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Voltage-gated potassium channel Ky1.3 inhibitors have been shown to be effective in preventing T-cell prolif-
eration and activation by affecting intracellular Ca?>* homeostasis. Here, we present the structure-activity rela-
tionship, Kyl.3 inhibition, and immunosuppressive effects of new thiophene-based Kyl.3 inhibitors with
nanomolar potency on K current in T-lymphocytes and Ky1.3 inhibition on Ltk cells. The new Ky1.3 inhibitor
trans-18 inhibited Ky1.3 -mediated current in phytohemagglutinin (PHA)-activated T-lymphocytes with an ICsq

value of 26.1 nM and in mammalian Ltk~ cells with an ICsg value of 230 nM. The Ky1.3 inhibitor trans-18 also
had nanomolar potency against Ky1.3 in Xenopus laevis oocytes (ICsp = 136 nM). The novel thiophene-based
Ky1.3 inhibitors impaired intracellular Ca*" signaling as well as T-cell activation, proliferation, and colony

formation.

1. Introduction

The voltage-gated potassium channel Kyl.3 and the calcium-
activated potassium channel K¢,3.1 are the most prevalent and best
characterized potassium channels expressed by human T-lymphocytes,
with Kyl.3 preferentially upregulated over Kg,3.1. These channels
provide the K™ efflux and resulting negative values of the resting plasma
membrane potential required for adequate Ca>* influx that is critical for
T-cell activation. At rest, T-lymphocytes express only low levels of Ky1.3
and Kc,3.1 channels, however, both are upregulated upon antigen- or
mitogen-specific activation. Their dysregulation may therefore be
related to abnormal lymphocyte activation [1-5].

Kyl.3, a homotetramer composed of individual a-subunits, each
consisting of six transmembrane segments, is activated by membrane
depolarization [6]. Charged S4 segment constitutes the main part of the

voltage sensor which senses membrane voltage, resulting in a confor-
mational change that causes channel opening [7]. Kga3.1 is a
calcium-activated potassium channel whose carboxy terminus is bound
to calmodulin, which controls channel opening [8]. Therefore, this
channel induces membrane repolarization after Ca>" entry. Electro-
physiological studies have indicated that Ky1.3 plays a critical role in
regulating chronically activated effector memory T-cell (Tgy) immune
responses [9]. The role of Kyl.3 and Kc,3.1 in calcium signaling is
controlled by their expression levels, which vary during different phases
of lymphocyte development, subsets, and activation state [2,10-12].
When naive and central memory T-cells (Tgy) are activated, they
upregulate the expression of Kc,;3.1 per cell but maintain stable Ky1.3
expression. Conversely, Tgy increases Ky1.3 expression upon activation,
while keeping the concentration of Kc,3.1 per cell constant. Given the
prominent role that the Kyl.3 channel plays in lymphocyte
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development, activation, and selection, it has become an important
prognostic and drug target [13-16]. In addition, the finding that Ky1.3
and K¢,3.1 activate distinct lymphocyte subsets offers the possibility of
targeting lymphocyte subsets more specifically for therapeutic purposes
[13].

Ky1.3 inhibitors can selectively target the disease-causing Ty pop-
ulation without affecting the other immune cells, and therefore have
implications for all T-cell-mediated autoimmune and chronic inflam-
matory diseases such as psoriasis, multiple sclerosis, type 1 diabetes
mellitus, atherosclerosis, asthma, and rheumatoid arthritis [17]. Depo-
larization of membranes by Ky1.3 inhibition has been shown to be
effective in preventing T-cell proliferation and terminating cytokine
production [18].

Some of the small molecule Ky1.3 inhibitors (Fig. 1) have been
developed to inhibit Ky1.3 in the plasma membrane of Tgy; cells and
induce an immunosuppressive response by regulating intracellular Ca?*
homeostasis [18]. The major challenge in developing small molecule
Ky1.3 inhibitors is isoform selectivity, as Ky1.x family channels exhibit
high subtype homology [19]. The psoralen analog PAP-1 (1, Fig. 1)
inhibited native Ky1.3 channels in human T-lymphocytes with an ICsq
value of 2.1 nM and cloned Ky1.3 channels in L929 cells with an ICsq
value of 2.0 nM. It was 23-fold more selective for Ky1.3 than over car-
diac Ky1.5 channels and was 33- to 125-fold selective over other Kyl.x
family channels [20]. PAP-1 (1) dose-dependently inhibited interleukin
2 (IL-2) and interferon-y production in vitro. It also improved pathology
in the mouse psoriasis skin xenograft model of severe combined im-
munodeficiency (SCID). Its efficacy was demonstrated in female Lewis
rats, where it suppressed the delayed hypersensitivity response in a
dose-dependent manner [21]. The compound PAP-1 is practically
insoluble in water (aqueous solubility <1 mg/mL) [22]. Its hydroxyl
analog (PAP-OH) has a solubility of 0.6 + 0.1 pM (aqueous solution
DMEM). Adding six monomeric ethylene glycol units to the phenyl ring
of PAP-1 increases the solubility to 30 + 3 pM (aqueous solution DMEM)
(PAP-1-MHEG) [23].

Compound Psora-4 (2, Fig. 1) is another potent psoralen-based Ky1.3
inhibitor with a low nanomolar potency for Ky1.3, as determined by two
independent assay systems [24]. It suppressed the proliferation of
human and rat myelin-specific effector memory T-cells. This psoralen
analog showed 17- to 70-fold selectivity for Ky1.3 over closely related
Kyl.x family channels (Kyl.1, Kyl.2, Kyl.4, and Kyl.7), with the
exception of Kyl.5 (ICsg = 7.7 nM), and is therefore a less selective
Ky1.3 inhibitor compared to PAP-1 [24].

The benzamide compound PAC (3, Fig. 1) was identified as a nano-
molar Ky1.3 inhibitor in Merck’s high-throughput screening campaign
using the ®°Rb flux assay and also inhibited native Ky1.3 currents in
human T-lymphocytes. However, compound PAC lacked selectivity to-
ward other Kyl.x family channels [25]. Its carbamate analogs (trans-4
and cis-4, Fig. 1) inhibited Ky1.3 currents even more strongly in flux
assays. The trans-benzamide isomers showed low selectivity for Ky1.3
over the other Kyl.x family channels. In vitro functional assays showed
that benzamides 3, trans-4, and cis-4 reversibly inhibited
Ca?*-dependent activation of T-lymphocytes. Ky1.3 inhibitors 3 and
trans-4 induced concentration-dependent [3H]thymidine uptake in
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human T-cells with ICsg values of 1 pM and 340 nM, respectively [25].

Because the binding site of psoralen- and benzamide-based Ky1.3
inhibitors is unknown, we used a ligand-based drug design approach
based on a 3D similarity search of previously published benzamide in-
hibitors (Fig. 1) and found a novel thiophene-based hit, compound 5
(Fig. 1), that is selective for Ky1.3 channels [26]. Structural modification
of compound 5 gave us the 3-thiophene-based Ky1.3 inhibitor 6 with an
ICs value of 470 nM and 18-fold selectivity over closely related Ky1.x
family channels in the Xenopus laevis oocytes (Fig. 2) [27]. Here, we
report the investigation of the structure-activity relationship of new
thiophene-based Ky1.3 inhibitors, the inhibition of Ky1.3 channels in
T-lymphocytes, Ltk cells, and Xenopus laevis oocytes, and the effects of
structural changes on thermodynamic solubility. The most potent
thiophene-based Ky1.3 inhibitors were tested for their selectivity and
immunosuppressive effects with PHA-activated T-cells from peripheral
blood mononuclear cells (PBMCs). The new Ky1.3 inhibitors impaired
intracellular Ca?* signaling and T-cell activation, proliferation, and
colony formation.

2. Results and discusion

2.1. Structure-activity relationship study and synthesis of new thiophene-
based Ky1.3 inhibitors

We performed a structure-activity relationship study of the hit
compound 6 to increase its potency on hKyl.3 inhibition (Fig. 2). We
designed type I and type II compounds based on 2-thiophene and 3-thio-
phene scaffolds, respectively. In a 2-thiophene type I series, we modified
both the tetrahydropyran and 2-methoxyphenyl moieties of compound
6. The tetrahydropyran ring was replaced by an oxo, hydroxyl and
carbamate substituted cyclohexane ring. In the oxo compounds, we
substituted the 2-methoxyphenyl moiety of compound 14 with 5-methyl
(7), 5-fluoro (8) and 4-methyl (10) substituents. In addition, 2-methox-
yphenyl moiety of compound 14 was changed with the 3-furanyl moiety
(compound 9). All hydroxyl- and carbamate-substituted diasteroiso-
meric mixtures were separated into their cis- and trans-isomers by col-
umn chromatography. In the hydroxyl series, the 2-methoxyphenyl

7: R, = 0x0, R, = 5-methyl-2-methoxyphenyl
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Fig. 2. Design of new thiophene-based Ky1.3 inhibitors.
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Fig. 1. Examples of known Ky1.3 inhibitors [20,24,25].
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moiety of compounds cis- and trans- 11 was changed for 3-furanyl (cis-
and trans- 15) and 5-fluoro-2-metoxyphenyl (cis- and trans- 16) moieties.
The hydroxyl compound 11 was also substituted with methyl carbamate
(cis- and trans- 12) and 3-methoxypropyl carbamate (trans-13) moieties.
Based on the type I series results, we optimized only the tetrahydropyran
moiety in the II 3-thiophene series, as we found that 2-metoxyphenyl
was optimal at this position. In the 3-thiophene series the hydroxyl
group (compounds cis- and trans- 17) was substituted with different
carbamates: methyl (cis- and trans- 19), propyl (cis- and trans- 18), allyl
(cis- and trans- 20) and 3-methoxypropyl (cis- and trans- 22). In addition,
the hydroxyl group of compounds cis- and trans- 17 was changed for the
amino group (cis- and trans- 23). These modifications allowed us to in-
crease the potency for Ky1.3 inhibition and to investigate the effects of
the structural changes on TD solubility.

The synthesis of the new type I and II compounds 7-23 is shown in
Schemes 1-3. The thiophene-2-acetonitrile or thiophene-3-acetonitrile
(Scheme 1) were converted to the 4,4-disubstituted-2-carbomethoxycy-
clohexanone intermediates 24 and 25 by an efficient two-pot synthetic
method. First, thiophene-2-acetonitrile or thiophene-3-acetonitrile were
refluxed in tert-butanol to react in a double Michael addition in the
presence of methyl acrylate and benzyl trimethylammonium hydroxide
(Triton B) to give diester intermediates (not shown). Subsequently, the
intermediates were deprotonated in a separate step with potassium tert-
butoxide to afford the 4-heteroaryl-4-cyano-2-carbomethoxycyclohexa-
none derivatives 24 and 25 (Scheme 1) by Dieckmann condensation.
The 2-carboxymethyl group was then removed to give the corresponding
4-cyano-4-heteroarylcyclohexanone derivatives 26 and 27 (Scheme 1)
by stirring at 100 °C in a mixture of 10% sulfuric acid and glacial acetic

S
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[0}
thiophene-2-acetonitrile or
thiophene-3-acetonitrile

X L3

Y
0)

28 (2-thienyl)
29 (3-thienyl)
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. Q N o /"
vi —0 NH vil —0 NH
- >\:§ 6} - d\ oH *

14 (2-thienyl)
22 (3-thienyl)

24 (2-thienyl)
25 (3-thienyl)

b

30 (2-thienyl)
31 (3-thienyl)

cis-11 (2-thienyl)
trans-17 (3-thienyl)
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acid. The ketone group was protected with ethylene glycol to give the
intermediates 28 and 29 (Scheme 1). Reduction of the carbonitrile
group in the presence of LiAlH, in tetrahydrofuran (THF) yielded the
primary amines 30 and 31, which were then reacted with 2-methoxy-
benzoyl chloride to give the intermediates 32 and 33 (Scheme 1). The
protecting group was then removed to give ketones 7, 8, 9, 10, 14 and
22 (Scheme 1 and Scheme 2). The ketone group was selectively reduced
in the presence of NaBHj4 to yield a diasteroisomeric mixture of alcohols
11, 15, 16, and 17 (Scheme 1 and Scheme 2), which were separated to
their cis- and trans-isomers by column chromatography. The hydroxy
analogs were then reacted with 4-nitrochloroformates (Scheme 2 and
Scheme 3) to afford 4-nitrophenyl carbonate intermediates, which were
reacted with various primary amines to give the new carbamate de-
rivatives trans-12, cis-12, trans-13, trans-18, cis-18, trans-19, cis-19,
trans-20, and cis-21. The amines trans-23 and cis-23 were obtained from
the alcohol intermediates trans-17 and cis-17 via a four-step procedure:
mesylation of the hydroxyl group with methanesulfonyl chloride (MsCl),
nucleophilic substitution of the mesylate with azide, reduction of the
azide to the amine with catalytic hydrogenation, and formation of the
hydrochloride salt with 4 M HCl in 1,4-dioxane (Scheme 3).

