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Abstract

Atypical dopamine transporter (DAT) inhibitors have shown therapeutic potential in preclinical
models of psychostimulant abuse. In rats, 1-(4-(2-((bis(4-fluorophenyl)methyl)sulfinyl)ethyl)-
piperazin-1-yl)-propan-2-ol (3b) was effective in reducing the reinforcing effects of both cocaine
and methamphetamine, but did not exhibit psychostimulant behaviors itself. While further
development of 3b is ongoing, diastereomeric separation, as well as improvements in potency and
pharmacokinetics were desirable for discovering pipeline drug candidates. Thus, a series of bis(4-
fluorophenyl)methyl)sulfinyl)alkyl alicyclic amines, where the piperazine-2-propanol scaffold was
modified, were designed, synthesized and evaluated for binding affinities at DAT, as well as the
serotonin transporter and sigmaj receptors. Within the series, 14a showed improved DAT affinity
(K;=23 nM) over 3b (K;=230 nM), moderate metabolic stability in human liver microsomes, and
a hERG/DAT affinity ratio = 28. While 14a increased locomotor activity relative to vehicle, it was
significantly lower than activity produced by cocaine. These results support further investigation
of 14a as a potential treatment for psychostimulant use disorders.
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INTRODUCTION

Deaths related to drug overdose within the United States are rising rapidly, with less

than 17,000 deaths in 1999, and reaching 70,237 deaths in 2017.1 Despite warnings by

the Drug Enforcement Agency (DEA) of a national rebound in cocaine initiates and
cocaine poisoning deaths, it has now become the third highest-killing illicit substance,
behind synthetic opioids, such as fentanyl, and heroin.l: 2 Regrettably, pharmacotherapeutic
treatments for those addicted to psychostimulants, like cocaine and methamphetamine, have
yet to be approved by the FDA, and thus, psychostimulant use disorders are currently
treated exclusively with behavioral therapies.3 An overwhelming need for the development
of a medication-assisted treatment (MAT) for psychostimulant use disorders has been
exemplified by the superior outcomes in MAT programs for opioid users versus solely
behaviorally-based treatments.4’

Cocaine binds to the dopamine transporter (DAT), blocking the reuptake of dopamine
(DA), enhancing dopaminergic neurotransmission, and resulting in feelings of euphoria and
reward that can lead to abuse.8~13 Drug development efforts to design a small molecule
that competitively blocks cocaine at DAT, while possessing low abuse potential, have led to
once promising compounds like JHW00714-17 and GBR12909 (vanoxerine).18-20 Owing to
its favorable results in animal models of cocaine use disorders, GBR12909 was advanced
into Phase | clinical trials before failing, due to rate-dependent QTc elongation in healthy
subjects.18. 21-23

Modafinil (1, Figure 1) and its (F)-enantiomer are FDA approved as prescription
medications to promote wakefulness in those suffering from narcolepsy, shift work sleep
disorder, and obstructive sleep apnea.24-26 Modafinil is a DA uptake blocker, but does

not exhibit cocaine-like abuse potential in animal models.2> 27 Similar to treatment of
attention deficit hyperactivity disorder (ADHD) using DAT ligands (amphetamine and
methylphenidate), 1 is used off-label as a cognitive enhancer but exhibits limited addiction
liability in humans.2® Results of studies investigating 1 as a treatment for psychostimulant
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use disorders in humans have shown mixed results. When cocaine-dependent subjects were
treated with 1 coupled to cognitive behavioral therapy vs. placebo, a reduction in cocaine use
was observed, as measured by cocaine-negative urine samples; however, in a larger study,
there were no significant differences between 1 and placebo.28 More recently, a large clinical
trial in cocaine-dependent subjects showed no significant difference between 1 and placebo;
however, a subpopulation of non-alcohol abusing cocaine-dependent subjects exhibited an
increase in cocaine-free days and an overall reduction in cocaine cravings when treated with
1.29 For these reasons, our group has focused on chemically modifying modafinil in the
search for a safe and more effective pharmacotherapy for the treatment of psychostimulant
use disorders.30-32 Of note, others have also expanded on DAT SAR with thiazole analogues
of modafinil and are investigating them in rodent models of memory enhancement.33. 34

Two compounds resulting from our efforts, 2b and 3b (Figure 1), were found to bind with
higher affinity both at rat and human DAT (rDAT and hDAT, respectively) compared to
1.32 Binding assays with a Y156F mutant of hDAT confirmed that both compounds bind
DAT differently than cocaine, showing a binding profile more similar to JHW007.27: 35-37
Curiously, in rodent models, 2b displayed a cocaine-like behavioral profile, whereas 3b
did not.38 In contrast, pretreating rodents with 3b decreased self-administration of cocaine
and reduced cocaine-induced reinstatement to drug seeking behaviors.3”: 38 Based on these
findings,27- 31 39. 40 2 and 3b were characterized for their binding modes in the central
ligand binding site of hDAT using molecular dynamics (MD) simulations3® Interestingly,
DAT preferred an outward open conformation in the presence of 2b, similar to cocaine,
whereas DAT preferred a more occluded conformation when 3b was bound, providing an
explanation, at the molecular level, for the observed behavioral profiles.32: 4143

While inhibition of DAT has hitherto been our strategy in developing potential
psychostimulant use disorders, dual inhibition of o1 receptors and DAT has been shown

to significantly reduce cocaine’s reinforcing effects in animal models of cocaine abuse.44 4°
One hypothesis posits that this is the result of sigma; receptor (c1R) modulation of

DAT conformation.%6 DAT inhibitors with high affinity for 1R have also been reported

to attenuate the reinforcing actions of methamphetamine measured in self-administration
tests.37- 47 Moreover, a recent study reported that methamphetamine might activate o1R,
leading to oxidation of a cysteine residue on VMAT2, which would be responsible for a
reduction in the vesicular transport of DA, thus potentiating the dopaminergic actions of
methamphetamine.*® However, recent studies also found that activation (not blockade) of
o1R would attenuate methamphetamine induced ambulatory activity, motivated behaviors,
and enhancement of brain reward stimulation.*® As there are evident relationships between
DAT and olR, understanding how our compounds bind a1R will prove beneficial.

Generally, within the bis(4-fluorophenyl)methyl)sulfinyl)ethylpiperazines series,3? the
sulfoxide analogues have lower affinity for DAT than their sulfide counterparts. For
example, the sulfide analogue of 3b, 3a, has higher DAT affinity than 3b (DAT K;=37.8 +
8.72 nM vs. 230 + 40.5 nM), however, 3a was determined to be metabolically unstable, with
a half-life of 14 min in rat liver microsomes, whereas 3b had a half-life of 126 min.3” Hence,
our focus has primarily been on the development of sulfoxides. Furthermore, the sulfoxide
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analogues tend to possess lower potency at hERG,3” a highly beneficial characteristic for
drugs vying for clinical trials.50-53

hERG, the human ether-a-go-go-related potassium channel, is involved in the repolarization
of the cardiac action potential.21: 59-54 Mutation or drug inhibition of this channel leads to
delays in repolarization, which then leads to prolonged QT syndrome and the lethal cardiac
arrhythmia torsade de pointes.51-53 The hERG channel is highly promiscuous and binds a
wide range of molecules, including those that possess aromatic groups, primarily because of
its tyrosine 652 and phenylalanine 656 residues, and those with positively charged groups
(e.g., protonatable amines), due to the strong electrostatic environment within the pore.51-53
Numerous drugs have been withdrawn from the market due to cardiotoxicity related to
hERG inhibition, and although not all hERG blockers lead to lethal cardiotoxicity, there

are strong correlations.®® Thus it is a metric that the FDA mandates reporting prior to
progressing to clinical trials.>®

While 3b is currently being developed as a medication candidate for psychostimulant use
disorder, we sought to improve its DAT affinity, metabolic stability and hERG profiles
through chemical modifications of the N-terminus. The objective of this series was to find
analogues of 2a, 2b, 3a and 3b that displayed higher affinity for DAT and potentially o1R,
were metabolically stable, and showed an acceptable hRERG/DAT affinity ratio.

While the piperazine scaffold is a widely used and effective building block in drug design,

it is also highly vulnerable to various drug metabolizing enzymes and often binds to hERG,
due to its electron rich nature.%8 To potentially bypass these problems, while attempting to
preserve high DAT affinity, we set out to explore the effects imparted by (1) the amidation
of the terminal piperazine nitrogen (Figure 2, red), (2) the oxidation and reduction of

the terminal alcohol moiety (Figure 2, pink), (3) varying the substitution on the terminal
phenyl group of 2 with electron donating and withdrawing groups (Figure 2, green), (4)
varying the alicyclic amine linker (Figure 2, orange), and (5) resolving the secondary alcohol
chiral center (Figure 2, pink). The cis-2,6-dimethylpiperazine and 2,8-diazaspiro[4.5]decane
scaffolds inspired by compounds listed in Figure 3 were introduced as alternative alicyclic
amine moieties. The c¢/s-2,6-dimethylpiperazine group of rimcazole (5), was chosen to
attenuate the pKa of the terminal tertiary amine on the piperazine, which should decrease
hERG affinity. As rimcazole is a good DAT inhibitor (K;=97.7 £ 12 nM), the additional
methyl groups were not anticipated to decrease binding of the new compounds at DAT. The
2,8-diazaspiro[4.5]decane group, shown recently in a series of highly selective D3 receptor
antagonists (6),5"- 58 not only decreases lipophilicity, thus potentially decreasing hERG
affinity,>0 but also increases metabolic stability as the piperazine scaffold is replaced.>®

All final compounds were evaluated for DAT and SERT binding in rat brain (Table 1; NET
binding for select compounds is reported in Table S3). o1R binding in guinea pig brain was
also evaluated for continued investigation of a previous hypothesis, that compounds with
dual DAT/a1R inhibitor profiles may be more therapeutically beneficial over DAT selective
inhibitors.44 59-63 |n addition, a subset of compounds were tested for their hERG binding
profile. Furthermore, a subset of analogues was also tested on cell lines overexpressing DAT
and the Y156F mutant. The affinity ratio between the binding affinity to WT DAT and its
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Y156F mutant has previously been used to predict if a compound demonstrates a classical
or more atypical DAT binding profile, as reported for (/)-modafinil, 2b and 3b.27 Based on
these findings, the stereoisomers of 2b, 3b, and several of the analogues described herein
were evaluated for metabolic stability in mouse liver microsomes, as well as hERG affinity.
Finally, compound 14a and its diastereomers (14b, c), were chosen as new lead compounds
and compared to cocaine for their effects on locomotor activity in mice.

