermostabilizing mutation Leu119 was mutated back to wildtype Trp. We then carried
out pKa predictions of the compounds to be docked using both Jaguar®® and Epik>1:52
programs in Schrodinger suite. The results of these predictions show that those compounds
all have a charged nitrogen, which is supposed to interact with Asp3-32,

The induced-fit docking (IFD) protocol®3 was used for molecular docking with core restraint
of m-xylene on eticlopride (i.e., Cclccee(C)cl). For compounds with SP, the docking was
carried out in two steps: we first dock the primary pharmacophore in the orthosteric binding
site (OBS) and then use the resulting docking pose with the best IFD score as the core
restraint to dock the full-length compound, which allowed adequate sampling of the linkers
and SPs beyond the OBS. The final docking poses of the ligands were selected based on the
IFD score.

To estimate binding affinity, the MM-GB/SA protocol®* was used. To compare the relative
binding affinity for ligands with same linker but different SP, the AAG was calculated as the
difference between the AG of two compared compounds.
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ABBREVIATIONS USED

CDCl3 deuterated chloroform
CDI N,V -carbonyldiimidazole
CD30D deuterated methanol
CMA chloroform/methanol/ammonium hydroxide
95% CMA (95% chloroform, 4% methanol, 1% ammonium hydroxide)
DA dopamine
DoR dopamine D, receptor
D3R dopamine D3 receptor
HPLC high-performance liquid chromatography
MM-GB/SA molecular mechanics with generalized born and surface area
solvation
NMR nuclear magnetic resonance
OBS orthosteric binding site
RT room temperature
SAR structure activity relationship
SBP secondary binding pocket
TFA Trifluoroacetic acid
THF tetrahydrofuran
™ transmembrane
tr retention time
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Chemical structures of representative dopamine D,R/D3R antagonists/partial agonists.
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Eticlopride analogues design strategy
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Figure 3.

The eticlopride analogues 13, 15, 17b, 48, 49 were all antagonists or very weak partial
agonists at both D3R and D,R. The G, BRET activation assays show that these compounds
have very low efficacies at both D3R (A) and D4R (B) similar to levels of the reference
antagonist eticlopride, compared to the full agonist quinpirole.
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(A) eticlopride (B)17h

Figure 4.
Docking poses of (A) eticlopride and (B) 17b shows Asp3-32 has a different interaction

strength depending on the position of the charged nitrogen.
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Figureb.
Docking poses of (A) 13, (B) 15, (C) 49, and (D) 48 at D3R. The carbon atoms of 13 and

15, which commonly have an Atalkylated linker, are colored in green; those of 48 and 49,
which commonly have an O-alkylated linker, are colored in purple. In these poses, 48 and
49 have stronger interactions with Asp3-32 than 13 and 15, as indicated by the distances
between their charged nitrogen atoms and the sidechain of Asp332. The SPs of these ligands,
i.e., indoleamide and benzofuran, as well as the aromatic sidechains of His®-5° and Tyr/-35
are shown as spheres.
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Reagents and conditions: a) KoCOg/acetonitrile, reflux, 12 h; b) NaHCO3/DMF, RT, 3—-4 h;
¢) Ko,CO3/DMF, RT, 3—-4 h; d) Nal, Ko,COgs/acetone, reflux, 8 h; ) K;CO3/DMF, RT, 3-4 h;
f) 1230, NaHCO4/acetonitrile, reflux, 12 h; g) 14,23 NaBH(OAC)3/DCE/AcOH, RT, 5 h.
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Reagents and conditions: a) SOCl», toluene, DMF, RT, 12 h. (b) (1-
methylpyrrolidin-3-yl)methanamine for 17a, (1-ethylpyrrolidin-3-yl)methanamine for 17b,
(1-propylpyrrolidin-3-yl)methanamine for 17c, CHCI3, TEA, 0 °C to RT, 48 h. (c) CDI/THF,

RT, overnight.
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Reagents and conditions: a) KoCOg, Nal/acetone, reflux, 22 h; b) NoHa/ethanol, reflux, 4 h;
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RT, overnight; d) 2M HCI in diethyl ether, MeOH, reflux, 3 h; ) 16, EDC/DCM, Na,COs3,
RT, 24 h
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RT, 5 h; ¢) LiBH4/THF, =15 °C to RT, 1 h; d) phthalimide, TPP/DEAD/THF, 0 °C to RT, 8
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CH3CH,CHO/NaBH(OAc)3, DCE/ACOH, RT, 5 h.
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Human dopamine D2-like receptors (D2R and D3R) binding data in HEK cells for bitopic eticlopride

a
analogues
0/
P Linker sp
Compound Structure D2R D3R
Linker SP/X K; (nM) = SD
, . N
4; Aripiprazole T -‘:‘ﬁii‘j 0.687+0.245 | 2.34+134
Eticlopride ;\"\ - 0.117+0.052 | 0.107 +0.039
5 - - 2.26+0450 | 0.431+0.021
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aThe values represent the arithmetic mean + SEM obtained from at least three independent experiments, each performed in triplicate. IC5( values

for each compound were determined from dose-response curves and Kjvalues were calculated by the Cheng-Prusoff equation47 using GraphPad
Prism version 6.00 for Macintosh.
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