2.2. Kyl.3 inhibitory potencies on Xenopus laevis oocytes and Ltk cells

All new type I and type II compounds were first screened for their
Ky1.3 inhibition in Xenopus laevis oocytes expressing human hKy1.3
(Table 1). Compounds that exhibited more than 90% reduction in total
outward potassium current at 10 pM were tested for their hKy1.3 inhi-
bition in mouse fibroblast Ltk~ cells using manual patch-clamp
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27 (3-thienyl)

¥
v —0 Oi—N/HAQ/O vi
o, — O\) —

32 (2-thienyl)
33 (3-thienyl)

S
0
(6)

trans-11 (2-thienyl)
cis-17 (3-thienyl)

Scheme 1. Synthesis of hydroxyl- and oxo-based 3-thiophene and 2-thiophene Ky1.3 inhibitors®.

@ Reagents and conditions: (i) (a) methyl acrylate, benzyltrimethylammonium hydroxide, tert-butanol, reflux, 4 h (80-81%); (b) potassium tert-butoxide, anhydrous
THF, 0 °C, reflux, 5 h, room temperature (rt), overnight (60-77%); (ii) 10% sulfuric acid, glacial acetic acid, 100 °C, 24 h (50-62%); (iii) ethane-1,2-diol, p-tol-
uenesulfonic acid (PTSA), toluene, 140 °C, overnight (96-98%); (iv) LiAlH,4, anhydrous THF, O °C, rt, overnight (96-97%); (v) (a) appropriate benzoic acid, oxalyl
chloride, dichloromethane (DCM), 2 drops N,N-dimethylformamide (DMF), rt, overnight (100%); (b) 2-methoxybenzoyl chloride or appropriate benzoyl chloride,
Et3N, DCM, rt, overnight (89-95%); (vi) water, pyridinium p-toluenesulfonate, acetone, reflux, overnight (75%); (vii) sodium borohydride, anhydrous THF, 0 °C, rt,

overnight (trans 34-43% and cis 31-57%).
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technique to demonstrate inhibition of hKy1.3 in a mammalian cell line
and to determine dose-response relationships (Table 2, Fig. S1 and
Fig. S2) (see Table 3).

From the results in Table 1, the preferred moiety in the Ry position is
2-methoxyphenyl. For the type I compounds, the potency was main-
tained when the cyclopyran ring (starting compound 6) was replaced by
cyclohexanone (compound 14). Further conversion of the ketone (14) to
a hydroxyl analogue (11) resulted in increased potency, with the trans-
11 analogue being more potent than the cis-11 analogue. Among the
carbamates, the methyl carbamate 12 was the most potent and in this
case the cis isomer was more potent compared to the trans isomer with
ICsp values of 470 and 180 nM, respectively. In the II series with the 3-
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Scheme 2. Synthesis of new alcohol and carbamate
derivatives of 2-thiophene-based Ky1.3 inhibitors®.

@ Reagents and conditions: (i) (a) 2-methoxybenzoic
acid or furan-3-carboxylic acid or appropriate ben-
zoic acid, oxalyl chloride, DCM, 2 drops DMF, rt,
overnight (100%); (b) 2-methoxybenzoyl chloride or
furan-3-carbonyl chloride or appropriate benzoyl
chloride, EtzN, DCM, rt, overnight (57-96%); (3)
water, pyridinium p-toluenesulfonate, acetone, reflux,
overnight (46-75%); (ii) sodium borohydride, anhy-
drous THF, 0 °C, rt, overnight (cis 16-34% and trans
24-43%); (iii) (a) 4-nitrophenyl chloroformate, Et3N,
DCM, rt, overnight (52%); (b) methyl amine or other
appropriate amine, DCM, rt, overnight (85-92%).

F
trans-16

s Scheme 3. Synthesis of carbamate derivatives of 3-
U thiophene-based Ky1.3 inhibitors®.

~ ¢ Reagents and conditions: (i) (a) 4-nitrophenyl
NH @ Cl chloroformate, EtzN, DCM, rt, overnight (52%); (b)
appropriate amine, DCM, rt, overnight (81-96%); (ii)
(a) methanesulfonyl chloride, Et3N, DCM, ice bath, 2
h (100%); (b) sodium azide, DMF, 100 °C, overnight
(50-57%); (c) Hyg), Pd/C, methanol (MeOH), rt,
overnight (86%); (d) 4 M HCl in 1,4-dioxane, MeOH,
rt, 1 h (34-42%).

trans-23

tiophene and 2-methoxyphenyl moieties, the same trends were
observed, with the hydroxyl compound (17) being more potent than the
ketone compound (22) and, among the carbamates, the methyl carba-
mate (trans-19) and propyl carbamate (trans-18) being the most potent
with ICs¢ values of 170 and 230 nM, respectively. The optimization
strategy resulted in increased potency of parent compound 6 for human
hKy1.3 channels expressed in Ltk cells and in Xenopus laevis oocytes.

2.3. Inhibition of Ky1.3 -mediated current on PHA-activated T-
Lymphocytes

There is growing evidence of the critical role that potassium channels
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Table 1

Ky1.3 inhibitory potencies in Xenopus laevis oocytes of reference compounds
3-4, and of the newly designed Type I (7-16) and Type II (17-23) analogs,
manually patch-clamped to determine the percentage of inhibition at 10 pM.

Compound % of Ky1.3 inhibitionat ~ Compound % of Ky1.3 inhibition at
D 10 uM D 10 M
3 87.48 £ 6.27% trans-15 65.70 + 10.39%
trans-4 87.30 £ 6.47% cis-16 54.87 £ 6.50%
cis-4 40.50 + 9.47% trans-16 66.44 + 3.92%
7 23.28 £ 5.27% trans-17 78.53 £ 7.11%
8 39.11 + 4.51% cis-17 97.63 + 0.85%
9 55.31 + 5.99% trans-18 90.67 + 4.33%
10 85.59 + 4.61% cis-18 25.53 + 6.35%
cis-11 38.52 £ 6.24% trans-19 93.04 + 1.77%
trans-11 90.93 + 3.07% cis-19 79.62 + 4.92%
trans-12 93.75 + 1.58% trans-20 36.16 + 11.88%
cis-12 94.71 + 1.74% cis-21 94.45 + 1.22%
trans-13 91.61 + 4.22% 22 97.01 + 1.13%
14 95.06 + 0.98% trans-23 0.65 + 5.60%
cis-15 0 + 0.85% cis-23 6.46 + 11.77%
Table 2

ICsp values determined on hKy1.3 channels expressed in Ltk cells.

compound ID structural type ICsp [nM] Ltk cells

6 reference 950 + 240
trans-11 type I 250 + 20
trans-12 type I 470 + 10
cis-12 type I 180 +£ 10
trans-13 type I 850 + 60
14 type I 1130 + 10
cis-17 type II 450 + 10
trans-18 type II 230 £ 10
trans-19 type II 170 £ 10
cis-21 type II 670 + 20
22 type II 800 + 20
Table 3

ICso values of selected thiophene-based Ky1.3 inhibitors on PHA-activated T-
lymphocytes.

Compound ID Structural type ICsp [nM] PHA-activated T-lymphocytes

cis-17 type I 56.83 + 0.08
trans-18 type II 26.12 + 0.09
trans-20 type II 37.21 + 0.07

play in cellular mechanisms that regulate cell cycle progression, selec-
tion, differentiation, and migration of cells under both physiological and
pathological conditions, such as tumors [18,28,29]. These findings are
more relevant in T-lymphocytes because the ability of these cells to in-
crease functional expression of Ky1.3 channels upon stimulation by the
T-cell receptor (TCR) has already been demonstrated [30-32]. In this
study, we optimized the PBMC isolation method to use PHA-activated
T-lymphocytes as a target for electrophysiological studies of potassium
currents mediated by Ky1.3 channels. PBMCs were analyzed after 5 days
of PHA stimulation, and almost all (~90%) of the cells were CD3"
T-lymphocytes.

First, we examined the functional presence of Kyl.3 channels in
PBMC PHA-activated T-lymphocytes using the inhibitor Psora-4 (1 pM,
1 min application, Figs. S3A and S3B). Under control conditions, an
average outward current of 1187 + 387.2 pA (n = 7) was measured. The
measured outward current in the presence of Psora-4 (1 pM, 1 min
application was reduced on average to 60.5 + 43.8 pA (96% reduction,
n =7, p < 0.001, paired t-test). Previously, the calculated Psora-4-
sensitive current averaged 1126 + 375.2 pA. Our data showed a sig-
nificant 96% reduction in potassium current after Psora-4 application (1
pM, 1 min administration, Fig. S3B).

We next wanted to investigate whether the residual outward current
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observed after Psora-4 application was due to the presence of a Kc,3.1
current, since it is known from the literature that these cells also express
functional K¢,3.1 channels [30]. To this end, we repeated the two-step
protocol previously described to evoke potassium outward currents
under control conditions and in the presence of the specific inhibitor for
Kca3.1 channels TRAM-34 [33]. The outward current measured under
control conditions averaged 769.2 + 199.2 pA, whereas in the presence
of TRAM-34 (1 pM, 1 min application) it was reduced to an average of
596.3 + 163.5 pA (18% reduction, n = 6, p = 0.519, paired t-test) such
that the TRAM-34-sensitive net current averaged 173.0 + 149.9 pA
(Figs. S3C and S3D). These data, obtained using the specific blocker for
Kca3.1 TRAM-34 (1 pM), showed that the potassium current component
mediated by these channels was small and negligible (18% nonsignifi-
cant reduction).

Therefore, in agreement with the observations of other authors
[29-31], PHA-mediated activation of T-lymphocytes resulted in suc-
cessful overexpression of Ky1.3 channels also in our case. Considering
the negligible contribution of Kc,3.1, PBMC-derived T-lymphocytes
stimulated with PHA represent an excellent tool to study Ky1.3 channels
without the need to use cellular transfection methods, which are
certainly more invasive and therefore far from physiological conditions.

We resynthesized Merck benzamide inhibitors 3, trans-4, and cis-4
according to Scheme S1 and the procedures described previously and
tested them on PHA-activated T-lymphocytes [27]. All three
phenyl-based Merck benzamides (reference compounds 3, trans-4, and
cis-4) showed functional inhibition of Ky1.3 channels but were less
potent in inhibiting channel currents than our 3-thiophene-based ben-
zamide reference 6 in the same assay at 5 pM (Fig. 3, blue columns).

The new type I (orange) and type II (green) analogs 7-23 showed
functional activity as inhibitors of Ky1.3 channels and were able to
induce a significant reduction in the total outward potassium current at
a concentration of 5 pM, although to different extents (Fig. 3, Table S1).
The new type II 3-thiophene-based analogs trans-18 (propyl carbamate
analog) and cis-17 (hydroxyl analog) showed the most pronounced ef-
fects among all the compounds tested. The type II trans-carbamates
(trans-18, trans-19, and trans-20) showed a greater reduction in total
outward potassium current than the cis-carbamates (cis-18, cis-19, and
cis-21) at a concentration of 5 pM. Conversely, the type II cis-alcohol (cis-
17) caused a higher percentage of Kyl.3 inhibition than the trans-
alcohol compound (trans-17), which was consistently observed in Xen-
opus laevis oocytes and Ltk cells (Table 2). The type II ketone compound
22 and the amines trans-23 and cis-23 showed a lower percentage of
channel inhibition than the most potent alcohol cis-17 and the
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Fig. 3. Percentages of inhibition produced by the application of reference
compounds (blue), type-I 2-thiophene based compounds (orange) and type-1I 3-
thiophene based compounds (green) on PBMC PHA-activated T-lymphocytes at
5 pM. ns = not significant.
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carbamates trans-18 and trans-20. The potency of the starting compound
6 on PBMC PHA-activated T-lymphocytes was improved by modifying
the tetrahydropyran moiety with the hydroxyl (cis-17) and carbamate
(trans-18) substituted cyclohexane-based compounds. Of the type I
compounds (Fig. 3, Table S2), the most potent inhibition of total current
was caused by ketones 8, 9, and 14, which were, however, significantly
less potent than the most potent type II compounds (cis-17, trans-18, and
trans-20). The type I ketones (7, 8, 9, and 10) contained modifications of
the 2-methoxybenzamide moiety, and the tolerated substitutions were
5-fluoro-2-methoxybenzamide (8), furan-3-carboxamide (9), and 4-
methyl-2-methoxybenzamide (10), but the substitution of 5-methyl-2-
methoxybenzamide (7) significantly reduced the inhibitory effect.