CHEMISTRY

Syntheses of novel sulfenylalkylamine (8a-8g, 11a-11d) and sulfinylalkylamine

analogues (9a-9¢e, 12a-12c) were achieved as depicted in Scheme 1 and

Scheme 2. Epoxide ring opening using the appropriate oxiranes with 1-(2-((bis(4-
fluorophenyl)methyl)thio)ethyl)piperazine 7 gave alcohols 8a-8c in quantitative yield.32
Alkylation of 7 with the appropriate halides provided compounds 8d, 8e and 8g in 66%
—-84% yield. Amidation of the appropriate carboxylic acids using 1,1’-carbonyldiimidazole
(CDI) gave amide 8f in 86% yield. To understand the effect of stereochemistry on DAT, the
stereoisomers of 2b were resolved using commercially available (25)- or (2R)-1-chloro-3-
phenylpropan-2-ol to give 9d and 9e.

Synthesis of compound 10b was achieved using methods similar to 10a.32 Dehydration of
bis(4-fluorophenyl)methanol with 3-mercaptopropan-1-ol in the presence of trifluoroacetic
acid, followed by treatment with K,COg3 in H,O/acetone provided the sulfide alcohol in
quantitative yield. Bromination via Appel conditions gave 10b in 98% yield. Alkylation of
bromides 10a32 and 10b, with the appropriate piperazines provided compounds 11a-11d.
Lastly, oxidation of all sulfenylamine compounds (8a-8e, 11a-11c) using hydrogen peroxide
in an acetic acid/methanol solution gave the sulfinylamine compounds (9a-9e, 12a-12c) in
35-60% vyield. Similarly, the stereoisomers of 3b (12a and 12b) were synthesized using
either commercially available (S)- or (R)-propylene oxide.

The cis-dimethylpiperazine series was achieved through similar methods as the piperazine
analogues (Scheme 3). Alkylation of ¢/s-2,6-dimethylpiperazine with 10a afforded
intermediate 13, and the sulfenyl products 14a-14d were obtained through ring epoxide
opening with the appropriate oxiranes. Subsequent oxidation of the sulfenyl compounds
into the sulfinyl products gave 15a and 15b. As 14a showed promising pharmacological
properties for our purposes, its stereoisomers 14b and 14c were also synthesized using
commercially available (S)- or (R)-propylene oxide for comparison.

As for the diazaspiro compounds (Scheme 4), the sulfenyl products 18a and 18b were again
obtained through similar methods as previous products. Alkylation of 10a with tert-butyl
2,8-diazaspiro[4.5]decane-2-carboxylate, followed by Boc deprotection afforded 17. The
terminal alcohol moieties were installed using the appropriate oxiranes to afford 18a and
18b, and final oxidation of 18a gave the sulfinyl product 19.
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BIOLOGICAL RESULTS AND DISCUSSION

SAR at DAT, SERT and ol1R.

All final compounds (8, 9, 11, 12, 14, 15, 18 and 19) were evaluated for binding at DAT
and SERT in rat brain membranes and o1R in guinea pig brain membranes, and compared
to known DAT inhibitors 1-4 (Figure 1, Figure 3). The binding affinities (Kjvalues) are
presented in Table 1.

In general, the sulfinylamine compounds were less potent DAT inhibitors than their
sulfenylamine precursors, with the exception of 8b and 9b, although the difference between
the two was negligible. Unsurprisingly, the compounds with a phenyl-2-propanol terminus
had the lowest DAT K;values and higher affinity when compared to their non-aromatic
counterparts, similar to 2 versus 3. 8b and 9b had the lowest DAT affinities within that
group, likely because of the compounding bulk and electron withdrawing effects of the
p-CF3 group, whereas 8a, 8c, 8d and 8e were comparable to 2a, and 9a, 9c, 9d and e
were comparable to 2b. Modifying the terminal amine of the piperazine to an amide, with or
without a phenyl terminus (8f and 11d respectively), resulted in DAT K; values in the low
micromolar range, confirming the MD simulation findings that the terminal tertiary amine
is crucial for DAT binding.38 Oxidizing the 2-propanol of 3 to 2-propanone (8g) increased
the DAT K;, decreasing DAT affinity by ~5 fold compared to 3a, which also agreed with the
MD simulation of 3b in DAT, where the hydroxyl group in the 2-propanol end participates
in binding.38 Converting the piperazine linker to the c¢is-2,6-dimethylpiperazine scaffold did
not alter the DAT Kj’s significantly, as anticipated.

As our goal in modifying the alicyclic amine linker was aimed at lowering the rate of
metabolism and decreasing hERG affinity, the lack of change in DAT binding was ideal.

The diazaspiro compounds (18b and 19), however, showed relatively lower DAT binding
affinities compared to their parent analogues (3a and 3b respectively), and were not selective
for DAT over SERT. Interestingly, both compounds showed a binding preference for o1R
over either DAT or SERT. The extension of the alkyl chain between the sulfur and piperazine
and removal of the alcohol (11c and 12c) increased DAT K; values when compared to 2a and
2b.

The resolved diastereomers of 3b (12a and 12b) showed no appreciable enantioselectivity
at DAT or SERT, and the same was observed for the diastereomers of 2b and 14a, 9d and
9¢, and 14b and 14c, respectively. Although the (S)-diastereomer in all cases (8d, 9d, 11a,
12a and 14b) had lower K;j’s than the (/)- diastereomers (8e, 9e, 11b, 12b and 14c), the
differences were minimal.

In most cases, these novel analogues were highly DAT selective when compared to SERT,
with the exception of (as mentioned) amides 8f and 11d, and diazaspiro compounds 18b and
19, where DAT and SERT Kj’s were equivalent.

With respect to o1R binding, compounds without a phenyl terminus showed high affinity
binding, which is the reverse trend when compared to DAT binding, however, in general the
sulfides had higher affinities for o1R than the sulfoxides, as seen at DAT. Compounds 8f,
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11d, and 8g were olR selective compared to either monoamine transporter, with 8g being
the best o1R inhibitor amongst all the compounds shown (K = 1.08 nM). Interestingly,
while stereochemistry had very little effect on DAT binding, a significant difference between
the olR K; of sulfoxides 9e and 9d, and to a lesser extent, 12b and 12a was observed. This
difference was not observed between the sterecisomers of their sulfide precursors.

Compounds 14a, 15a and 15b were tested for their potencies in blocking hERG. As
predicted, the cis-2,6-dimethylpiperazine analogue of 3b, 15a, had the lowest affinity for
hERG amongst this series of compounds, while 15b had the highest, reflecting the literature
and hERG results of their predecessors.21: 32. 50-55 |mportantly, the hERG/DAT affinity ratio
of the sulfenyl compound 14a was much higher than that of its parent compound 3a (28

and 3 respectively) and comparable to 15a (30). Fortuitously, compounds with an affinity
ratio >30-fold are unlikely to produce a QT prolongation effect.54 With a significantly higher
DAT affinity than 3b and an acceptable hERG/DAT affinity ratio, 14a has development
potential as a MAT for psychostimulant use disorders.

Molecular pharmacology and mutagenesis studies

We next evaluated the binding ratios of compounds 14a, 15a, 15b and 18b in DAT

wildtype (WT) and the Y156F mutant to preliminarily assess the nature of DAT binding

in vitro, as has been done previously with earlier generation analogues of benztropine and
modafinil.27: 32. 40 |n DAT WT, the OH-group of Tyr156 is suggested to generate an H-bond
to Asp79, which initiates occlusion of the binding site to the extracellular environment

after substrate binding. Molecular docking simulations®® and X-ray crystallography®® have
suggested that cocaine prefers to bind DAT in an outward facing conformation that does not
interfere with the H-bond formation. Hence there is little binding affinity difference between
the WT and Y156F mutant DAT for cocaine and cocaine-like compounds.32 In contrast,
binding of the atypical DAT inhibitors induce a more occluded conformation, which depends
on the Tyr156-Asp79 H-bond formation.2”: 38. 39. 65,66 Hence mutation of Y156 typically
decreases the binding affinity of atypical DAT inhibitors resulting in a >2-fold decrease in Kj
between DAT WT and the DAT Y156F mutation (see Table 2, affinity ratio).27: 36

Inhibition of [3H]WIN35,428 binding on COS7 cells transiently expressing WT DAT or
Y 156F was determined. All tested analogues showed a significant decrease in binding
affinity for Y156F relative to WT DAT in contrast to cocaine or its higher affinity analogue,
WIN35,428 (Table 2). We have previously reported that 2b, based on the Y156F binding
assay assessment, may be an atypical DAT inhibitor, however, pre-clinical behavioral
evaluation demonstrated it had a more cocaine-like behavioral profile.38 Thus, although
the Y156F/WT DAT ratio suggests that these compounds bind differently than cocaine, it
does not always predict their behavioral profiles. Of note, Kj values (nM) for inhibition of
[BH]DA uptake were obtained in this same cell line for 14a = 100 [79.9; 125]; 15a = 552
[490; 621]; 15b = 11.1 [5.70; 21.8] and 18b = 268 [228;315] using methods previously
described.32 These data closely correspond to the K; values found in the WT DAT binding
assay (Table 2.)
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Metabolic Stability in Mouse Microsomes.

A subset of analogues (8a, 8d, 8e, 9a-e, 12c, 14a, 15a, 15b, 18b) were tested for phase

| metabolism following procedures previously described®’ to predict the susceptibility to
Phase I metabolism following /n7 vivo administration. As seen in Table S2, similar to

2b, compounds with a phenyl-propanol terminus (8a, 8d, 8e, 9a-e, 12c and 15b) were
highly susceptible to phase I metabolism, with almost no compound present after 60 min.
In contrast, the stereoisomers of 3b, 12a and 12b, both exhibit exceptional and similar
metabolic stability, more so than 3b (¢;,,= 126 min).

Within the modified alicyclic amine compound series (Table S2 and Figure S1), compounds
15a and 18b exhibited moderate stability with 30-44% of both compounds remaining in
mouse microsomes fortified with NADPH. In contrast, compound 14a and 15b underwent
substantial phase | metabolism with <10% remaining in microsomes fortified with NADPH
at 1 h, suggesting CYP dependent metabolism of the compounds, and relatively short /n
Vitro t,. Since 18b contains a diazaspiro linker instead of the classic piperazine, the
metabolism result was not surprising as the typical piperazine degrading phase | metabolic
enzymes would be ineffective against that moiety.?6 Furthermore, the sulfinyl compound 15a
was more stable than its sulfenyl counterpart 14a, a preserved trend when compared to 2b
and 3b versus 2a and 3a. However, the ¢is-2,6-dimethylpiperazine scaffold did not improve
metabolic stability in mice as observed with 14a and 15a.

At a glance, the poor metabolic stability of 14a seems problematic (Figure 4), however,
further metabolite identification studies revealed 13 as one of the major metabolites for

14a (Figure S1). Interestingly, 13 is an active metabolite with moderately high affinity

for DAT and o1R (K;=92.3 £5.6 nM and 111 + 4.76 respectively), hence, this rapid
metabolism may not be disadvantageous. Furthermore, the (/)-enantiomer (14c), showed
higher stability than the (S)-enantiomer (14b) at 30% and 10%, respectively (Table S2).
Additionally, metabolism in mice is typically quite rapid and not necessarily a reflection of
higher species. Indeed, human liver microsome studies showed modest stability >30% of
14a and its enantiomers (14b, 14c) remaining after 60 min suggesting that 14a, 14b and 14c
remain useful tools for /n vivo studies (Figure S2).

Locomotor activity of 14a-c compared to cocaine in mice

While 15b had the highest DAT affinity in this subset, with a Y156F/WT DAT affinity
ratio of 5.8, our recent discovery that its parent compound, 2b, despite a similarly high
Y156F/WT DAT ratio, was indeed cocaine-like behaviorally,38 dampened our enthusiasm
for further evaluating this compound /n vivo. Thus, based on the overall profiles /n

vitro, 14a-c were chosen as the best candidates for in vivo characterization, starting with
locomotor activity studies in mice. Figure 5 shows the effects of 14a-c on locomotor
activity compared to cocaine and 3b (data for 3b were reanalyzed from Keighron et al.
2019,58 see methods for details). Systemic administration (i.p.) of cocaine (3, 10, 17 and
30 mg/kg) produced an increase in ambulatory activity, measured as maximum distance
traveled in 30 minutes, that was significantly higher from that produced by 14a (1, 3,

10 mg/kg, and 30 mg/kg) and 3b (3, 10, 30 and 56 mg/kg) (Two-way ANOVA, main
effect Drug: F2,75= 53.18, p<0.01; main effect Dose: F4,75=12.87, p<0.01; Drug by Dose
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interaction: F8,75=6.41, p<0.01). Mice injected with 14a showed an increase in locomotion
that was significantly higher than the effect exhibited by 3b (p<0.05), but not significantly
different than vehicle (p>0.05). The enantiomers of 14a, 14b and 14c, showed similar
effects when compared to 14a (two-way ANOVA, main effect Drug, F2,45=0.08, NS; main
effect Dose, F2,45=3.1, NS; Drug by Dose interaction, F4,45=0.16, NS). It is worth noting
that compound 14a and its enantiomers showed levels of behavioral activity similar to
those reported by Desai et a/.5% and Schmeichel et a/.70 for an atypical DAT inhibitor

with potential therapeutic efficacy for ADHD. In the latter report, administration of the
benztropine analogue AHN 2-005 (A-allyl-3a-[bis(4’-fluorophenyl)methoxy]tropane) did
not significantly increase quadrant entering (an index of ambulatory activity) or rearing, but
only modestly increased quiet wake.”?

CONCLUSION

In summary, herein we have synthesized a series of novel analogues of 2 and 3 that have

a range of DAT affinities and selectivities over SERT. Specifically, we have extended SAR
at the DAT by manipulating the ethylpiperazine linker, propanol terminus, and substitution
on the phenyl ring of 2. All compounds were tested for binding to DAT and SERT, as well
as olR. In addition, a subset of compounds (3b, 14a, 15a, 15b) were tested for NET and
other off-target binding interactions (Table S3—-S9). There were no significant interactions
observed at a concentration of 100 nM for any of these compounds at any off target tested
and most of these analogues were also inactive at 10 uM. When tested against hERG, 15a
had the lowest affinity, whereas 15b had the highest (Table 1). Interestingly, the hERG/DAT
affinity ratio of 14a was similar to that of 15a (28 and 30 respectively). We tested a subset
of analogues (14a, 14d, 15a, and 18b) in binding assays for affinities at both the WT

and Y156F DAT mutant to determine if they demonstrated atypical binding profiles, as
previously reported for (x)-modafinil, 2b and 3b.2” These data suggest that 14a did indeed
bind the DAT in a conformation that was more similar to atypical DAT inhibitors (affinity
ratio = 4.6) supporting further development.

Phase | metabolism studies showed that 14a was rapidly metabolized in mouse liver
microsomes (£7,2 ~ 20 min), although its major metabolite (13) was also a DAT inhibitor.
However, 14a and its enantiomers were more stable in human liver microsomes (¢,,> 40
min). Given that the major metabolite is also active at DAT and based on these collective /n
vitro data, compound 14a was chosen as the lead candidate for further /n vivo investigation.
We discovered, that similar to previously reported atypical DAT inhibitors,15: 26. 32, 69-74
compound 14a produced only moderate locomotor stimulation in mice and was substantially
less efficacious than cocaine. These results are consistent with an atypical DAT inhibitor
profile and suggest that 14a may be a potential lead for development as a therapeutic for
psychostimulant abuse. Further investigations of this compound in rodent models of cocaine
abuse are underway to extend testing of the atypical DAT inhibitor hypothesis, as well as

to further investigate the role of o1 receptors in the behavioral profile of these agents.32: 37
As 14a also binds with high affinity to o1 receptors (K; = 5.62 nM) and has ~4-fold

higher binding affinity than at DAT, its dual DAT/o1 receptor targeting may prove to be an
important mechanistic underpinning of its potential therapeutic profile.
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EXPERIMENTAL METHODS

Synthesis.

All chemicals and solvents were purchased from chemical suppliers unless otherwise stated,
and used without further purification. 1H and 13C NMR spectra were acquired using a Varian
Mercury Plus 400 spectrometer at 400 MHz and 100 MHz, respectively. Chemical shifts

are reported in parts-per-million (ppm) and referenced according to deuterated solvent for
1H NMR spectra (CDCls, 7.26 or acetone-d, 2.05) and 13C NMR spectra (CDCl5, 77.2 or
acetone-ag, 29.8 and 206.0). Gas chromatography-mass spectrometry (GC/MS) data were
acquired (where obtainable) using an Agilent Technologies (Santa Clara, CA) 7890B 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 5977B 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 (70°C) was held for 1 min
and then increased to 300°C at 20°C/min over 11.5 min, and finally maintained at 300°C for
4 min. All column chromatography was performed using a Teledyne Isco CombiFlash RF
flash chromatography system. Combustion analyses were performed by Atlantic Microlab,
Inc. (Norcross, GA) and agree with * 0.4% of calculated values. All melting points were
determined on an OptiMelt automated melting point system and are uncorrected. On the
basis of NMR and combustion data, all final compounds are >95% pure.

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)-3-(4-
fluorophenyl)propan-2-ol (8a).—Compound 8a was prepared

using the method that was previously described32

using 7 (455mg, 1.3 mmol) and 2-(4-fluorobenzyl)oxirane (198 mg, 1.3 mmol) to give

the product (650 mg, 100% yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) 67.33-7.36
(m, 4H), 7.12-7.19 (m, 2H), 6.94-7.02 (m, 6H), 5.18 (s, 1H), 2.75-3.88 (m, 1H), 2.45-2.73
(m, 16H); 13C NMR (100 MHz, CDCl3) 6163.1, 162.8, 160.6, 160.4, 137.0, 136.9, 133.9,
130.7, 130.6, 129.8, 129.7, 115.7, 115.4, 115.2, 115.0, 67.1, 63.3, 57.8, 53.1, 52.9, 40.4,
29.4. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 210-211°C. Anal. (C2gH31F3N>0S - 2C,H,0, - 0.25H,0) C, H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)-3-(4-
(trifluoromethyl)phenyl)propan-2-ol (8b).—Compound 8b was

prepared as described for 8a using 7

(455mg, 1.3 mmol) and 2-(4-(trifluoromethyl)benzyl)oxirane (264 mg, 1.3 mmol) to give the
product 8b (700 mg, 98% yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) §7.53-7.55
(m, 2H), 7.33-7.36 (m, 6H), 6.96-7.10 (m, 4H), 5.18 (s, 1H), 2.82-3.92 (m, 1H), 2.27-2.79
(m, 16H); 13C NMR (100 MHz, CDCl3) 6§163.2, 163.1, 142.5, 137.0, 136.7, 129.8, 129.7,
129.6, 125.3,125.2, 125.2, 122.9, 115.7, 115.6, 115.5, 115.4, 66.7, 63.3, 57.7, 53.1, 52.9,
52.8, 41.0, 29.4, 29.3. The free base was converted to the oxalate salt and recrystallized from
methanol to give a white solid. Mp 209-210°C. Anal. (CygH31F5N,0S - 2C,H,04) C, H, N.
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1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)-3-(4-
methoxyphenyl)propan-2-ol (8c).—Compound 8c was

prepared as described for 8a using 7 (455 mg, 1.3

mmol) and 2-(4-methoxybenzyl)oxirane (195 mg, 1.3 mmol) to give the product (650 mg,
98% yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) §7.34-7.36 (m, 4H), 7.12-7.14
(m, 2H), 7.97-7.02 (m, 4H), 6.82-6.84 (m, 2H), 5.18 (s, 1H), 3.82-3.86 (m, 1H), 3.78 (s,
3H), 2.25-2.75 (m, 16H); 13C NMR (100 MHz, CDCl3) §163.1, 160.6, 158.1, 137.0, 136.9,
130.2,129.8, 129.7, 115.7, 115.6, 115.4, 113.8, 67.3, 63.3, 57.8, 55.2, 53.1, 52.9, 40.4,
29.4. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 207-208 °C. Anal. (CogH34F2N>05S - 2C,H»0, - 0.25H,0) C, H, N.