To characterize the pharmacological activity of the most potent new
Kyl1.3 inhibitors cis-17, trans-18, and trans-20, which showed the
highest percentage of inhibition at 5 pM (Fig. 3), dose-response assays
were performed (Fig. S4) and representative current traces currents of
PBMC-derived PHA-activated T-lymphocytes in the presence of cis-17
and trans-18 were added in the Supplementary Fig. S5. The new type II
3-thiophene-based analogs cis-17, trans-18, and trans-20 (Table 1) had
nanomolar potencies on human PBMC PHA-activated T-lymphocytes.
Compound trans-18 was the most potent, with an ICsq value of 26.1 nM.

Based on Kyl.3 -mediated current inhibition assays on PHA-
activated T-lymphocytes and Ky1.3 inhibition effects on Ltk cells, we
obtained the new promising Ky1.3 inhibitor trans-18 with nanomolar
potencies on human PBMC PHA-activated T-lymphocytes (ICsyo = 26.1
nM) and mammalian Ltk™ cells (ICso = 230 nM). Therefore, we also
tested trans-18 against similar voltage-gated potassium channels Ky1.1-
Ky1.6 using the Xenopus laevis heterologous expression system. The
propyl carbamate analog trans-18 also had nanomolar potency against
Ky1.3 in Xenopus laevis oocytes (IC5o = 135.6 + 5.2 nM) and was se-
lective against Ky1.4, Ky1.5, and Ky1.6 channels (% inhibition = 6.4 +
6.9%, 11.4 + 7.3%, and —1.1 + 4.0%, respectively), but no selectivity
towards Kyl.1 (Fig. S6, ICsp = 124.1 + 0.9 nM) and Kyl.2-channels
(Fig. S6, ICs59 = 308.0 & 18.1 nM). In terms of thermodynamic solubility
(TD), the most soluble compounds in a series were ketones 14 and 22
with TD solubilities of 210 pM and 400 pM, respectively (Table S2). The
compound trans-18 is stable in the PBS buffer (pH = 7.4) for at least 120
h (Fig. S7). The most promising compounds on human PBMC PHA-
activated T-lymphocytes and mammalian Ltk cells had TD solubilities
of 72 pM (cis-17) and 22 pM (trans-18), which were higher than that of
PAP-1. In addition, HEK-293 model cells were used to overexpress the
hERG potassium channel and test the hERG inhibition of selected new
thiophene-based Ky1.3 inhibitors. Each of these inhibitors showed cur-
rent reduction of 21% (cis-15), 15% (cis-17), 21% (trans-18), and 19%
(trans-19) at 5 pM (Fig. S8).

Comparing the response of Kv1.3-mediated currents to trans-18 in
heterologous expression systems with PHA-activated T-lymphocytes,
approximately a 10-fold higher affinity was observed in the latter. Ltk-
cells are known to express the Kvbeta2.1 subunit that might affect the
drug response of Kv1.3 [34]. On the other hand, it is reported that a
Kvbeta2 subunit is also expressed in T lymphocytes [35]. Therefore, we
do not expect that the difference can be ascribed to the presence of this
auxiliary Kvbeta2.1 subunit in Ltk-cells. The obtained ICsg value in the
Kv1.3 expressing Ltk-cells was less than a 2-fold difference from the one
obtained in Xenopus oocytes. Possibly for these compounds it is the
absence of other subunits or specific lipid composition (microdomains)
present in the T lymphocytes that increases the affinity compared to the
heterologous system [36].

2.4. Functional studies of new Ky1.3 inhibitors on T-lymphocytes

To further characterize the effect of the described new Ky1.3 in-
hibitors on T-cell activation, we performed functional studies on PBMC-
derived PHA-activated T-lymphocytes. Ky1.3 contributes to the main-
tenance of the electrochemical gradient that controls Ca%" entry into
lymphocytes after stimulation by the T-cell receptor, and selective
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inhibition of Ky1.3 is known to be responsible for the perturbation of
calcium fluxes. Considering the role of Ky1.3 in maintaining the K*
gradient responsible for Ca%* entry during lymphocyte activation, we
examined how the different inhibitors tested affected intracellular
[Ca2+]i levels. After stimulating T-cells with PHA for 5 days, we exam-
ined Ca?* levels in the presence of the 3-thiophene-based compounds
cis-17 and trans-18, which had the greatest effect on PBMC PHA-
activated T-lymphocytes (56.8 nM and 26.2 nM, respectively) and
Ky1.3 inhibition on Ltk ™ cells (450 nM and 230 nM, respectively). PBMC
were stained with the Fluo-4 Ca%* probe, and the Fluo-4 MFI of the CD3™*
population was evaluated by flow cytometry after 2 h of inhibition by
the compounds (representative histograms Fig. 4B). Mean Fluo-4 fluo-
rescence from 3 replicates normalized to that of the untreated control
(Ctrl) for each individual experiment is reported in Fig. 4A. The new
Ky1.3 inhibitor trans-18 caused a reduction in [Ca2+]i at a concentration
of 5 pM, resulting in reductions of 27% (p < 0.05, paired t-test), while
the compound cis-17 did not reduce intracellular Ca?* levels (Fig. 4A).

Analysis of intracellular Ca?* variations in T-lymphocytes confirmed
that physiological Ca®" levels and intracellular TCR signaling are
reduced in the presence of Kyl.3 inhibitors. The intracellular TCR-
mediated signal transduction pathway is essential for the activation of
quiescent T-cells and has therefore proven to be a reliable model system
for the discovery and evaluation of new immunosuppressive agents.
Thus, selective inhibition of Ky1.3 could interfere with T-cell activation
by modulating the ionic balances that regulate the concentration of
physiological Ca?*. Indeed, upon entry into TCR stimulation, Ca®*
triggers calcineurin-mediated dephosphorylation of nuclear factor of
activated T-cells (NFAT), thereby regulating important cellular pro-
cesses responsible for cell cycle progression, selection, and differentia-
tion [1]. In this context, we further investigated the effect of new Ky1.3
inhibitors on T-cell activation by examining proliferation and colony
formation after 5 days of PHA stimulation and treatment with the
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Fig. 4. Effect on intracellular Ca®* levels. Flow cytometry analysis of Fluo-4
fluorescence on CD3" PBMC. (A) Mean Fluo-4 fluorescence from 3 replicates
was normalized to that of the untreated control (Ctrl) for each individual
experiment (n = 4). The error bars represent the standard deviation. After
activation, cells were treated with the described compounds [5 pM] for 2 h. (B)
Representative histograms showing Fluo-4 fluorescence in CD3" lymphocytes
treated with the different compounds and a graph showing a comparison among
the different treatment conditions.
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compounds.

Because, as mentioned above, Ca®" is one of the most important
messengers during lymphocyte activation, the observed reduction in
[Ca®']; by Ky1.3 inhibition suggests that lymphocyte activation may
also have changed. To further explore this hypothesis, we investigated
how the different compounds affected T-cell activation by examining
cell proliferation and T-cell colony formation. Purified PBMC were
activated with PHA and cultured at a concentration of 1.5 x 10° cells/
mL. Compounds were tested at a concentration of 30 pM to exclude
possible inactivation by serum [34]. No effects on viability were noticed
and trypan blue staining did not indicate a reduced viability in treated
cells compared to untreated (data not shown). We further assessed the
proliferation capacity of T cells by counting the cells after 5 days of PHA
stimulation and compounds treatment. No effect of the compounds on
total cell number emerged (Fig. S9) and after 5 days, the T-cells that
formed colonies and the concentration of live cells were counted (Fig. 5,
representative colony indicated by the arrow). Image analysis showed a
significant decrease in the number of colony-forming units (CFU) after
the application of cis-17 and trans-18 (Fig. 5A). The novel compound
trans-18 (Fig. 5) showed a correlation with the Ca* signaling data. This
suggests reduced activation of CD4" T-lymphocytes upon treatment
with trans-18.

To further clarify the mechanism responsible for the observed
change in CD4" colony formation, we examined the effect of the
different compounds on cell cycle progression (Fig. 6). On day 5 after
PHA activation and treatment, colonies were disaggregated and flow
cytometric cell cycle analysis was performed (Fig. 6B). All selected
Ky1.3 inhibitors showed a significant reduction (Fig. 6A p < 0.005) in
the fraction of cycling cells (in cell cycle phases S + G2+M), indicating
proliferation blockade in phase GO/G1, which could explain the reduced
number of colonies observed after treatment.

Compound trans-18, which inhibited Ky1.3 current most potently,
impaired intracellular Ca?* signaling and T-cell activation and colony
formation. Because Ky1.3 has become an important drug target because
of its unique role in proliferation and survival of effector memory T-cells
[13,14], the selected compounds could be used to modulate channel
conductance and thereby alter the processes of lymphoid cell differen-
tiation, selection, proliferation, and migration. Given the critical role of
Ky1.3 in proliferation [2] and its overexpression in B-cell chronic lym-
phocytic leukemia (B-CLL) [37], it could confer a survival advantage to
proliferating lymphoid cancer cells [13] and provide a target for the
treatment of lymphomas and leukemias in which long-term survival
rates, particularly in T-cell acute lymphoblastic leukemia (ALL), are still
low because of the systemic toxicity of treatments and the occurrence of
chemoresistance. In addition, dysregulation of the selective mechanisms
could lead to proliferation of lymphocyte clones that are not normally
selected, and this could be the basis for expansion of a leukemic clone.
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Fig. 5. (A) Bar graph showing the number of T-cell CFUs formed after PHA
activation. PBMC were treated with the different drugs [30 pM] together with
PHA for 5 days before counting the colonies. Bars represent the mean of 3
experiments, and standard deviation is indicated. (B) Representative images of
colonies from A. The arrow shows a representative colony. Images were taken
with a bright-field microscope.
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Fig. 6. Flow cytometry cell cycle analysis of PBMC after 5 days of PHA stim-
ulation and treatment with the described drugs [30 uM]. (A) Bars represent the
mean of the percentage of cycling cells (S + G2+M) from 3 experiments. Error
bars represent the standard deviation between replicates. Unpaired t-test was
performed to compare drug-treated and untreated (Ctrl) samples (*: p < 0.05;
**: p < 0.005. (B) Representative histograms showing activated T-lymphocytes
at different stages of cell cycle progression, grouped in GO/G1 and in cycling
(cell cycle phases S + G2+M) as shown in A.

3. Conclusion

New thiophene-based Ky1.3 inhibitors were discovered by structural
optimization of previously published compound 6. The new optimized
Ky1.3 inhibitors exhibited 2- to 6-fold higher Ky1.3 inhibition on Ltk™
cells than compound 6 in the nanomolar range. The new 3-thiophene-
based propyl carbamate analog (trans-18) and the alcohol analog (cis-
17) inhibited Ky1.3 channels in the nanomolar range in three inde-
pendent test systems on Xenopus laevis oocytes, Ltk™ cells, and PHA-
activated T-lymphocytes. Functional studies on PHA-activated T-lym-
phocytes from PBMC showed that inhibitor trans-18, the most potent
Kyl.3 inhibitors on T-lymphocytes, impaired intracellular Ca®*
signaling and T-cell activation, proliferation, and colony formation.
Taken together, these results suggest that these newly synthesized Ky1.3
inhibitors may represent basis for further optimization, but more
detailed studies based on cellular disease models are needed.