(S)-1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)-3-
phenylpropan-2-ol (8d)—A mixture of 7 (348

mg, 1.00 mmol), commercially available (S)-1-chloro-3-phenylpropan-2-ol

(204 mg, 1.20 mmol), K,CO3 (552 mg, 4.0 mmol) and KI (catalytic) in acetonitrile (30 mL)
was refluxed overnight. The solvent was removed, H,O (50 mL) was added to the residue,
and the aqueous mixture was extracted with ethyl acetate (3 x 50 ml). The organic layer was
dried over MgSQy, the solvent was removed /n vacuo, and the crude product was purified
by flash column chromatography (ethyl acetate/TEA = 95:5) to give 8d (320 mg, 66%

yield) as a yellow oil. [a]& +24.79 (MeOH, ¢ = 0.73); 1H NMR (400 MHz, CDCl3) 67.18—

7.36 (m, 9H), 6.96-7.01 (m, 4H), 5.18 (s, 1H), 3.85-3.92(m, 1H), 2.76-2.82 (m, 1H), 2.56-
2.68 (m, 3H), 2.26-2.54 (m, 12H); 13C NMR (100 MHz, CDCl3) §163.1, 160.6, 138.2,
137.0,129.8, 129.7, 129.3, 128.3, 126.3, 115.6, 115.3, 67.2, 63.4, 57.8, 53.1, 52.9, 41.3,
29.4. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 208-209°C. Anal. (C28H32F2N203 - 2CoH504 - 0.25H20) C,H,N.

(R)-1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)-3-
phenylpropan-2-ol (8e).—Compound 8e was prepared

as described for 8d using 7 (348 mg, 1.00 mmol), commercially available
(R)-1-chloro-3-phenylpropan-2-ol (204 mg, 1.20 mmol) to give the product (350 mg,
73% yield) as a yellow oil. [«]3 —24.80 (MeOH, ¢=0.75). 'H NMR (400 MHz, CDCl3)

57.19-7.36 (m, 9H), 6.95-7.01 (m, 4H), 5.18 (s, 1H), 3.87-3.91(m, 1H), 2.77-2.82 (m,
1H), 2.27-2.69 (m, 15H); 13C NMR (100 MHz, CDCl3) §163.1, 160.6, 138.2, 137.0, 129.8,
129.7,129.3, 128.3, 126.3, 115.7,115.6, 115.4,115.3, 67.2, 63.4, 57.8, 53.1, 52.9, 41.3,
29.4. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 208-209°C. Anal. (C28H32F2N208 - 2CoH504 - 0.25H20) C,H,N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)-2-phenylethan-1-
one (8f).—A mixture of CDI (243 mg, 1.50 mmol), and 3-phenylpropanoic acid (225

mg, 1.50 mmol) in THF (12 mL) was stirred at room temperature under argon. After

2 h, 7 (523 mg, 1.50 mmol) in THF (7 mL) was added and the reaction mixture was

stirred overnight at room temperature. Solvent was removed and the reaction residue was
purified by flash column chromatography (ethyl acetate/TEA = 95:5) to give 8f (620 mg,
86% yield) as a yellow oil. 1H NMR (CDCl3) §7.18-7.36 (m, 9H), 6.97-7.01 (m, 4H), 5.16
(s, 1H) 3.58-3.59 (m, 2H), 3.34-3.35 (m, 2H), 2.92-2.95 (m, 2H), 2.49-2.60 (m, 6H), 2.22—
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2.33 (m, 4H); 13C NMR (CDCls) §170.5, 163.1, 160.7, 141.2, 136.9, 136.8, 129.8, 129.7,
128.5,128.4, 126.2, 115.7, 115.6, 115.5, 115.4, 57.5, 53.0, 52.9, 52.5, 45.3, 41.3, 34.9, 31.5,
29.3. The free base was converted to the oxalate salt and recrystallized from hot isopropanol
to give a white solid. Mp 190-191°C. Anal. (CygH3gF2N20S - CoH20y4) C, H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)propan-2-one (89g).
—Compound 8g was prepared as 8d using 1-bromopropan-2-one (137.0 mg, 0.73 mmol)

to give the product (340 mg, 84% yield) as yellow oil. 1H NMR (CDCl3) §7.32-7.36 (m,
4H), 6.96-7.00 (m, 4H), 5.18 (s, 1H), 3.12-3.17 (m, 2H), 2.46-2.56 (m, 12H), 2.12-2.13
(m, 3H); 13C NMR (CDCl3) 6206.3, 163.1, 160.6, 137.0, 129.8, 129.7, 115.7, 115.6, 115.5,
115.4,68.1, 58.3, 57.8, 53.3, 52.9, 52.8, 52.7, 32.4, 32.3, 32.0, 29.3, 29.2, 27.7. The free
base was converted to the oxalate salt and recrystallized from hot isopropanol to give a white
solid. Mp 222-223°C. Anal. (Cy2H26F2N20S - 2C,H,04) C, H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)-3-(4-
fluorophenyl)propan-2-ol (9a).—Compound 9a was prepared

as previously described32 using 8a (360 mg, 0.72 mmol) to give the

product (140 mg, 38% yield) as a yellow oil. 1H NMR (400 MHz, CDCls) §7.35-7.42 (m,
4H), 6.93-7.12 (m, 8H), 4.91 (s, 1H), 3.82-3.88 (m, 1H), 2.25-2.82 (m, 16H); 13C NMR
(100 MHz, CDCl3) §164.0, 163.7, 162.0, 161.5, 161.3, 160.4, 133.9, 131.7, 131.0, 130.9,
130.7, 130.5, 130.3, 116.4, 116.2, 115.8, 115.6, 115.2, 115.0, 69.8, 67.1, 63.3, 53.1, 50.8,
48.2, 40.4. The free base was converted to the oxalate salt and recrystallized from methanol
to give a white solid. Mp 199-200°C (dec.). Anal. (CygH31F3N205S - 2C,H,0,4) C, H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)-3-(4-
(trifluoromethyl)phenyl)propan-2-ol (9b).—Compound 9b was

prepared as previously described32 using 8b (360 mg,

0.72 mmol) to give the product (150 mg, 41% vyield) as a yellow oil.

1H NMR (400 MHz, CDCl3) 6§ 7.52-7.55 (m, 2H), 7.33-7.42 (m, 6H), 7.04-7.11 (m, 4H),
4.91 (s, 1H), 3.87-3.93 (m, 1H), 2.31-2.78 (m, 16H); 13C NMR (100 MHz, CDCl3) 6 164.0,
163.8, 161.6, 161.3, 142.5, 131.7, 131.0, 130.9, 130.5, 130.3, 130.0, 129.1, 129.1, 128.8,
128.5,116.4, 116.2, 116.1, 115.9, 115.6, 69.8, 66.8, 63.3, 53.1, 50.8, 48.2, 41.1, 41.0, 40.9.
The free base was converted to the oxalate salt and recrystallized from methanol to give a
white solid. Mp 198-199°C (dec.). Anal. (C29H31F5N2023 - 2C9H50, - 0.25H20) C,H,N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)-3-(4-
methoxyphenyl)propan-2-ol (9c).—Compound 9c was prepared

as previously described32 using 8c (340 mg, 0.66 mmol) to give the product (160 mg, 59%
yield) as a yellow oil. TH NMR (400 MHz, CDCls) 67.36-7.42 (m, 4H), 7.04-7.13 (m, 6H),
6.82-6.84 (m, 2H), 4.92 (s, 1H), 3.79-3.86 (m, 1H), 3.78 (s, 3H), 2.29-2.77 (m, 16H); 13C
NMR (100 MHz, CDCl3) §164.0, 163.7, 161.6, 161.3, 158.2, 131.7, 131.0, 130.9, 130.5,
130.3,130.2, 116.4, 116.2, 115.8, 115.6, 113.8, 69.7, 67.4, 63.3, 55.2, 53.1, 50.8, 48.2, 40.3.
The free base was converted to the oxalate salt and recrystallized from methanol to give a
white solid. Mp 197-198°C (dec.). Anal. (CagH34F2N,03S - 2CoH,04 - 0.25H,0) C, H, N.
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(S)-1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)-3-
phenylpropan-2-ol (9d).—Compound 9d was prepared as

previously described2 using 8d (430 mg, 0.89 mmol) to give the product (160 mg, 36%
yield) as a yellow oil. [a]2D9 +21.29 (MeOH, ¢= 0.70). 1H NMR (400 MHz, CDCl3) §7.19-
7.42 (m, 9H), 7.04-7.11 (m, 4H), 4.93 (s, 1H), 3.88-3.92 (m, 1H), 2.28-2.83 (m, 16H); 13C
NMR (100 MHz, CDCl3) §164.0, 163.8, 161.5, 161.3, 138.2, 131.8, 131.0, 130.9, 130.6,
130.5, 130.3, 129.3, 128.4, 126.3, 116.4, 116.2, 115.9, 115.6, 69.8, 67.3, 63.4, 53.1, 50.8,
48.2, 41.3. The free base was converted to the oxalate salt and recrystallized from methanol
to give a white solid. Mp 196-197°C. Anal. (CygH32FoN205S - 2C,H,04) C, H, N.

(R)-1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)-3-
phenylpropan-2-ol (9e).—Compound 9e was prepared as

previously described32 using 8e (740 mg, 1.53 mmol) to give

the product (360 mg, 47% yield) as a yellow oil. [a]3’ —22.75 (MeOH, ¢ = 0.80). 'H NMR
(400 MHz, CDCl3) §7.20-7.42 (m, 9H), 7.05-7.11 (m, 4H), 4.92 (s, 1H), 3.88-3.92 (m,
1H), 2.32-2.84 (m, 16H); 13C NMR (100 MHz, CDCl3) 6164.0, 163.8, 131.0, 130.9, 130.5,
130.3, 129.3, 128.4, 126.3, 116.4, 116.2, 115.9, 115.6, 69.8, 67.3, 63.4, 53.1, 50.8, 48.2,
41.3. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 196-197°C. Anal. (C2gH32FoN205S - 2C,H,04 - 0.25H,0) C, H, N.

(Bis(4-fluorophenyl)methyl)(3-bromopropyl)sulfane (10b).—Compound 10b was
prepared as 10a which was previously published32 using 3-mercaptopropan-1-ol to give

the product as yellow oil. The product yield over two steps is 98%. 1H NMR (400 MHz,
CDCl3) 67.36-7.38 (m, 4H), 6.99-7.03 (m, 4H), 5.13 (s, 1H), 3.44-3.47 (m, 2H), 2.51-2.55
(m, 2H), 2.03-2.07 (m, 2H); GC/MS (EI) m/z 358 (M*)

(S)-1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)propan-2-ol
(11a)—Compound 11a was prepared as described for 8d using 10a (1.05 g, 3.00 mmol),
commercially available 1-(S)-(piperazin-1-yl)propan-2-ol (433 mg, 3 mmol) to give the
product (1.07 g, 88% yield) as a yellow oil. [a]%’ +24.56 (MeOH, ¢ = 0.90). 1H NMR

(400 MHz, CDCl3) 67.32-7.37 (m, 4H), 6.96-7.02 (m, 4H), 5.19 (s, 1H), 3.77-3.82 (m,
1H), 2.18-2.68 (m, 14H), 1.10-1.13 (m, 3H); 13C NMR (100 MHz, CDCl3) §163.1, 160.7,
137.0, 129.8, 129.7, 115.7, 115.5, 115.4, 65.5, 62.2, 57.8, 53.2, 53.1, 53.0, 52.8, 29.4, 29.3,
20.0. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 213-214°C. Anal. (Cy,H2gF2N»0OS - 2C,H,0, - 0.75H,0) C, H, N.

(R)-1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)propan-2-ol
(11b).—Compound 11b was prepared as described for 8d using 10a (1.05 g, 3.00 mmol),
commercially available 1-(R)-(piperazin-1-yl)propan-2-ol (433 mg, 3 mmol) to give the
product (680 mg, 56% yield) as a yellow oil. [«]3 —24.77 (MeOH, ¢=0.90). 1H NMR (400
MHz, CDCl3) 67.31-7.37 (m, 4H), 6.94-7.02 (m, 4H), 5.19 (s, 1H), 3.78-3.82 (m, 1H),
2.18-2.70 (m, 14H), 1.11-1.16 (m, 3H); 13C NMR (100 MHz, CDCls) §163.1, 160.7,
137.0,129.8, 129.7, 115.7, 115.5, 115.4, 65.5, 62.2, 57.8, 53.2, 53.1, 52.8, 52.9, 29.4, 20.0.
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The free base was converted to the oxalate salt and recrystallized from methanol to give a
white solid. Mp 200-201°C. Anal. (C»,H2gF2N,0OS - 2C,H,04) C, H, N.

1-(3-((Bis(4-fluorophenyl)methyl)thio)propyl)-4-(3-phenylpropyl)piperazine
(11c).—Compound 11c was prepared as described for 8d using 10b (985 mg, 2.76 mmol),
commercially available 1-(3-phenylpropyl)piperazine (564 mg, 2.76 mmol) to give the
product (1.1 g, 83% yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) 67.33-7.37 (m,
4H), 7.25-7.29 (m, 2H), 7.17-7.19 (m, 3H), 6.98-7.01 (m, 4H), 5.13 (s, 1H), 2.61-2.65

(m, 2H), 2.36-2.40 (m, 14H), 1.71-1.86 (m, 4H); 13C NMR (100 MHz, CDCl3) §163.1,
160.6, 142.0, 137.0, 129.8, 129.7, 128.4, 128.3, 125.8, 115.5, 115.3, 58.0, 57.2, 53.0, 52.5,
33.7,30.1, 28.5, 26.2. The free base was converted to the oxalate salt and recrystallized from
methanol to give a white solid. Mp 202-203 °C (dec.). Anal. (CygH34F2N5S - 2C2H,04) C,
H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)piperazin-1-yl)propan-1-one
(11d).—Compound 11d was prepared as 11a, using 10b (515 mg, 1.5 mmol), commercially
available 1-(piperazin-1-yl)propan-1-one (213.0 mg, 1.50 mmol) to give the product (600
mg, 100% yield) as yellow oil. *H NMR (400 MHz, CDCl3) 67.32-7.36 (4H, m), 6.96-7.10
(m, 4H), 5.16 (s, 1H), 3.56-3.59 (m, 2H), 3.40-3.58 (m, 2H), 2.47-2.55 (m, 4H), 2.27-2.36
(m, 6H), 1.09-1.13 (m, 3H); 13C NMR (100 MHz, CDCl3) §172.2, 163.1, 160.7, 136.9,
129.8,129.7, 115.7, 115.6, 115.4, 57.6, 53.2, 52.9, 52.6, 45.2, 41.4, 29.4, 26.4, 9.4. The free
base was converted to the oxalate salt and recrystallized from methanol to give a white solid.
Mp 168-170°C. Anal. (C22H26F2N208 ' C2H204 ' 0.25H20) C,H, N.

(S)-1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)propan-2-ol
(12a)—Compound 12a was prepared as previously described32 using 11a (420mg, 1.03
mmol) to give the product (220 mg, 51% yield) as a yellow oil. [«]& +22.00 (MeOH, ¢=

1.00). IH NMR (400 MHz, CDCl3) 67.37-7.42 (m, 4H), 7.04-7.11 (m, 4H), 4.93 (s, 1H),
3.78-3.83 (m, 1H), 2.19-2.83 (m, 14H), 1.11-1.12 (m, 3H); 13C NMR (100 MHz, CDCls)
6164.0,163.8, 161.6, 161.3, 131.8, 131.7, 131.0, 130.9, 130.5, 130.4, 130.3, 116.4, 116.2,
115.9, 115.6, 69.8, 65.5, 62.3, 53.1, 50.8, 48.2, 20.0. The free base was converted to the
oxalate salt and recrystallized from methanol to give a white solid. Mp 194-195°C. Anal.
(Co2HogF2N205S - 2C5H,0y4) C, H, N.

(R)-1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)piperazin-1-yl)propan-2-ol
(12b).—Compound 12b was prepared as previously described3? using 11b (470mg, 1.16
mmol) to give the product (170 mg, 35% yield) as a yellow oil. [a]]235 —-23.06 (MeOH, c=

0.85). IH NMR (400 MHz, CDCl3) §7.38-7.43 (m, 4H), 7.05-7.12 (m, 4H), 4.93 (s, 1H),
3.78-3.83 (M, 1H), 2.19-2.84 (m, 14H), 1.11-1.16 (m, 3H); 13C NMR (100 MHz, CDCls)
5164.0,163.8, 161.6, 161.3, 131.8, 131.7, 131.0, 130.9, 130.5, 130.4, 130.3, 116.4, 116.2,
115.9, 115.6, 69.8, 65.5, 62.2, 53.1, 50.8, 48.2, 20.0. The free base was converted to the
oxalate salt and recrystallized from methanol to give a white solid. Mp 188-190°C (dec.).
Anal. (C22H28F2N2023 : 2C2H204) C,H,N.
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1-(3-((Bis(4-fluorophenyl)methyl)sulfinyl)propyl)-4-(3-phenylpropyl)piperazine
(12c)—Compound 12c was prepared as previously described3? using 11c (600mg, 1.25
mmol) to give the product (370 mg, 60% yield) as a yellow oil. 1H NMR (400 MHz, CDCls)
67.37-7.41 (m, 4H), 7.25-7.29 (m, 2H), 7.16-7.19 (m, 3H), 7.05-7.11 (m, 4H), 4.77 (s,
1H), 2.32-2.65 (m, 16H), 1.76-1.96 (m, 4H); 13C NMR (100 MHz, CDCl3) §164.0, 163.7,
161.5, 161.3, 142.1, 131.8, 131.0, 130.9, 130.5, 130.3, 130.2, 128.4, 128.3, 125.7, 116.4,
116.2, 115.9, 115.6, 70.1, 58.0, 56.6, 53.1, 53.0, 48.8, 33.7, 28.6, 19.9. The free base was
converted to the oxalate salt and recrystallized from methanol to give a white solid. Mp
213-214°C. Anal. (029H34F2N203 : 2C2H204) C,H, N.

1-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)-3,5-cis-dimethylpiperazine (13).—A
mixture of 10a (750 mg, 2.19 mmol), ¢/s-2,6-dimethylpiperazine (1.00 g, 8.75 mmol)

and K,COg3 (1.21 g, 8.76 mmol) in acetonitrile (43.8 mL) was refluxed overnight. The
solvent was removed, resuspended in CH,Cl, (30 mL) and water (20 mL). The aqueous
layer was extracted with CH,Cl5 (3 x 8 mL). The organic layer was dried over NaySQy,

and the solvent was removed /in vacuo. The crude product was purified by flash column
chromatography (CH,Clo/MeOH/NH4OH = 100:0:0-85:13.5:1.5) to give 13 (666 mg, 81%)
as a pale yellow oil. 1TH NMR (400 MHz, acetone-dj) &7.53-7.50 (m, 4H), 7.12-7.08 (m,
4H), 5.49 (s, 1H), 2.80-2.75 (m, 2H), 2.62 (d, /= 10.4 Hz, 2H), 2.50 (s, 4H), 1.46 (m, 2H),
0.93 (d, /= 6.0 Hz, 6H).