4. Experimental section
4.1. Materials

The reagents and solvents used were obtained from commercial
sources (i.e., Acros Organics, Sigma-Aldrich, TCI Europe, Merck, Carlo
Erba, Apollo Scientific) and were used as provided. Anhydrous THF was
prepared by distillation over sodium and benzophenone under Ar(y.
Analytical thin-layer chromatography was performed on silica gel
aluminum sheets (60 F254, 0.20 mm; Merck). Flash column chroma-
tography was performed on silica gel 60 (particle size 0.040-0.063 mm,
Merck). Reversed-phase column chromatography (RP-CC) was per-
formed on the Isolera Biotage One Flash Chromatography system (SNAP
Biotage KP-C18-HS column, 12 g, Biotage, Uppsala, Sweden) using a
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gradient of 0.1% TFA in deionised water and MeCN as eluent (gradient
10-100% MeCN in 15 column volumes (300 mL); 100% MeCN for 5
column volumes (100 mL)). 'H NMR and '3C spectra were recorded at
400 and 100 MHz, respectively, on a Bruker Avance III NMR spec-
trometer (Bruker, MA, USA) at 295 K. The chemical shifts (§) are re-
ported in ppm and are referenced to the deuterated solvent used. HRMS
measurements were performed on a LC-MS/MS system (Q Executive
Plus; Thermo Scientific, MA, USA). Mass spectrometry measurements
were performed on an Expression CMS" mass spectrometer (Advion, NY,
USA). Analytical reversed-phase UPLC analyses were performed using a
modular system (Thermo Scientific Dionex UltiMate 3000 modular
system; Thermo Fisher Scientific Inc., MA, USA). Method: Waters Acg-
uity UPLC® HSS C18 SB column (2.1 x 50 mm, 1.8 pm), T = 40 °C;
injection volume = 5 pL; flow rate = 0.4 mL/min; detector A = 254 nm;
mobile phase A (0.1% trifluoroacetic acid (TFA) [v/v] in water), mobile
phase B acetonitrile (MeCN). Gradient: 0-2 min, 10% B; 2-10 min, 10%-—
90% B; 10-12 min, 90% B. Purities of the tested compounds were
established to be > 95% at 254 nm, as determined by UPLC.

Compounds 3, trans-4, and cis-4 were resynthesized according to
Scheme S1 as previously reported [27]. Analytical data for compounds
3, trans-4, and cis-4, and their precursors is given in the Supporting In-
formation. Compound 6 was prepared as previously described by our
group [27]. The analytical data here were identical to those reported
previously.

4.2. General synthetic chemistry experimental protocols

4.2.1. General procedure A: synthesis of diester intermediates

Corresponding thiophene acetonitrile (75 mmol, 1.0 equiv) and
methyl acrylate (375 mmol, 5.0 equiv) were dissolved in tert-butanol
(45 mL) at room temperature and heated to boiling point. The heating
source was then removed and benzyltrimethylammonium hydroxide
(75 mmol, 1.0 equiv), dissolved in tert-butanol (10 mL), was added
dropwise at room temperature. The reaction mixture was stirred under
reflux for 4 h and then cooled to room temperature overnight. Next day
toluene (100 mL) and water (70 mL) were added to reaction mixture.
The organic phase was separated and washed with water (2 x 70 mL),
saturated brine solution (50 mL), dried over NaySOy, filtered, and the
solvent evaporated under reduced pressure. The product was used
without further purification.

4.2.2. General procedure B: synthesis of 4-aryl-4-cyano-2-carbomethoxy-
cyclohexanone derivatives

Appropriate cyanothiopheneheptanedioate (61 mmol, 1.0 equiv)
was dissolved in anhydrous THF (250 mL) under argon atmosphere.
Potassium tert-butoxide (122 mmol, 2 equiv) was added in portions with
cooling on ice. The reaction mixture was stirred under reflux for 5 h and
cooled to room temperature overnight. Next day 2.5 M acetic acid (220
mL) was added dropwise with cooling on ice. The batch was mixed with
toluene (150 mL). Organic phase was separated and washed with satu-
rated aqueous NaHCOj3 solution (3 x 100 mL), water (3 x 100 mL) and
saturated brine solution (75 mL). After drying over NaySO4, the solvent
was evaporated. The product was used without further purification
unless stated otherwise.

4.2.3. General procedure C: synthesis of 4,4-disubstituted cyclohexanones

Corresponding methyl 2-oxocyclohexane-1-carboxylate (47 mmol,
1.0 equiv) was dissolved in 10% sulfuric acid (170 mL) and glacial acetic
acid (380 mL). The reaction mixture was boiled at 100 °C for 24 h. The
batch was then cooled to room temperature and diluted with water (500
mL) on ice bath. The water phase was extracted with ethyl acetate (3 x
150 mL) and combined organic phases were thoroughly washed with
saturated aqueous NaHCOg solution (5 x 100 mL), water (5 x 100 mL),
saturated brine solution (100 mL), dried over NaySOy, filtered and
evaporated. When ethyl acetate (25 mL) was added to crude product,
white precipitate was formed. White precipitate was removed by
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filtration and dried. The product was additionally purified by flash
column chromatography.

4.2.4. General procedure D: introduction of protection group to ketone
derivatives

Ketone derivative (29 mmol, 1.0 equiv) was dissolved in toluene
(300 mL). Ethane-1,2-diol (290 mmol, 10.0 equiv) and PTSA (0.58
mmol, 0.02 equiv.) were added to reaction mixture. The flask was boiled
at 140 °C in Dean-Stark apparatus overnight. Next day the flask was
cooled to room temperature and the solvent was evaporated. Product
was dissolved in ethyl acetate (400 mL) and washed with saturated
aqueous NaHCOs solution (2 x 150 mL), water (2 x 150 mL) and
saturated brine solution (150 mL). Organic phase was dried over
NaySO0y, filtered and evaporated under reduced pressure. The product
was additionally purified by flash column chromatography.

4.2.5. General procedure E: reduction of carbonitrile to amine derivatives

Carbonitrile intermediate (27 mmol, 1.0 equiv.) was dissolved in
anhydrous THF (100 mL) under argon atmosphere with cooling on ice.
LiAlH4 (54 mmol, 2.0 equiv.) was added in portions on ice bath and
batch was stirred at room temperature overnight. For workup, dieth-
ylether (300 mL) was added to flask with cooling on ice and then
saturated brine solution (5-10 mL) was slowly added while the batch
was stirred on ice bath. Residual water was removed by addition of
NaySO4. Precipitate was filtered off and additionally washed with
diethylether. Organic solvent was removed under reduced pressure and
the product was used without further purification unless stated
otherwise.

4.2.6. General procedure F: synthesis of benzamide analogs

Benzoic acid derivative (26 mmol, 1.0 equiv) was dissolved in DCM
(100 mL) with cooling on ice. Oxalyl chloride (78 mmol, 3.0 equiv) was
added dropwise, followed by 5 drops of DMF. The batch was stirred at
room temperature overnight and next day the solvent was evaporated.
Appropriate amine (26 mmol, 1.0 equiv) and Et3N (78 mmol, 3.0 equiv.)
were dissolved in DCM (75 mL) with cooling on ice, followed by addition
of benzoyl chloride intermediate (26 mmol, 1.0 equiv), dissolved in
DCM (75 mL). Reaction mixture was stirred at room temperature over-
night. Organic phase was then diluted with 75 mL of DCM and washed
with saturated aqueous NaHCO3 solution (2 x 50 mL), 1 M aqueous HCIL
solution, water (2 x 50 mL), saturated brine solution (50 mL), dried over
NayS0O4, filtered and remained organic phase was removed under
reduced pressure. The product was used without further purification
unless stated otherwise.

4.2.7. General procedure G: removal of protection group from ketone
Benzamide analog (23 mmol, 1.0 equiv) was dissolved in acetone
(150 mL), followed by the addition of pyridinium p-toluenesulfonate
(2.3 mmol, 0.1 equiv) and water (20 mL). The reaction mixture was
stirred at reflux for 48 h, and then the solvent was evaporated. The
residue was dissolved in DCM (200 mL) and washed with aqueous
NaHCOs solution (50 mL), 1 M aqueous HCI solution (50 mL), water (2
x 50 mL), and saturated brine solution (50 mL). Organic phase was
dried over NaySQy, filtered and the solvent removed under reduced
pressure. The product was purified by flash column chromatography.

4.2.8. General procedure H: reduction of ketone group to hydroxyl group
Benzamide derivative (17 mmol, 1.0 equiv) was dissolved in anhy-
drous THF (100 mL) under argon atmosphere with cooling on ice.
NaBH,4 (34 mmol, 2.0 equiv) was then added in portions with cooling on
ice and the batch was stirred at room temperature overnight. Next day,
1 M aqueous HCI solution (100 mL) was added to reaction mixture with
cooling on ice and extracted with DCM (2 x 100 mL). Combined organic
phases were then washed with water (50 mL), dried over NasSOsa,
filtered and the solvent removed under reduced pressure. Product was
purified by flash column chromatography. Trans (5.8 mmol) and cis (9.7
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mmol) derivatives were separated by flash column chromatography.

4.2.9. General procedure I: synthesis of carbamate derivatives from
alcohols

Hydroxyl analog (0.6 mmol or 1.2 mmol, 1.0 equiv.) was dissolved in
DCM (50 mL) and then Et3N (3 mmol or 6 mmol, 5.0 equiv) was slowly
added. The flask was stirred at room temperature for 5 min and then 4-
nitrophenyl chloroformate (1.2 mmol or 2.4 mmol, 2.0 equiv.) was
added in portions. Reaction mixture was stirred at room temperature
overnight and then washed with water (25 mL), 1 M aqueous HCI so-
lution (25 mL), and saturated brine solution (25 mL). Organic phase was
dried over NaySOy, filtered and the solvent removed under reduced
pressure. Intermediate (0.3 mmol or 0.6 mmol, 1.0 equiv.) was dissolved
in DCM (50 mL) and then amine (3 mmol or 6 mmol, 10.0 equiv.) was
added at room temperature. The flask was stirred at room temperature
overnight and next day washed with water (25 mL), 1 M aqueous HCl
solution (25 mL), and saturated brine solution (25 mL). Organic phase
was dried over NasSOy, filtered, and the solvent removed under reduced
pressure. Product was additionally purified by flash column
chromatography.

4.2.10. General procedure J: synthesis of azide derivatives

Corresponding hydroxyl analog (2 mmol, 1.0 equiv.) was dissolved
in DCM (25 mL) with cooling on ice followed by addition of EtsN (4
mmol, 2.0 equiv). Methanesulfonyl chloride (4 mmol, 2 equiv) was
added dropwise and the flask was stirred with cooling on ice for 2 h.
Reaction mixture was washed with water (3 x 10 mL) and solvent was
removed under reduced pressure. Intermediate (2 mmol, 1.0 equiv.) was
dissolved in anhydrous DMF (30 mL) followed by addition of sodium
azide (4 mmol, 2.0 equiv.). The flask was stirred at 100 °C overnight.
Next day, the solvent was removed under reduced pressure and product
was purified by flash column chromatography.

4.2.11. General procedure K: reduction of azide to amine derivatives

Azide intermediate (1.1 mmol, 1.0 equiv.) was dissolved in ethyl
acetate (50 mL) and purged under a stream of argon for 10 min. Cata-
lytic amount of Pd/C (10% load on carbon, 10-20% [w/w] calculated to
the starting material) was added, and the resulting suspension mixture
was stirred under H; (g) atmosphere at room temperature for 16-24 h.
The catalyst was removed by filtration through Celite and evaporated to
obtain crude product. The amine intermediate (1 mmol) was used
without further purification unless stated otherwise.

4.2.12. General procedure L: formation of amine salts with HCl

Amine intermediate (0.3 mmol, 1 equiv.) was dissolved in MeOH and
then 4 M HCI solution (3 mmol, 10 equiv) in 1,4-dioxane was added
dropwise. The flask was stirred at room temperature for 1 h and the
solvent was removed under reduced pressure. Product was purified by
reversed-phase chromatography (Biotage SNAP Cartridge KP-C18-HS
12 g column), MF: gradient water in HyO/acetonitrile.

4.3. Synthesis and characterization of intermediates and inhibitors

4.3.1. 2-Methoxy-5-methyl-N-((4-oxo-1-(thiophen-2-yl)cyclohexyl)
methyl)benzamide (7)

Synthesized from 30 (507 mg, 2.0 mmol, 1.0 equiv), EtsN (0.84 mL,
6.0 mmol, 3.0 equiv) and 2-methoxy-5-methylbenzoyl chloride (369 mg,
2.0 mmol, 1.0 equiv) via general procedure F and pyridinium p-tolue-
nesulfonate (45 mg, 0.18 mmol, 0.1 equiv) and water (8 mL) via general
procedure G. Column chromatography, EtOAc/n-hexane = 1/2 (v/v).
Yield: 40% (289 mg); white solid. 'H NMR (400 MHz, DMSO-de): &
2.06-2.17 (2H, m, H,-2,6), 2.26 (3H, s, H-20', H-20’’, H-20"), 2.26-2.42
(6H, m, H,-3,5, He-3,5, He-2,6), 3.63 (2H, d, J = 6.1 Hz, H-7, H-7"),
3.72 (3H, s, OCH3), 7.01 (1H, d, J = 8.5 Hz, H-11), 7.11 (1H, dd, J; =
5.0 Hz, J, = 3.5 Hz, H-18), 7.16 (dd, J; = 3.5 Hz, J, = 1.1 Hz, H-17),
7.27 (1H, dd, J; = 8.4 Hz, J, = 1.9 Hz, H-12), 7.54 (1H, dd, J; = 5.1 Hz,
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J2 = 1.1 Hz, H-19), 7.63 (1H, d, J = 2.1 Hz, H-14), 7.96 (1H, t, J = 5.9
Hz, NHCO). '3C NMR (101 MHz, DMSO-ds) 5 19.92 (C-20), 34.14 (C-
2,6), 37.20 (C-3,5), 41.50 (C-1), 49.64 (C-7), 55.87 (C-15), 112.10 (C-
11), 121.42 (C-9), 124.87 (C-19), 125.05 (C-17), 127.22 (C-18), 129.45
(C-13), 131.06 (C-14), 132.85 (C-12), 148.37 (C-16), 155.04 (C-10),
164.71 (C-8), 209.72 (C-4). HRMS (ESI+): m/z caled for [M + HIT
358.1471; found 358.1470. HPLC purity, 99.9% at 254 nm (tg = 4.96
min).

4.3.2. 5-Fluoro-2-methoxy-N-((4-oxo-1-(thiophen-2-ylcyclohexyl)
methyl)benzamide (8)

Synthesized from 30 (1.27 g, 5.0 mmol, 1.0 equiv), EtsN (2.09 mL,
15.0 mmol, 3.0 equiv) and 5-fluoro-2-methoxybenzoyl chloride (943
mg, 5.0 mmol, 1.0 equiv) via general procedure F, and pyridinium p-
toluenesulfonate (121 mg, 0.48 mmol, 0.1 equiv) and water (10 mL) via
general procedure G. Column chromatography, EtOAc/n-hexane = 1/2
(v/v). Yield: 50% (901 mg); white solid. 1 NMR (400 MHz, DMSO-dg):
8 2.06-2.18 (2H, m, H,-2,6), 2.25-2.42 (6H, m, H-2,6, H,-3,5, He-3,5),
3.62 (2H, d, J = 6.1 Hz, H-7, H-7""), 3.76 (3H, s, OCH3), 7.11 (1H, dd,
J;=5.1 Hz, J,=3.5 Hz, H-18), 7.13-7.19 (2H, m, H-11, H-17), 7.33 (1H,
ddd, J;=9.0 Hz, J, = 7.8 Hz, J3 = 3.4 Hz, H-12), 7.52 (1H, dd, J;=9.5
Hz, J,=3.5 Hz, H-14), 7.55 (1H, dd, J;=5.2 Hz, J, = 1.1 Hz, H-19), 8.05
(1H, t, J = 6.0 Hz, NHCO). 13C NMR (101 MHz, DMSO-dg) & 34.11 (C-
2,6), 37.18 (C-3,5), 41.53 (C-1), 49.83 (C-7), 56.47 (C-15), 113.97 (d, J
=7.8Hz,C-11),116.56 (d, J = 24.7 Hz, C-14), 118.71 (d, J = 23.0 Hz, C-
12), 123.48 (d, J = 6.6 Hz, C-9), 124.91 (C-19), 125.16 (C-17), 127.24
(C-18), 148.16 (C-16), 153.36 (d, J = 1.7 Hz, C-10), 156.04 (d, J =
237.0 Hz, C-13), 163.57 (d, J = 1.7 Hz, C-8), 209.67 (C-4). HRMS
(ESI+): m/z caled for [M + H]" 362.1221; found 362.1216. HPLC pu-
rity, 99.1% at 254 nm (tg = 4.74 min).

4.3.3. N-((4-oxo-1-(thiophen-2-yl)cyclohexyl)methyl)furan-3-
carboxamide (9)

Synthesized from 30 (1.27 g, 5.0 mmol, 1.0 equiv), Et3N (2.09 mL,
15.0 mmol, 3.0 equiv) and furan-3-carbonyl chloride (653 mg, 5.0
mmol, 1.0 equiv) via general procedure F, and pyridinium p-toluene-
sulfonate (100 mg, 0.40 mmol, 0.1 equiv) and water (10 mL) via general
procedure G. Column chromatography, EtOAc/n-hexane = 1/2 (v/v).
Yield: 52% (794 mg); white solid. 'H NMR (400 MHz, DMSO-dg): 6
2.03-2.17 (2H, m, H,-2,6), 2.23-2.34 (6H, m, Hy-3,5, He-3,5, He-2,6),
3.42(2H,d,J = 6.5Hz, H-7,H-7"), 6.83 (1H, dd, J;=1.9 Hz, J,=0.8 Hz,
H-12), 7.04 (1H, dd, J;=5.1 Hz, J,=3.5 Hz, H-15), 7.10 (1H, dd, J;=3.5
Hz, J,=1.1 Hz, H-14), 7.47 (1H, dd, J;=5.1 Hz, J,=1.1 Hz, H-16), 7.70
(1H,t,J =1.7 Hz, H-11), 8.05 (1H, brt, J = 6.4 Hz, NHCO), 8.18 (1H, dd,
Ji1=1.5 Hz, J,=0.8 Hz, H-10). '3*C NMR (101 MHz, DMSO-dg) 5 34.03 (C-
2,6), 37.27 (C-3,5), 42.27 (C-1), 49.63 (C-7), 109.16 (C-12), 122.63 (C-
9), 124.65 (C-16), 124.89 (C-14), 127.13 (C-15), 143.84 (C-11), 145.15
(C-10), 147.84 (C-13), 161.96 (C-8), 209.78 (C-4). HRMS (ESI+): m/z
caled for [M + H]™ 304.1002; found 304.1000. HPLC purity, 99.6% at
254 nm (tg = 3.40 min).

4.3.4. 2-Methoxy-4-methyl-N-((4-oxo-1-(thiophen-2-yl)cyclohexyl)
methyDbenzamide (10)

Synthesized from 30 (507 mg, 2.0 mmol, 1.0 equiv), EtgN (0.84 mL,
6.0 mmol, 3.0 equiv) and 2-methoxy-4-methylbenzoyl chloride (369 mg,
2.0 mmol, 1.0 equiv) via general procedure F, and pyridinium p-tolue-
nesulfonate (28 mg, 0.11 mmol, 0.1 equiv) and water (8 mL) via general
procedure G. Column chromatography, EtOAc/n-hexane = 1/2 (v/v).
Yield: 29% (201 mg); white solid. 'H NMR (400 MHz, DMSO-dg): &
2.05-2.16 (2H, m, H,-2,6), 2.24-2.42 (6H, m, H,-3,5, He-3,5, He-2,6),
2.33 (3H, s, H-20', H-20"’, H-20"), 3.63 (2H, d, J = 6.1 Hz, H-7, H-7""),
3.75 (3H, s, OCHz), 6.81-6.89 (1H, m, H-13), 6.95 (1H, s, H-11), 7.12
(1H, dd, J;=5.1 Hz, J, = 3.5 Hz, H-18), 7.16 (1H, dd, J;=3.5 Hz, J, =
1.2 Hz, H-17), 7.55 (1H, dd, J;=5.1 Hz, J, = 1.2 Hz, H-19), 7.75 (1H, d,
J =7.9 Hz, H-14), 7.89 (1H, t, J = 6.0 Hz, CONH). }3C NMR (101 MHz,
DMSO-dg) § 21.19 (C-20), 34.16 (C-2,6), 37.18 (C-3,5), 41.45 (C-1),
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49.61 (C-7), 55.76 (C-15), 112.64 (C-11), 118.80 (C-9), 121.40 (C-13),
124.88 (C-19), 125.04 (C-17), 127.23 (C-18), 130.94 (C-14), 143.04 (C-
12), 148.39 (C-16), 157.05 (C-10), 164.51 (C-8), 209.69 (C-4). HRMS
(ESI+): m/z caled for [M + H]" 358.1471; found 358.1467. HPLC pu-
rity, 99.7% at 254 nm (tg = 4.91 min).

4.3.5. N-(((1S,4S)-4-Hydroxy-1-(thiophen-2-yDcyclohexyDmethyl)-2-
methoxybenzamide (cis-11)

Synthesized from 14 (5.50 g, 15.9 mmol, 1.0 equiv) and NaBH4
(1.20 g, 31.8 mmol, 2.0 equiv) via general procedure H. Column chro-
matography, DCM/diethyl ether = 2/1 (v/v). Yield: 31% (1.7 g); white
solid. 'H NMR (400 MHz, DMSO-dg): 6y 1.20-1.32 (2H, m, H,-3,5),
1.57-1.67 (2H, m, H,-2,6), 1.68-1.75 (2H, m, H,-3,5), 2.05-2.13 (2H,
m, He-2,6), 3.41 (2H, d, J = 6.0 Hz, H-7', H-7"), 3.41-3.51 (1H, m, H-4),
3.78 (3H, s, OCH3), 4.45 (1H, d, J = 4.6 Hz, OH), 7.01 (1H, dd, J; = 3.4
Hz, J, = 1.2 Hz, H-17), 7.01-7.05 (1H, m, H-13), 7.08 (1H, dd, J; = 5.1
Hz, J, = 3.5 Hz, H-18), 7.12 (1H, dd, J; = 8.4 Hz, J, = 1.0 Hz, H-11),
7.43-7.47 (1H, m, H-12), 7.48 (1H, dd, J; = 5.1 Hz, J, = 1.1 Hz, H-19),
7.82 (1H, dd, J; = 7.7 Hz, J, = 1.8 Hz, H-14), 7.85 (1H, brt, J = 6.0 Hz,
NHCO). 13C NMR (101 MHz, DMSO-dg): 6¢ 30.95 (C-3,5), 32.58 (C-2,6),
41.74 (C-1), 51.71 (C-7), 55.86 (C-15), 68.10 (C-4), 112.11 (C-11),
120.65 (C-13), 121.87 (C-9), 124.42 (C-19), 124.61 (C-17), 127.09 (C-
18),130.83 (C-14),132.52(C-12), 149.72 (C-16), 157.04 (C-10), 164.44
(C-8). HRMS (ESI+): m/z caled for [M + H]" 346.1471; found 346.1457.
HPLC purity, 96.6% at 254 nm (tg = 4.00 min).

4.3.6. N-(((1R,4R)-4-Hydroxy-1-(thiophen-2-yl)cyclohexyDmethyl)-2-
methoxybenzamide (trans-11)

Synthesized from 14 (5.50 g, 15.9 mmol, 1.0 equiv) and NaBH4
(1.20 g, 31.8 mmol, 2.0 equiv) via general procedure H. Column chro-
matography, DCM/diethyl ether = 2/1 (v/v). Yield: 43% (2.4 g); white
solid. '"H NMR (400 MHz, DMSO-dg): 6y 1.50-1.65 (4H, m, He-3,5, Ha-
3,5), 1.67-1.76 (2H, m, H,-2,6), 1.93-2.03 (2H, m, H-2,6), 3.51-3.61
(3H, m, H-4, H-7', H-7"), 3.73 (3H, s, OCHj3), 4.53 (1H, d, J = 3.7 Hz,
OH), 6.99-7.09 (3H, m, H-17, H-13, H-18), 7.11 (1H, d, J = 8.3 Hz, H-
11), 7.44-7.49 (2H, m, H-12, H-19), 7.81 (1H, brt, J = 5.9 Hz, NHCO),
7.89 (1H, d, J = 7.8 Hz, H-14). 13¢ NMR (101 MHz, DMSO-dg): 6¢c 30.00
(C-3,5), 31.28 (C-2,6), 41.04 (C-1), 48.56 (C-7), 55.80 (C-15), 66.09 (C-
4), 112.15 (C-11), 120.71 (C-13), 121.38 (C-9), 123.92 (C-19), 124.08
(C-17), 126.87 (C-18), 131.02 (C-14), 132.68 (C-12), 151.28 (C-16),
157.12 (C-10), 164.20 (C-8). HRMS (ESI+): m/z caled for [M + H]"
346.1471; found 346.1457. HPLC purity, 96.1% at 254 nm (tg = 4.36
min).