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)-2,6-cis-dimethylpiperazin-1-
yl)propan-2-ol (14a).—A mixture of 13 (200 mg, 0.53 mmol) and

commercially available propylene oxide (372 pL, 5.31 mmol) in iPrOH

(5.3 mL) was refluxed overnight. The solvent was removed and

the crude oil was purified by flash column chromatography (CH,Cly/

MeOH/NH,OH = 100:0:0-85:13.5:1.5) to give 14a (179 mg, 78%) as a colorless oil. 1H
NMR (400 MHz, CDCl3) §7.39-7.28 (m, 4H), 7.03-6.87 (m, 4H), 5.18 (s, 1H), 3.63 (dq,
J=17.6,6.1 Hz, 1H), 2.57 (m, 4H), 2.50-2.33 (m, 6H), 1.85-1.65 (m, 2H), 1.07 (d, /=6.1
Hz, 3H), 0.99 (dd, J= 6.2, 2.6 Hz, 6H). 13C NMR (100 MHz, CDCl5) §163.0, 160.6, 137.0,
137.0, 129.8, 129.7, 115.5, 115.3, 65.4, 60.8, 58.5, 58.3, 57.6, 56.2, 52.8, 29.2, 20.4, 19.3,
19.1. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 148-149°C. Anal. (Cy4H3,F>N20S - 2.5C,H,0,4 - 0.5H,0) C, H, N.

(S)-1-(—-4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)-2,6-cis--
dimethylpiperazin-1-yl)propan-2-ol (14b).—Compound 14b was prepared

as described for 14a, using commercially available (S)-propylene oxide (610 pL, 8.76 mmol)
to give 14b (124 mg, 32%) as a colorless oil. [a]%’ 11.105 (MeOH, ¢= 8.10). IH NMR

(400 MHz, CDCl3) §7.37 — 7.34 (m, 4H), 7.02 — 6.97 (m, 4H), 5.20 (s, 1H), 3.69-3.61

(m, 1H), 2.64-2.55 (m, 4H), 2.47 (s, 4H), 2.41 (d, J = 6.8 Hz, 2H), 1.80-1.73 (m, 2H), 1.09
(d, J= 6.0 Hz, 3H), 1.02 (t, J= 2.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) §163.1, 160.7,
137.0, 137.0, 129.8, 129.7, 115.6, 115.4, 65.4, 60.9, 58.5, 58.4, 57.6, 56.2, 52.9, 29.3, 20.3,
19.4, 19.1. The free base was converted to the oxalate salt and recrystallized from methanol
to give a white solid. Mp 133-134°C. Anal. (Cy4H32F2N,0S - 2C,H,04 - 2H,0) C, H, N.
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(R)-1-(4-(2-((bis(4-fluorophenyl)methyl)thio)ethyl)-2,6-cis-dimethylpiperazin-1-
yl)propan-2-ol (14c).—Compound 14c was prepared as described for 14a, using
commercially available (/)-propylene oxide (420 uL, 6.02 mmol) to give 14c (278 mg,

53%) as a colorless oil. [a]2D5 -11.187 (MeOH, ¢ = 7.15). IH NMR (400 MHz, CDCls)

67.36-7.33 (m, 4H), 7.00-6.96 (m, 4H), 5.19 (s, 1H), 3.69-3.61 (m, 1H), 2.63-2.54

(m, 4H), 2.46 (s, 4H), 2.41 (d, J= 6.4 Hz, 2H), 1.79-1.73 (m, 2H), 1.08 (d, J=

5.2 Hz, 3H), 1.01 (t, /= 2.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) 6163.1, 160.6,

137.0, 137.0, 129.8, 129.7, 115.6, 115.3, 65.4, 60.8, 58.5, 58.4, 57.6, 56.2, 52.9, 29.3, 20.4,
19.3, 19.1. The free base was converted to the oxalate salt and recrystallized from methanol
to give a white solid. Mp 132-134°C. Anal. (Cy4H32F2N,0S - 2C,H,04 - 2H,0) C, H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)-2,6-cis-dimethylpiperazin-1-
yl)-3-phenylpropan-2-ol (14d).—Compound 14d was prepared as described

for 14a, using commercially available (2,3-epoxypropyl)benzene (1.95 mL,

5.31 mmol) to give 14d (124 mg, 45%) as a colorless oil. 1H NMR (400

MHz, CDCl3) 67.35 (dd, J= 8.4, 5.4 Hz, 4H), 7.25 (m, 5H), 6.99 (t, /= 8.5 Hz, 4H), 5.20
(s, 1H), 3.78 (dg, /= 10.5, 5.5 Hz, 1H), 3.54 (bs, 1H), 2.80 (dd, J=13.7, 6.9 Hz, 1H), 2.76—
2.53 (m, 7H), 2.51-2.35 (m, 4H), 1.74 (dd, J= 10.4, 7.6 Hz, 2H), 0.99-0.97 (m, 6H). 13C
NMR (100 MHz, CDCl3) 6§163.1, 160.6, 138.4, 137.0, 137.0, 129.9, 129.8, 129.4, 129.3,
128.4,128.4,126.2, 115.6, 115.4, 70.1, 60.9, 60.8, 58.1, 57.6, 56.1, 52.9, 41.9, 29.2, 19.2,
19.0. The free base was converted to the oxalate salt and recrystallized from methanol to
give a white solid. Mp 150-152°C. Anal. (C3gH3gF2N20OS - 2.5C,H,0,4 - 0.5H,0) C, H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)-2,6-cis-dimethylpiperazin-1-
yl)propan-2-ol (15a)—Compound 15a was prepared as previously described32 using
14a (47.1 mg, 0.10 mmol) to give the product (36.9 mg, 82% yield) as a colorless

0il (82% yield, 0.082 mmol). IH NMR (400 MHz, CDCl3) §7.58-7.50 (m, 4H), 7.24—
7.15 (m 4H), 5.07 (s, 1H), 3.84-3.77 (m, 1H), 3.58 (bs, 1H), 3.87-2.63 (m, 8H), 2.57

(s, 2H), 2.06-1.95 (m, 2H), 1.23-1.20 (m, 3H), 1.18-1.13 (s, 6H). 13C NMR (100 MHz,
CDClg) 6163.9, 163.7, 161.4, 161.2, 131.0, 130.9, 130.3, 130.3, 116.3, 116.1, 115.8,
115.5, 69.6, 65.3, 60.9, 60.2, 58.2, 56.1, 50.5, 48.2, 48.1, 20.4. The free base was converted
to the oxalate salt and recrystallized from methanol to give an amorphous solid. Anal.
(C24H32F2N2028 ' 2C2H204 ' Hzo) C,H, N.

1-(4-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)-2,6-cis-dimethylpiperazin-1-
yl)-3-phenylpropan-2-ol (15b).—Compound 15b was prepared as previously
described32 using 14d (34.3 mg, 0.067 mmol) to give the product (33.2 mg, 94% yield) as
a colorless oil (82% yield, 0.082 mmol). The free base was converted to the oxalate salt and
recrystallized from methanol to give an amorphous solid. Anal. (C3pH3gF2N205S - 2C2H,04
- 2H,0) C, H, N. 1H NMR (400 MHz, CD30D) 67.55-7.52 (m, 4H), 7.32-7.21 (m, 5H),
7.17-7.09 (m, 4H), 5.10 (s, 1H), 4.22-4.16 (m, 1H), 3.75-3.65 (m, 1H), 3.53-3.42 (m, 1H),
3.31-3.16 (m, 3H), 3.01-2.84 (m, 5H), 2.79-2.72 (m, 2H), 2.69-2.62 (m, 1H), 2.47-2.32
(m, 2H), 1.29-1.06 (m, 6H). 13C NMR (100 MHz, CDCl3) 6 163.6, 161.6, 161.4, 137.0,
131.4,131.3, 130.5, 130.4, 129.2, 128.4, 126.5, 115.9, 115.7, 115.3, 115.1, 69.5, 68.7,
67.7,67.7,60.0, 60.0, 58.1, 49.5, 49.5, 41.9, 23.9, 23.8, 23.8, 20.5, 14.1, 14.0, 13.9, 13.8.
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tert-Butyl-8-(2-((bis(4-fluorophenyl)methyl)thio)ethyl)-2,8-
diazaspiro[4.5]decane-2-carboxylate (16).—A mixture of 10a (428

mg, 1.25 mmol), commercially available tertbutyl 2,8-diazaspiro[4.5]decane-2-carboxylate
(300 mg, 1.25 mmol) and K,CO3 (2.59 g, 1.88 mmol) in acetonitrile (6.25 mL) was refluxed
overnight. The solvent was removed, resuspended in CH,Cl, (10 mL) and water (8 mL).
The aqueous layer was extracted with CH,Cl, (3 x 5 mL). The organic layer was dried over
Na,SQy, and the solvent was removed /7 vacuo. The crude product was purified by flash
column chromatography (CH,Cl,/MeOH/NH,4OH = 100:0:0-85:13.5:1.5) to give 16 (577
mg, 89%) as a pale yellow oil. 1TH NMR (400 MHz, CDCl3) 6 7.41-7.32 (m, 4H), 7.04—
6.92 (m, 4H), 5.22 (s, 1H), 3.35 (dt, J= 20.6, 7.0 Hz, 2H), 3.17 (s, 1H), 3.09. (s, 1H), 2.51
(s, 4H), 2.46-2.32 (m, 2H), 2.29-2.18 (m, 2H), 1.66-1.61 (m, 2H), 1.59-1.49 (m, 4H), 1.46
(s, 9H). 13C NMR (100 MHz, CDCl3) §162.9, 160.5, 154.5, 137.1, 137.0, 129.8, 129.7,
115.4,115.2, 78.9, 78.8, 77.5, 58.0, 52.7, 50.7, 44.1, 43.8, 40.3, 39.4, 34.6, 29.6, 29.4, 28.4.