4.3.7. (1S,4S)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-2-yl)
cyclohexyl methylcarbamate (cis-12)

Synthesized from cis-11 (215 mg, 0.6 mmol, 1 equiv), 4-nitrophenyl
chloroformate (242 mg, 1.2 mmol, 2 equiv), Et3N (0.25 mL, 1.8 mmol, 3
equiv) and methyl amine (186 mg, 6 mmol, 10 equiv) via general pro-
cedure I. Column chromatography, EtOAc/n-hexane = 1/1 (v/v). Two
conformers in a 1:9 ratio. Yield: 48% (120 mg); white solid. H NMR
(400 MHz, DMSO-dg) for both conformers: 6y 1.33-1.48 (2H, m, H,-
3,5), 1.67-1.79 (2H, m, H,-2,6), 1.79-1.89 (2H, m, He-3,5), 2.06-2.14
(2H, m, He-2,6), 2.52 (3H, d, J = 4.5 Hz, CONHCH3), 3.45 (2H, d, J =
6.0 Hz, H-7, H-7""), 3.78 (3H, s, OCH3), 4.50-4.60 (1H, m, H-4), 6.83
(1H, q, J = 4.5 Hz, CONHCH3), 7.00-7.03 (1H, m, H-13), 7.04 (1H, dd,
J;=3.2Hz,J,=1.1 Hz,H-17),7.08 (1H, dd, J; = 5.2 Hz, J, = 3.2 Hz, H-
18), 7.12 (1H, dd, J; = 8.4 Hz, J, = 0.9 Hz, H-11), 7.47 (1H, ddd, J; =
8.4 Hz, J, = 7.3 Hz, J3 = 1.9 Hz, H-12), 7.49 (1H, dd, J; = 5.2 Hz, J, =
1.1 Hz, H-19), 7.80 (1H, dd, J; = 7.7 Hz, Jo = 1.9 Hz, H-14), 7.89 (1H,
brt, J = 6.0 Hz, CH;NHCO). '3C NMR (101 MHz, DMSO-ds) for both
conformers: §¢ 26.81 (C-21), 27.43 (C-3,5), 32.02 (C-2,6), 41.60 (C-1),
50.96 (C-7), 55.83 (C-15), 71.04 (C-4), 112.09 (C-11), 120.64 (C-13),
122.02 (C-9), 124.53 (C-19), 124.67 (C-17), 127.11 (C-18), 130.75 (C-
14),132.48 (C-12), 149.41 (C-16), 156.22 (C-20), 157.00 (C-10), 164.57
(C-8). HRMS (ESI+): m/z caled for [M + H]™ 403.1686; found 403.1681.
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HPLC purity, 100.0% at 254 nm (tg = 4.77 min).

4.3.8. (1R,4R)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-2-yl)
cyclohexyl methylcarbamate (trans-12)

Synthesized from trans-11 (215 mg, 0.6 mmol, 1 equiv), 4-nitro-
phenyl chloroformate (242 mg, 1.2 mmol, 2 equiv), EtsN (0.25 mlL,
1.8 mmol, 3 equiv) and methyl amine (186 mg, 6 mmol, 10 equiv) via
general procedure I. Column chromatography, EtOAc/n-hexane = 1/1
(v/v). Two conformers in a 12:88 ratio. Yield: 44% (110 mg); white
solid. 'H NMR (400 MHz, DMSO-dg) for both conformers: 6y 1.62-1.74
(4H, m, He-3,5, H,-3,5), 1.78-2.09 (4H, m, He-2,6, H,-2,6), 2.56 (3H, d,
J = 4.6 Hz, NHCHy), 3.58 (2H, d, J = 5.9 Hz, H-7, H-7""), 3.72 (3H, s,
OCH3y), 4.56-4.63 (1H, m, H-4), 6.98 (1H, q, J = 4.5 Hz, CONHCH3),
7.01-7.06 (2H, m, H-13, H-17), 7.08 (1H, dd, J; = 5.1 Hz, J, = 3.5 Hz,
H-18),7.11 (1H, dd, J; = 8.4, J, = 1.0 Hz, H-11), 7.47 (1H, ddd, J; = 8.4
Hz, J, = 7.3 Hz, J3 = 1.9 Hz, H-12), 7.49 (1H, dd, J; = 5.1 Hz, J, = 1.1
Hz, H-19), 7.80 (1H, brt, J = 5.9 Hz, CH,NHCO), 7.88 (1H, dd, J; = 7.7
Hz, J, = 1.9 Hz, H-14). '3C NMR (101 MHz, DMSO-ds) for both con-
formers: §¢ 26.76 (C-21), 26.85 (C-3,5), 31.06 (C-2,6), 41.06 (C-1),
49.13 (C-7), 55.81 (C-15), 69.45 (C-4), 112.16 (C-11), 120.70 (C-13),
121.30 (C-9), 124.29 (C-19), 124.34 (C-17), 126.99 (C-18), 131.01 (C-
14),132.71 (C-12),150.19 (C-16), 156.28 (C-20), 157.12 (C-10), 164.27
(C-8). HRMS (ESI+): m/z caled for [M + H] ™ 403.1686; found 403.1682.
HPLC purity, 98.0% at 254 nm (tg = 4.85 min).

4.3.9. (1R,4R)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-2-yl)
cyclohexyl (3-methoxypropyl)carbamate (trans-13)

Synthesized from trans-11 (103 mg, 0.3 mmol, 1.0 equiv), 4-nitro-
phenyl chloroformate (121 mg, 0.6 mmol, 2.0 equiv), EtsN (0.13 mL,
0.90 mmol, 3.0 equiv) and 3-methoxypropylamine (0.31 mL, 3.0 mmol,
10.0 equiv) via general procedure I. Column chromatography, EtOAc/n-
hexane = 1/1 (v/v). Two conformers in a 11:89 ratio. Yield: 49% (68
mg); white solid. 'H NMR (400 MHz, DMSO-dg) for both conformers:
1.57-1.65 (2H, m, H-22/, H-22"), 1.65-1.77 (4H, m, H.-3,5, Hy-3,5),
1.79-1.99 (4H, m, He-2,6, H,-2,6), 3.02 (2H, dd, J;=13.0 Hz, J, = 6.7
Hz, H-21', H-21""), 3.21 (3H, s, H-24, H-24", H-24"), 3.32 (2H, t, J = 6.3
Hz, H-23/, H-23"), 3.59 (2H, d, J = 5.6 Hz, H-7/, H-7""), 3.73 (3H, s,
OCHs), 4.59 (1H, brs, H-4), 7.01-7.15 (5H, m, OCONHCH, H-11, H-13,
H-17, H-18), 7.42-7.54 (2H, m, H-12, H-19), 7.81 (1H, t, J = 5.6 Hz,
CH,NHCO), 7.89 (1H, dd, J; = 7.7 Hz, J» = 1.7 Hz, H-14). 3C NMR
(101 MHz, CDCl3) for both conformers: § 26.77 (C-3,5), 29.56 (C-22),
31.09 (C-2,6), 37.43 (C-21), 41.06 (C-1), 49.12 (C-7), 55.82 (C-15),
57.89 (C-24), 69.45 (C-4), 69.52 (C-23), 112.18 (C-11), 120.72 (C-13),
121.31 (C-9), 124.30 (C-19), 124.36 (C-17), 127.00 (C-18), 131.04 (C-
14),132.73 (C-12),150.25 (C-16), 155.78 (C-20), 157.15 (C-10), 164.30
(C-8). HRMS (ESI+): m/z caled for [M + H] " 461.2105; found 461.2104.
HPLC purity, 100% at 254 nm (tg = 5.14 min).

4.3.10. 2-Methoxy-N-((4-oxo-1-(thiophen-2-yl)cyclohexyl)methyl)
benzamide (14)

Synthesized from 32 (8.40 g, 21.7 mmol, 1.0 equiv), pyridinium p-
toluenesulfonate (0.55 g, 2.2 mmol, 0.1 equiv) and water (20 mL) via
general procedure G. Column chromatography, EtOAc/n-hexane = 1/1
(v/v). Yield: 75% (5.50 g); white solid. 'H NMR (400 MHz, CDCl3): &
2.12-2.24 (2H, m, H,-2,6), 2.37-2.53 (6H, m, H,-3,5, He-2,6, He-3,5),
3.75(3H, s, OCH3), 3.80 (2H, d, J = 6.2 Hz, H-7,H-7"),6.92 (1H,d,J =
8.3 Hz, H-11), 7.03-7.08 (2H, m, H-17, H-13), 7.09 (1H, dd, J; = 5.1 Hz,
Jy = 3.6 Hz, H-18), 7.35 (1H, dd, J; = 5.1 Hz, J, = 1.1 Hz, H-19), 7.43
(1H, ddd, J; = 8.4 Hz, J, = 7.3 Hz, J3 = 1.9 Hz, H-12), 7.88 (1H, t, J =
5.3 Hz, NHCO), 8.20 (1H, dd, J; = 7.8 Hz, J, = 1.8 Hz, H-14). 1*C NMR
(100 MHz, CDCl3): 6 35.09 (C-2,6), 37.70 (C-3,5), 42.09 (C-1), 50.70 (C-
7), 55.65 (C-15),111.27 (C-11), 121.03 (C-9), 121.40 (C-13), 124.75 (C-
19),124.91 (C-17),127.17 (C-18),132.54 (C-14), 133.03 (C-12), 148.47
(C-16), 157.55 (C-10), 165.48 (C-8), 210.80 (C-4). HRMS (ESI+): m/z
caled for [M + H]" 344.1315; found 344.1304. HPLC purity, 98.8% at
254 nm (tg = 4.41 min).
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4.3.11. N-(((1S,4S)-4-Hydroxy-1-(thiophen-2-yl)cyclohexyl)methyl)
furan-3-carboxamide (cis-15)

Synthesized from 9 (606 mg, 2.0 mmol, 1.0 equiv) and NaBH,4 (151
mg, 4.0 mmol, 2.0 equiv) via general procedure H. Column chroma-
tography, DCM/diethyl ether = 2/1 (v/v). Yield: 34% (205 mg); white
solid. 'H NMR (400 MHz, DMSO-dg): 6y 1.15-1.28 (2H, m, H,-3,5),
1.57-1.67 (2H, m, H,-2,6), 1.65-1.72 (2H, m, H.-3,5), 1.99-2.08 (2H,
m, He-2,6), 3.23 (2H, d, J = 6.4 Hz, H-7', H-7""), 3.34-3.40 (1H, m, H-4),
4.41 (1H, brs, OH), 6.82 (1H, dd, J; = 1.7 Hz, J, = 0.8 Hz, H-12), 6.93
(1H, dd, J; = 3.5 Hz, J, = 1.1 Hz, H-14), 6.99 (1H, dd, J; = 5.1 Hz, J, =
3.5 Hz, H-15), 7.40 (1H, dd, J;=5.1 Hz, J, = 1.1 Hz, H-16), 7.69 (1H, t, J
= 1.7 Hz, H-11), 7.93 (1H, brt, J = 6.4 Hz, NHCO), 8.16 (1H, dd, J; =
1.7 Hz, J, = 0.8 Hz, H-10). 13¢ NMR (101 MHz, DMSO-dg): 6¢ 31.19 (C-
3,5), 32.60 (C-2,6), 42.66 (C-1), 51.15 (C-7), 68.48 (C-4), 109.16 (C-12),
122.75 (C-9), 124.07 (C-16), 124.27 (C-14), 126.98 (C-15), 143.79 (C-
11), 145.01 (C-10), 149.53 (C-13), 161.75 (C-8). HRMS (ESI+): m/z
caled for [M + H]' 306.1158; found 306.1149. HPLC purity, 99.8% at
254 nm (tg = 2.94 min).

4.3.12. N-(((1R,4R)-4-Hydroxy-1-(thiophen-2-yl)cyclohexyl)methyl)
furan-3-carboxamide (trans-15)

Synthesized from 9 (606 mg, 2.0 mmol, 1.0 equiv) and NaBH,4 (151
mg, 4.0 mmol, 2.0 equiv) via general procedure H. Column chroma-
tography, DCM/diethyl ether = 2/1 (v/v). Yield: 42% (254 mg); white
solid. '"H NMR (400 MHz, DMSO-dg): 6y 1.37-1.63 (4H, m, H,-3,5, He-
3,5), 1.64-1.72 (2H, m, H,-2,6), 2.00-2.06 (2H, m, He-2,6), 3.32 (2H, d,
J=6.5Hz, H-7', H-7""), 3.60 (1H, brs, H-4), 4.39 (1H, s, OH), 6.81 (1H,
s, H-12), 6.90 (1H, d, J = 3.5 Hz, H-14), 6.96 (1H, dd, J;=5.0 Hz, J; =
3.5 Hz, H-15), 7.36 (1H, d, J = 5.0 Hz, H-16), 7.68 (1H, s, H-11), 7.81
(1H, brt, J = 6.5 Hz, NHCO), 8.14 (1H, s, H-10). 13¢ NMR (101 MHz,
DMSO-dg): 6¢ 29.49 (C-3,5), 29.91 (C-2,6), 42.26 (C-1), 49.57 (C-7),
64.77 (C-4), 109.19 (C-12), 122.80 (C-9), 123.73 (C-16), 123.84 (C-14),
126.68 (C-15), 143.75 (C-11), 144.98 (C-10), 150.46 (C-13), 161.70 (C-
8). HRMS (ESI+): m/z caled for [M + H]" 306.1158; found 306.1149.
HPLC purity, 95.5% at 254 nm (tg = 3.45 min).

4.3.13. 5-Fluoro-N-(((1S,4S)-4-hydroxy-1-(thiophen-2-yl)cyclohexyl)
methyl)-2-methoxybenzamide (cis-16)

Synthesized from 8 (761 mg, 2.1 mmol, 1.0 equiv) and NaBH4 (160
mg, 4.2 mmol, 2.0 equiv) via general procedure H. Column chroma-
tography, EtOAc/n-hexane = 1/2 (v/v). Yield: 16% (120 mg); white
solid. 'H NMR (400 MHz, DMSO-dg): 6y 1.20-1.34 (2H, m, H,-3,5),
1.55-1.67 (2H, m, H,-2,6), 1.67-1.76 (2H, m, He-3,5), 2.05-2.13 (2H,
m, He-2,6, He-3,5), 3.41 (2H, d, J = 6.0 Hz, H-7', H-7""), 3.43-3.51 (1H,
m, H-4), 3.78 (3H, s, OCH3), 4.46 (1H, d, J = 4.6 Hz, OH), 7.02 (1H, dd,
J1=3.5Hz,J,=1.1Hz, H-17), 7.08 (1H, dd, J; = 5.1 Hz, J, = 3.5 Hz, H-
18), 7.16 (1H, dd, J; = 9.1 Hz, J, = 4.3 Hz, H-11), 7.33 (1H, ddd, J; =
9.1 Hz, J, = 7.8 Hz, J3 = 3.3 Hz, H-12), 7.48 (1H, dd, J; = 5.1 Hz, J, =
1.1 Hz, H-19), 7.54 (1H, dd, J; = 9.4 Hz, J, = 3.3 Hz, H-14), 7.93 (1H,
brt, J = 6.0 Hz, CONH). '3C NMR (101 MHz, DMSO-de): 5¢ 30.93 (C-
3,5), 32.57 (C-2,6), 41.72 (C-1), 51.77 (C-7), 56.51 (C-15), 68.07 (C-4),
114.00 (d, J = 7.7 Hz, C-11), 116.63 (d, J = 24.7 Hz, C-14), 118.73 (d, J
=23.0 Hz, C-12),123.32 (d, J = 6.5 Hz, C-9), 124.46 (C-19), 124.65 (C-
17), 127.09 (C-18), 149.55 (C-16), 153.39 (d, J = 1.7 Hz, C-10), 156.04
(d, J = 236.9 Hz, C-13), 163.26 (d, J = 1.8 Hz, C-8). HRMS (ESI+): m/z
caled for [M + H]' 364.1377; found 364.1365. HPLC purity, 95.4% at
254 nm (tg = 4.33 min).

4.3.14. 5-Fluoro-N-(((1R,4R)-4-hydroxy-1-(thiophen-2-ylcyclohexyl)
methyl)-2-methoxybenzamide (trans-16)

Synthesized from 8 (761 mg, 2.1 mmol, 1.0 equiv) and NaBH4 (160
mg, 4.2 mmol, 2.0 equiv) via general procedure H. Column chroma-
tography, EtOAc/n-hexane = 1/2 (v/v). Yield: 24% (180 mg); white
solid. 'TH NMR (400 MHz, DMSO-dg): 6y 1.48-1.64 (4H, m, Hc-3,5, Ha-
3,5), 1.67-1.76 (2H, m, H,-2,6), 1.92-2.03 (2H, m, H.-2,6), 3.51-3.61
(34, m, H-7/, H-7"’, H-4), 3.72 (3H, s, OCHz), 4.52 (1H, d, J = 3.9 Hz,
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OH), 7.00 (1H, dd, J; = 3.5 Hz, J, = 1.1 Hz, H-17), 7.06 (1H, dd, J; =
5.1 Hz, J, = 3.5 Hz, H-18), 7.14 (1H, dd, J; = 9.2 Hz, J; = 4.3 Hz, H-11),
7.33 (1H, ddd, J; =9.2Hz,J, = 7.7 Hz, J3 = 3.4 Hz, H-12), 7.46 (1H, dd,
J;1=5.1Hz,J,=1.1 Hz, H-19), 7.58 (1H, dd, J; = 9.5 Hz, J, = 3.4 Hz, H-
14), 7.87 (1H, brt, J = 5.9 Hz, CONH). 13¢ NMR (101 MHz, DMSO-dg):
8¢ 29.96 (C-3,5), 31.21 (C-2,6), 41.05 (C-1), 48.76 (C-7), 56.46 (C-15),
66.00 (C-4),114.08 (d, J = 7.9 Hz, C-11), 116.75 (d, J = 24.8 Hz, C-14),
118.91 (d, J = 23.1 Hz, C-12), 122.88 (d, J = 6.4 Hz, C-9), 123.98 (C-
19),124.13 (C-17), 126.88 (C-18), 151.09 (C-16), 153.47 (d, J = 1.7 Hz,
C-10), 156.07 (d, J = 237.0 Hz, C-13), 163.05 (d, J = 1.7 Hz, C-8). HRMS
(ESI+): m/z caled for [M + H]™ 364.1377; found 364.1364. HPLC pu-
rity, 95.3% at 254 nm (tg = 4.62 min).

4.3.15. N-(((1R,4R)-4-Hydroxy-1-(thiophen-3-yDcyclohexylDmethyl)-2-
methoxybenzamide (trans-17)

Note: H, corresponds to axial protons and He to equatorial
protons.

Synthesized from 22 (5.90 g, 17.0 mmol, 1.0 equiv) and NaBH4
(1.29 g, 34.0 mmol, 2.0 equiv) via general procedure H. Column chro-
matography, DCM/diethyl ether = 2/1 (v/v). Yield: 34% (2.0 g); white
solid. '"H NMR (400 MHz, DMSO-dg): 6y 1.10-1.25 (2H, m, H,-3,5),
1.45-1.57 (2H, m, H,-2,6), 1.62-1.75 (2H, m, H¢-3,5), 2.10-2.20 (2H,
m, He-2,6), 3.38 (2H, d, J = 5.7 Hz, H-7,, H-7""), 3.42-3.51 (1H, m, H-4),
3.78 (3H, s, OCH3), 4.40 (1H, d, J = 4.5 Hz, OH), 7.02 (1H, td, J; = 7.7
Hz, J, = 1.0 Hz, H-13), 7.11 (1H, dd, J; = 8.4 Hz, J, = 0.9 Hz, H-11),
7.17 (1H, dd, J; = 5.0 Hz, J, = 1.4 Hz, H-18), 7.37 (1H, dd, J; = 2.9 Hz,
Jo=1.4 Hz, H-16), 7.46 (1H, ddd, J; = 8.3 Hz, J, = 7.3 Hz, J3 = 1.9 Hz,
H-12), 7.57 (1H, dd, J; = 5.0 Hz, J, = 2.9 Hz, H-19), 7.69 (1H, brt, J =
5.7 Hz, NHCO), 7.84 (1H, dd, J; = 7.7 Hz, J; = 1.9 Hz, H-14). *C NMR
(101 MHz, DMSO-dg): 6c 31.02 (C-3,5), 31.66 (C-2,6), 40.77 (C-1),
50.55 (C-7), 55.88 (C-15), 68.43 (C-4), 112.08 (C-11), 120.65 (C-13),
121.65 (C-16), 121.71 (C-9), 126.21 (C-19), 126.77 (C-18), 130.90 (C-
14), 132.52 (C-12), 145.78 (C-17), 157.06 (C-10), 164.27 (C-8). HRMS
(ESI+): m/z caled for [M + H]" 346.1471; found 346.1459. HPLC pu-
rity, 98.2% at 254 nm (tg = 3.84 min).

4.3.16. N-(((1S,4S)-4-Hydroxy-1-(thiophen-3-yl)cyclohexyl)methyl)-2-
methoxybenzamide (cis-17)

Synthesized from 22 (5.90 g, 17.0 mmol, 1.0 equiv) and NaBH4
(1.29 g, 34.0 mmol, 2.0 equiv) via general procedure H. Column chro-
matography, DCM/diethyl ether = 2/1 (v/v). Yield: 57% (3.3 g); white
solid. 'H NMR (400 MHz, DMSO-dg): 6y 1.46-1.61 (4H, m, H,-3,5, He-
3,5), 1.62-1.72 (2H, m, H,-2,6), 1.89-1.99 (2H, m, H-2,6), 3.46-3.54
(1H, m, H-4), 3.59 (2H, d, J = 5.8 Hz, H-7/, H-7""), 3.71 (3H, s, OCH3),
4.50 (1H, d, J = 4.0 Hz, OH), 7.03 (1H, td, J; = 7.5 Hz, J, = 1.0 Hz, H-
13),7.09 (1H, dd, J; = 8.4 Hz, J, = 1.0 Hz, H-11), 7.20 (1H, dd, J; = 5.0
Hz, J, = 1.4 Hz, H-18), 7.33 (1H, dd, J; = 2.9 Hz, J; = 1.4 Hz, H-16),
7.46 (1H, ddd, J; = 8.4 Hz, J, = 7.3 Hz, J3 = 1.9 Hz, 1H, H-12), 7.57 (1H,
dd, J; = 5.0 Hz, J; = 2.9 Hz, H-19), 7.62 (1H, brt, J = 5.7 Hz, NHCO),
7.89 (1H, dd, J; = 7.8 Hz, J, = 1.9 Hz, H-14). 13C NMR (101 MHz,
DMSO-dg): 6¢ 30.22 (C-3,5), 30.50 (C-2,6), 39.86 (C-1), 46.77 (C-7),
55.80 (C-15), 66.74 (C-4), 112.11 (C-11), 120.70 (C-13, C-16), 121.24
(C-9), 126.14 (C-19), 126.51 (C-18), 131.06 (C-14), 132.66 (C-12),
147.81 (C-17), 157.11 (C-10), 164.04 (C-8). HRMS (ESI+): m/z calcd for
[M + H]" 346.1471; found 346.1459. HPLC purity, 96.1% at 254 nm (tg
= 4.31 min).

4.3.17. (1R,4R)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexyl propylcarbamate (trans-18)

Synthesized from trans-17 (103 mg, 0.30 mmol, 1 equiv), 4-nitro-
phenyl chloroformate (121 mg, 0.60 mmol, 2 equiv), EtsN (0.13 mL,
0.90 mmol, 3 equiv) and propyl amine (0.25 mL, 3 mmol, 10 equiv) via
general procedure I. Column chromatography, ethylacetate (EtOAc)/n-
hexane = 1/1 (v/v). Two conformers in a 15:85 ratio. Yield: 50% (60
mg); white solid. 'H NMR (400 MHz, CDCl3) for both conformers: & 0.88
(3H, t, J = 7.0 Hz, H-23/, H-23"’, H-23"), 1.40-1.55 (4H, m, H-22/, H-
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22’ H,-3,5), 1.68-1.76 (2H, m, H,-2,6), 1.89-1.97 (2H, m, H,-3,5),
2.15-2.23 (2H, m, H¢-2,6), 3.09 (2H, dd, J; = 13.0 Hz, J, = 6.5 Hz, H-
21, H-21""), 3.60 (2H, d, J = 5.2 Hz, H-7, H-7"*), 3.74 (3H, s, OCH3),
4.63 (1H, brs, OCH,NHCO), 4.71 (1H, brs, H-4), 6.90 (1H, dd, J;=8.3
Hz, J, = 3.4 Hz, H-11), 7.01-7.08 (1H, m, H-13), 7.10-7.14 (2H, m, H-
18, H-16), 7.35-7.45 (2H, m, H-12, H-19), 7.66 (1H, t, J = 5.5 Hz,
CH,NHCO), 8.19 (1H, dd, J;=7.8 Hz, J, = 1.7 Hz, H-14). '3C NMR (101
MHz, CDCl3) for both conformers: § 11.29 (C-23), 23.28 (C-22), 27.57
(C-3,5), 31.71 (C-2,6), 41.01 (C-1), 42.67 (C-21), 50.20 (C-7), 55.67 (C-
15), 72.47 (C-4), 111.20 (C-11), 121.23 (C-13), 121.30 (C-9, C-16),
126.09 (C-19), 126.48 (C-18), 132.50 (C-14), 132.80 (C-12), 146.17 (C-
17), 156.23 (C-20), 157.51 (C-10), 165.32 (C-8). HRMS (ESI+): m/z
caled for [M + H]" 431.1999; found 431.1981. HPLC purity, 99.1% at
254 nm (tg = 5.48 min).