8-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)-2,8-diazaspiro[4.5]decane (17).—A
mixture of 16 (800 mg, 1.59 mmol) and trifluoroacetic acid (1.5 mL) in CH,Cl, (7 mL)

was stirred for 5h at room temperature. The mixture was diluted with CH,Cl, (8 mL) and
neutralized with 15% NH4OH (aqg, 10 mL). The aqueous layer was extracted with CH,Cl5 (3
x 5 mL). The organic layer was dried over NapSOy, and the solvent was removed /n vacuo.
The crude product was purified by flash column chromatography (CH,Cl,/MeOH/NH,4OH
=100:0:0-85:13.5:1.5) to give 17 (589 mg, 92%) as a pale yellow oil. 1H NMR (400 MHz,
CDCl3) 67.39-7.35 (m, 4H), 7.01-6.96 (m, 4H), 5.21 (s, 1H), 3.37-3.33 (m, 4H), 2.93-2.89
(m, 2H), 2.65 (s, 2H), 2.32 (s, 4H), 1.56-1.50 (m, 4H), 1.55-1.51 (m, 2H). 13C NMR (100
MHz, CDCl3) §162.7, 162.6, 160.2, 136.7, 129.5, 129.4, 129.3, 115.1, 114.9, 57.7, 57.7,
52.4,50.9, 49.4, 455, 40.7, 40.7, 37.5, 35.7, 29.1.

2-(8-(2-((Bis(4-fluorophenyl)methyl)thio)ethyl)-2,8-diazaspiro[4.5]decan-2-yl)-1-
phenylethan-1-ol (18b).—Compound 18b was prepared as described for 14a, using
commercially available styrene oxide (5.22 mL, 75.6 mmol) to give 18b (149 mg, 38%) as
a pale yellow oil. The free base was converted to the oxalate salt and recrystallized from
methanol to give an amorphous solid. Anal. (C31H3zgF2N>0S - 2C,H,0,4 - 0.5H,0) C, H, N.
1H NMR (400 MHz, CD30D) & 7.46-7.43 (m, 4H), 7.31-7.19 (m, 5H), 7.07-7.03 (m, 4H),
5.37 (s, 1H), 4.19-4.13 (m, 1H), 3.55-3.43 (m, 2H), 3.42-3.15 (m, 9H), 2.80-2.2.77 (m,
2H), 2.75-2.71 (m, 2H), 2.04-2.00 (t, J= 6.8 Hz, 2H), 2.01-1.87 (m, 4H). 13C NMR (100
MHz, CD30D) 6 165.2, 163.2, 160.8, 137.0, 136.8, 136.7, 129.8, 129.8.9, 129.2, 128.2,
126.3, 115.2, 115.0, 67.3, 60.2, 55.3, 53.7, 51.6, 49.6, 49.5, 41.4, 38.7, 32.2, 25.3.

1-(8-(2-((Bis(4-fluorophenyl)methyl)sulfinyl)ethyl)-2,8-diazaspiro[4.5]decan-2-
yl)propan-2-ol (19).—Compound 19 was prepared as described for 14a followed

by 15a, using commercially available propylene oxide (2 mL) to give 19 (24.0 mg, 21%
yield over two steps) as a colorless oil. The free base was converted to the oxalate salt and
recrystallized from methanol to give a white solid. Mp 166-167°C. Anal. (CygH34F2N205S -
2C,H504) C, H, N. IH NMR (400 MHz, CD30D) §7.48-7.44 (m, 4H), 7.08-7.34 (m, 4H),
5.38 (s, 1H), 4.10-4.07 (m, 1H), 3.54-3.08 (m, 12H), 2.77-2.72 (m, 2H), 2.07-1.94 (m, 6H),
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1.20 (d, J= 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) §165.2, 163.3, 160.8, 136.8, 136.7,
129.9, 129.8, 115.2, 115.0, 62.4, 61.8, 55.3, 53.4, 51.6, 49.6, 49.5, 38.8, 32.2, 25.3, 20.0.

Radioligand Binding Studies

DAT Binding Assay.—Frozen striatum membranes dissected from male Sprague—Dawley
rat brains (supplied on ice by Bioreclamation, Hicksville, NY) were homogenized in

20 volumes (w/v) of ice cold modified sucrose phosphate buffer (0.32 M sucrose, 7.74

mM NayHPOy, and 2.26 mM NaH»POy, pH adjusted to 7.4) using a Brinkman Polytron
(Setting 6 for 20 s) and centrifuged at 48,400 x g for 10 min at 4°C. The resulting pellet
was resuspended in buffer, recentrifuged, and suspended in ice cold buffer again to a
concentration of 20 mg/mL, original wet weight (OWW). Experiments were conducted in
96-well polypropylene plates containing 50 L of various concentrations of the inhibitor,
diluted using 30% DMSO vehicle, 300 L of sucrose phosphate buffer, 50 UL of [BH]WIN
35,42875 (final concentration 1.5 nM; Ky= 28.2 nM; PerkinElmer Life Sciences, Waltham,
MA), and 100 L of tissue (2.0 mg/well OWW). All compound dilutions were tested in
triplicate and the competition reactions started with the addition of tissue, and the plates
were incubated for 120 min at 0-4°C. Nonspecific binding was determined using 10 uM
indatraline.

SERT Binding Assay.—Frozen stem membranes dissected from male Sprague—Dawley
rat brains (supplied on ice by Bioreclamation, Hicksville, NY) were homogenized in 20
volumes (w/v) of 50 mM Tris buffer (120 mM NaCl and 5 mM KClI, adjusted to pH 7.4)

at 25°C using a Brinkman Polytron (at setting 6 for 20 s) and centrifuged at 48,400 x g for
10 min at 4°C. The resulting pellet was resuspended in buffer, recentrifuged, and suspended
in buffer again to a concentration of 20 mg/mL, OWW. Experiments were conducted in
96-well polypropylene plates containing 50 pL of various concentrations of the inhibitor,
diluted using 30% DMSO vehicle, 300 uL of Tris buffer, 50 L of [®H]citalopram (final
concentration 1.5 nM; Ky=6.91 nM; PerkinElmer Life Sciences, Waltham, MA), and 100
pL of tissue (2.0 mg/well OWW). All compound dilutions were tested in triplicate and the
competition reactions started with the addition of tissue, and the plates were incubated for 60
min at room temperature. Nonspecific binding was determined using 10 uM fluoxetine.

ol Receptor Binding Assay.—ol receptor binding was performed as previously
reported.”® Frozen cortex membranes dissected from male guinea pig brains (supplied on
ice by Bioreclamation, Hicksville, NY) were homogenized in 10 volumes (w/v) of ice

cold modified sucrose Tris buffer (10 mM Tris-HCI with 0.32 M sucrose, adjusted to pH
7.4) with a glass and Teflon homogenizer. The homogenate was centrifuged at 1,240 x g
for 10 min at 4 °C. The supernatant was collected into a clean centrifuge tube, and the
remaining pellet was resuspended in 10 volumes (w/v) of buffer and centrifuged again at
48,400 x g for 15 min at 4 °C. The resulting pellet was resuspended in ice cold buffer to

50 mg/mL, OWW. Experiments were conducted in 96-well polypropylene plates containing
50 pL of various concentrations of the inhibitor, diluted using 30% DMSO vehicle, 300 pL
of modified sucrose Tris buffer, 50 UL of [3H](+)-pentazocine (final concentration 3 nM; K
=5.18 nM; PerkinElmer Life and Analytical Sciences, Waltham, MA) and 100 L of tissue
(5.0 mg/well OWW). All compound dilutions were tested in triplicate and the competition
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reactions started with the addition of tissue, and the plates were incubated for 120 min at
room temperature. Nonspecific binding was determined using 10 uM of either PRE084 or
(+)-pentazocine.

For all binding assays, incubations were terminated by rapid filtration through Perkin Elmer
Uni-Filter-96 GF/B (DAT, SERT and o1R) or Whatman GF/B filters (NET), presoaked

in either 0.3% (SERT and NET) or 0.05% (DAT and o1R) polyethylenimine, using a
Brandel 96-Well Plates Harvester Manifold or Brandel R48 filtering manifold (Brandel
Instruments, Gaithersburg, MD). The filters were washed a total of 3 times with 3 mL

(3 x 1 mL/well or 3 x 1 mL/tube) of ice cold binding buffer. For DAT, SERT and 1R
binding experiment 65 pL Perkin EImer MicroScint 20 Scintillation Cocktail was added

to each filter well. For NET binding experiment, the filters were transferred in 24-well
scintillation plates and 600 pL of CytoScint was added to each well. All the plates/filters
were counted using a Perkin Elmer MicroBeta Microplate Counter. 1Csq values for each
compound were determined from inhibition curves and K; values were calculated using

the Cheng-Prusoff equation.”” When a complete inhibition could not 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 version 8.00 for Macintosh
(GraphPad Software, San Diego, CA). Kq values for the radioligands were determined via
separate homologous competitive binding or radioligand binding saturation experiments. Kj
values were determined from at least 3 independent experiments performed in triplicate and
are reported as mean + SEM, and the results were rounded to the third significant figure.

Molecular Pharmacology

Site-directed mutagenesis.—The Y156F mutation was introduced with QuickChange
(adapted from Stratagene, La Jolla, CA) on DAT WT cDNA cloned into the pcDNA3
expression vector. Clones carrying the mutation were detected by DNA sequencing
(Eurofins Genomics, DE) and plasmids were amplified by transformation (XL1 blue

cells (Stratagene)) and harvested using the maxi prep kit (Qiagen) according to the
manufacturer’s manual.

Cell Culture and Transfection.—COS7 cells were grown in Dulbecco’s modified
Eagle’s medium 041 01885 supplemented with 10% fetal calf serum, 2 mM L-glutamine
and 0.01 mg/mL gentamicin at 37 °C in 10% CO,. DAT WT and Y156F were transiently
transfected into COS7 cells with Lipo2000 (Invitrogen) according to manufacturer’s manual
using a cDNA:Lip02000 ratio of 3:6.

[3H]WIN35,428 binding experiments.—Binding assays were carried out essentially as
described.”8 Transfected COS7 cells were plated in 24-well dishes (10° cells/well) coated
with poly-ornithine (Sigma). 48 h after transfection, cells were washed with 500 pl uptake
buffer (UB) (25 mM HEPES, 130 mM NaCl, 5.4 mM KCI, 1.2 mM CaCls, 1.2 mM MgSQyq,
1 mM L-ascorbic acid, 5 mM D-glucose, and 1 uM of the catechol-O-methyltransferase
inhibitor Ro 41-0960 (Sigma), pH 7.4), and the non-labeled compound was added to the
cells in a total volume of 500 ul UB. The assay was initiated by the addition of 10 nM
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[3H]WIN35,428 (82 Ci/mmol) (Novandi Chemistry, SE). The reactions were incubated at
5°C until equilibrium was obtained (>90 min). Then cells were washed twice with 500

pL of ice cold UB, lysed in 250 pL of 1% SDS and left for >30 min at RT on gentle
shaking. All experiments were carried out with 10 concentrations of unlabeled ligand within
a concentration range from 1 nM to 1 mM, performed in triplicates.

All samples were transferred to 24-well counting plates (Perkin Elmer, Waltham, MA), 500
UL (24 well) of Opti-phase Hi Safe 3 scintillation fluid (Perkin EImer) was added followed
by counting of the plates in a Wallac Tri-Lux B-scintillation counter (Perkin Elmer).

Phase | Metabolism in Mouse Liver Microsomes

The phase | metabolic stability assay was conducted in mouse liver microsomes as
previously described with minor modifications.8” In brief, the reaction was carried out with
100 mM potassium phosphate buffer, pH 7.4, in the presence of NADPH regenerating
system, (compound final concentration was 10 uM; and 0.5 mg/mL microsomes).

Positive controls for phase | metabolism (buprenorphine) were also evaluated. Compound
disappearance was monitored over time using a liquid chromatography and tandem mass
spectrometry (LC/MS/MS) method. All reactions were performed in triplicate.

Chromatographic analysis was performed using an Accela™ ultra-high-performance system
consisting of an analytical pump and an autosampler coupled with a TSQ Vantage mass
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA). Chromatographic separation
was achieved at ambient temperature using Agilent Eclipse Plus column (100 x 2.1mm

i.d.) packed with a 1.8 um C18 stationary phase. The mobile phase consisted of 0.1%
formic acid in acetonitrile and 0.1% formic acid in H,O with gradient elution, starting

with 10% (organic) linearly increasing to 99% (0-2 min), maintaining at 99% (2-2.5 min)
and re-equilibrating to 10% by 2.7 min. The total run time for each analyte was 4.5 min.
The mass transitions used for compounds for LC/MS/MS analysis are given in Supporting
Information.

Metabolite Identification in Mouse Liver Microsomes

Metabolite identification (MET-ID) was performed on a Dionex ultra high-performance LC
system coupled with Q Exactive Focus orbitrap mass spectrometer (Thermo Fisher Scientific
Inc., Waltham MA). Separation was achieved using Agilent Eclipse Plus column (100 x
2.1mm i.d; maintained at 35°C) packed with a 1.8 um C18 stationary phase. The mobile
phase consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile. Pumps
were operated at a flow rate of 0.3 mL/min for 7 min using gradient elution. The mass
spectrometer controlled by Xcalibur software 4.0.27.13 (Thermo Scientific) was operated
with a HESI ion source in positive ionization mode. Metabolites were identified in the
full-scan mode (from m/z 50 to 1600) by comparing = 0 samples with #= 60 min samples
and structures were proposed based on the accurate mass information.

Locomotor Activity Studies in Mice

Approximately two h before the behavioral test, animals were transferred from the animal
facility vivarium to the behavioral laboratory. After the acclimatization period, mice were
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injected i.p. with test compounds or vehicle and then immediately placed into the open field
cages. These were clear acrylic testing chambers (40 cm3) (Med Associates, St. Albans, VT)
provided with infrared light beam sources spaced 2.5 cm apart along two perpendicular
walls directed at light sensitive detectors mounted on the opposing walls of the open

field. Ambulatory activity in mice was detected by interruption of the light beams, which
occurrence during a 2 h session was automatically recorded and then transformed in distance
traveled. The data obtained for each animal and dose of compounds (cocaine, 3, 10, 17 and
30 mg/kg; 144, 1, 3, 10, 30 mg/kg; 14b, 1, 3, 10 mg/kg; 14c, 1, 3, 10 mg/kg; 3b, 3, 10, 30,
56 mg/kg) was averaged to obtain the group mean (n=6 for all groups) and correspondent
SEM. In Figure 5, data have been expressed as the maximum distance traveled in cm/30 min
over a 2 h session, as a function of drug and dose. Data were analyzed by two-way ANOVA
with “Dose” and “Drug” as factors. Tuckey’s post-hoc test was employed to compare the
activity produced by administration of different drugs and also to compare differences in
activity between different doses of test compounds and vehicle. Mice were used only once.
Data for 3b were reanalyzed from results shown in Keighron et a/. 2019,58 which were
obtained under identical conditions and with the same open field chambers used to assess the
behavioral activity shown in the present study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ADHD Attention-deficit/hyperactivity disorder
ANOVA Analysis of variance
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DAT Dopamine transporter
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tyn Half-life
TEA Triethylamine
TFA Trifluoroacetic acid
THF Tetrahydrofuran
TR Triple quadrupole
WT Wild type
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Figure 1.
Chemical structures of DAT inhibitors (x)-modafinil and recently discovered analogues
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Figure2.
Sites of modifications made to 2 and 3.
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Figure 3.
Chemical structures of compounds possessing other alicyclic amine linkers.57-60
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Figure 4. Metabolic stability in mouse microsomes.
Compounds 14a and 15b showed susceptibility to phase | metabolism in mouse liver

microsomes. Compounds 15a and 18b showed modest stability, with 18b being the most
stable with 44% remaining after 60 min incubation.
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Effects of 14a-c compared to 3b and cocaine on mouse locomotion. Data are expressed as
the maximum distance traveled in 30 min during a 2 h observation period, as a function of

VEH 1 3 10 30 56

Drug Dose (mg/kg i.p.)

drug dose. * = p<0.05 VS vehicle (VEH) treated mice. N=6 for all groups.
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7 8a X =CHy, Y =C(OH), R = p-F-Ph 9a X =CH,, Y =C(OH), R = p-F-Ph
8b X =CH,, Y =C(OH), R = p-CF5-Ph 9b X=CHp, Y =C(OH), R = p-CF5-Ph
8c X =CHy, Y = C(OH), R = p-OCHz-Ph 9¢ X=CH,, Y =C(OH), R = p-OCH5-Ph
8d X =CHy, Y = C(OH), R = Ph (S-iscomer) 9d X =GHp, Y= C(OH), R = Ph (S-isomer)
9e X =CH,, Y =C(OH), R =Ph (R-isomer)

8e X =CHy, Y =C(OH), R = Ph (R-isomer)
8f X=C(0), Y=CH, R=Ph
8g X=CH,, Y=C(O),R=H

Scheme 1.
Synthesis of compounds 8a-g and 9a-e.2

4Reagents and conditions: (a) appropriate oxirane, isopropanol, reflux, overnight; (b)
appropriate halide, K,COs3, acetonitrile, reflux; (c) CDI, 3-phenylpropanoic acid, THF, RT,
overnight; (d) H,O,, CH3COOH/CH30H, 40 °C, overnight.
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M1dn=1,X=C(O), Y=CHp R=H

Scheme 2.
Synthesis of compounds 11a-d and 12a-c.2

4Reagents and conditions: (a) appropriate piperazine, K,COs, acetonitrile, reflux, overnight;
(b) H,O,, CH3COOH/CH30H, 40 °C, overnight.
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Scheme 3.
Synthesis of compounds 14a-d and 15a-b.2

Page 35

racemic)

R=H(
14b R =H (S-isomer)
14c R = H (R-isomer)
14d R =Ph

4Reagents and conditions: (a) cis-2,6-dimethylpiperazine, KoCOs, acetonitrile, reflux,
overnight; (b) appropriate oxirane, isopropyl alcohol, reflux, overnight; (c) H,O,,

CH3COOH/CH30H, RT, 48 h.
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Scheme 4.
Synthesis of diazaspiro analogues?

4Reagents and conditions: (a) fer-butyl 2,8-diazaspiro[4.5]decane-2-carboxylate, K,COg,
acetonitrile, reflux, overnight; (b) TFA, DCM, RT, 5 h; (c) appropriate oxirane, isopropyl
alcohol, reflux, 18-48 h; (d) H,O,, CH3COOH/CH30H, RT, 48 h.
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Ki;values for inhibition of [BH]WIN35,428 binding by indicated compounds to DAT WT and the Y156F

Table 2.

a
mutant.
Compound WT K (nM) n Y 156F K (nM) n | Affinity Ratio
Cocaine? | 450[340;590] | 3 | 350[280;450] | 5 038
WIN35,428 b 13[12;14] 10 13 [9.6-17] 6 1
14a 58.3[48.6:60.9] | 4 | 269[251:289] | 4 46
15a 406 [398; 414] | 3 | 3030 [2390; 3830] | 3 75
15b 3.83[3.02;487 | 4 | 191[122;299] | 3 5.8
18b 104[88;123] | 3 | 239[199;288] | 3 23

a[SH]WIN35,428 binding is performed on intact COS7 cells transiently expressing DAT WT or the Y156F mutant. Data are shown as mean [SE

interval] and are calculated from plCgq and the SE interval from pICs( + SE.

bdata from ref. 27.
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