4.3.18. (1S,4S)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexyl propylcarbamate (cis-18)

Synthesized from cis-17 (103 mg, 0.30 mmol, 1 equiv), 4-nitrophenyl
chloroformate (121 mg, 0.60 mmol, 2 equiv), EtsN (0.13 mL, 0.90 mmol,
3 equiv) and propyl amine (0.25 mL, 3 mmol, 10 equiv) via general
procedure I. Column chromatography, EtOAc/n-hexane = 1/1 (v/v).
Two conformers in a 12:88 ratio. Yield: 47% (63 mg); white solid. g
NMR (400 MHz, CDCl3) for both conformers: 5 0.93 (3H, t, J = 7.4 Hz, H-
23, H-23, H-23"), 1.47-1.59 (2H, m, H-22', H-22"), 1.65-1.75 (2H, m,
Ha-3,5), 1.76-1.86 (2H, m, H,-3,5), 1.88-2.04 (4H, m, He-2,6, Hy-2,6),
3.14 (2H, dd, J;=13.4 Hz, J» = 6.7 Hz, H-21/, H-21""), 3.70 (2H, d, J =
6.8 Hz, H-7, H-7""), 3.71 (3H, s, OCH3), 4.73 (brs, 2H, OCH;NHCO, H-
4), 6.89 (1H, d, J = 8.2 Hz, H-11), 7.02-7.08 (1H, m, H-13), 7.09-7.16
(2H, m, H-18, H-16), 7.35-7.45 (2H, m, H-12, H-19), 7.64 (1H, brs,
CONHCHy), 8.21 (1H, dd, J;=7.8 Hz, J, = 1.8 Hz, H-14). 13C NMR (100
MHz, CDCl3) for both conformers: § 11.39 (C-23), 23.38 (C-22), 27.07
(C-3,5), 30.56 (C-2,6), 40.77 (C-1), 42.75 (C-21), 49.16 (C-7), 55.63 (C-
15), 70.89 (C-4), 111.22 (C-11), 120.98 (C-16), 121.32 (C-13, C-9),
126.04 (C-19), 126.48 (C-18), 132.56 (C-14), 132.80 (C-12), 146.81 (C-
17), 156.38 (C-20), 157.57 (C-10), 165.32 (C-8). HRMS (ESI+): m/z
caled for [M + H]" 431.1999; found 431.1987. HPLC purity, 95.5% at
254 nm (tg = 5.51 min).

4.3.19. (1R,4R)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexyl methylcarbamate (trans-19)

Synthesized from trans-17 (103 mg, 0.30 mmol, 1 equiv), 4-nitro-
phenyl chloroformate (121 mg, 0.60 mmol, 2 equiv), Et3N (0.13 mlL,
0.90 mmol, 3 equiv) and methyl amine (93 mg, 3 mmol, 10 equiv) via
general procedure I. Column chromatography, EtOAc/n-hexane = 1/1
(v/v). Two conformers in a 9:91 ratio. Yield: 47% (58 mg); white solid.
' NMR (400 MHz, DMSO-dg) for both conformers: 6y 1.25-1.38 (2H,
m, Ha-3,5), 1.59-1.69 (2H, m, H,-2,6), 1.74-1.84 (2H, m, H,-3,5),
2.12-2.17 (2H, m, He-2,6), 2.52 (3H, d, J = 4.6 Hz, NHCH3), 3.43 (2H, d,
J = 5.8 Hz, H-7, H-7"), 3.77 (3H, s, OCH3), 4.50-4.60 (1H, m, H-4),
6.82 (1H, q, J = 4.6 Hz, CONHCH3), 7.02 (1H, ddd, J; =7.7 Hz, J, = 7.3
Hz, J3 = 1.0 Hz, H-13), 7.10 (1H, dd, J; = 8.3 Hz, J; = 1.0 Hz, H-11),
7.19 (1H, d, J; = 5.0 Hz, J; = 0.9 Hz, H-18), 7.40 (dd, J; = 2.6 Hz, J; =
1.1 Hz, H-16), 7.46 (1H, ddd, J; = 8.3 Hz, J; = 7.3 Hz, J3 = 1.9 Hz, H-
12),7.59 (1H, dd, J; = 5.0 Hz, J, = 2.9 Hz, H-19), 7.72 (1H, brt, J = 5.8
Hz, NHCO), 7.83 (1H, dd, J; = 7.7 Hz, J; = 1.9 Hz, H-14). "*C NMR (101
MHz, DMSO-dg) for both conformers: 5¢ 26.79 (C-21), 27.46 (C-3,5),
31.05 (C-2,6), 40.62 (C-1), 49.68 (C-7), 55.84 (C-15), 71.32 (C-4),
112.05 (C-11), 120.63 (C-13), 121.68 (C-9), 121.81 (C-16), 126.37 (C-
19),126.65 (C-18), 130.84 (C-14), 132.49 (C-12), 145.63 (C-17), 156.25
(C-20), 157.02 (C-10), 164.38 (C-8). HRMS (ESI+): m/z calcd for [M +
H]™" 403.1686; found 403.1669. HPLC purity, 100.0% at 254 nm (tg =
4.71 min).

4.3.20. (18,4S)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexyl methylcarbamate (cis-19)
Synthesized from cis-17 (215 mg, 0.6 mmol, 1 equiv), 4-nitrophenyl
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chloroformate (242 mg, 1.2 mmol, 2 equiv), EtgN (0.25 mL, 1.8 mmol, 3
equiv) and methyl amine (186 mg, 6 mmol, 10 equiv) via general pro-
cedure I. Column chromatography, EtOAc/n-hexane = 1/1 (v/v). Two
conformers in a 12:88 ratio. Yield: 42% (106 mg); white solid. 1H NMR
(400 MHz, DMSO-dg) for both conformers: 6y 1.54-1.74 (4H, m, He-3,5,
Ha-3,5), 1.75-2.04 (4H, m, He-2,6, H,-2,6), 2.56 (3H, d, J = 4.5 Hz,
NHCHjs), 3.58 (2H, d, J = 5.8 Hz, H-7, H-7""), 3.71 (3H, s, OCHy),
4.52-4.60 (1H, m, H-4), 6.96 (1H, q, J = 4.5 Hz, CONHCH3), 7.03 (1H,
ddd, J; =7.7 Hz, J, = 7.2 Hz, J3 = 1.0 Hz, H-13), 7.09 (1H, dd, J; = 8.4
Hz, J, = 1.0 Hz, H-11), 7.22 (1H, dd, J; = 5.0 Hz, J, = 1.3 Hz, H-18),
7.37 (1H, dd, J; = 2.9 Hz, J, = 1.3 Hz, H-16), 7.46 (1H, ddd, J; = 8.4 Hz,
Jo=7.2Hz,J3=1.9Hz, H-12), 7.59 (1H, dd, J; = 5.0 Hz, J, = 2.9 Hz, H-
19), 7.63 (1H, brt, J = 5.8 Hz, CH,NHCO), 7.89 (1H, dd, J; = 7.7 Hz, J»
= 1.9 Hz, H-14). 3C NMR (101 MHz, DMSO-de) for both conformers: ¢
26.85 (C-21), 26.92 (C-3,5), 30.22 (C-2,6), 39.91 (C-1), 47.31 (C-7),
55.82 (C-15), 70.02 (C-4), 112.12 (C-11), 120.69 (C-13), 121.07 (C-16),
121.20 (C-9), 126.31 (C-19), 126.53 (C-18), 131.05 (C-14), 132.69 (C-
12), 146.83 (C-17), 156.32 (C-20), 157.12 (C-10), 164.13 (C-8). HRMS
(ESI+): m/z caled for [M + H]" 403.1686; found 403.1682. HPLC pu-
rity, 99.6% at 254 nm (tg = 4.79 min).

4.3.21. (1R,4R)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexyl allylcarbamate (trans-20)

Synthesized from trans-17 (103 mg, 0.30 mmol, 1 equiv), 4-nitro-
phenyl chloroformate (121 mg, 0.60 mmol, 2 equiv), EtsN (0.13 mlL,
0.90 mmol, 3 equiv) and 2-propen-1-amine (0.22 mL, 3 mmol, 10 equiv)
via general procedure I. Column chromatography, EtOAc/n-hexane = 1/
1 (v/v). Two conformers in a 15:85 ratio. Yield: 50% (64 mg); white
solid. 'TH NMR (400 MHz, CDCl3) for both conformers: § 1.44-1.59 (2H,
m, Hp-3,5), 1.66-1.80 (2H, m, H,-2,6), 1.89-1.99 (2H, m, H.-3,5),
2.15-2.24 (2H, m, He-2,6), 3.61 (2H, d, J = 6.0 Hz, H-7, H-7"), 3.74
(3H, s, OCH3), 3.75 (2H, brs, H-21', H-21"), 4.63 (1H, brs, OCH,NHCO),
4.74 (1H, brs, H-4), 5.12 (2H, dd, J; = 22.7 Hz, J, = 13.7 Hz, H-23/, H-
23), 5.72-5.88 (1H, m, H-22), 6.90 (1H, d, J = 8.3 Hz, H-11),
7.01-7.08 (1H, m, H-13), 7.09-7.14 (2H, m, H-18, H-16), 7.36-7.44
(2H, m, H-12, H-19), 7.65 (1H, t, J = 5.5 Hz, NHCO), 8.20 (1H, dd,
J1=7.8 Hz, J, = 1.8 Hz, H-14). 13C NMR (101 MHz, CDCl3) for both
conformers: § 27.57 (C-3,5), 31.71 (C-2,6), 41.06 (C-1), 43.45 (C-21),
50.20 (C-7), 55.70 (C-15), 72.82 (C-4), 111.22 (C-11), 116.03 (C-23),
121.32(C-13,C-9),121.36 (C-16), 126.12 (C-19), 126.52 (C-18), 132.58
(C-14), 132.81 (C-12), 134.74 (C-22), 146.27 (C-17), 156.06 (C-20),
157.54 (C-10), 165.32 (C-8). HRMS (ESI+): m/z caled for [M + H]™
429.1843; found 429.1838. HPLC purity, 98.2% at 254 nm (tg = 5.27
min).

4.3.22. (1S,4S)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexyl (3-methoxypropyl)carbamate (cis-21)

Synthesized from cis-17 (103 mg, 0.3 mmol, 1.0 equiv), 4-nitro-
phenyl chloroformate (121 mg, 0.6 mmol, 2.0 equiv), EtsN (0.13 mL,
0.9 mmol, 3.0 equiv) and 3-methoxypropylamine (0.31 mL, 3.0 mmol,
10.0 equiv) via general procedure I. Column chromatography, EtOAc/n-
hexane = 1/1 (v/v). Two conformers in a 11:89 ratio. Yield: 48% (67
mg); white solid. 'H NMR (400 MHz, DMSO-d) for both conformers: &
1.57-1.73 (6H, m, H-22, H-22”’, H,-3,5, He-3,5), 1.75-1.96 (4H, m, He-
2,6, H,-2,6), 3.01 (2H, dd, J; = 12.9 Hz, J, = 6.6 Hz, H-21/, H-21""), 3.21
(3H, s, H-24', H-24"°, H-24"), 3.28-3.34 (2H, m, H-23', H-23""), 3.59 (2H,
d, J = 5.6 Hz, H-7, H-7”), 3.72 (3H, s, OCH3), 4.56 (1H, brs, H-4),
7.01-7.06 (1H, m, H-13), 7.06-7.14 (2H, m, H-11, OCONHCHy), 7.22
(1H, dd, J;=5.0 Hz, J, = 1.3 Hz, H-18), 7.37 (1H, d, J = 1.5 Hz, H-16),
7.46 (1H, ddd, J;=9.0 Hz, J,=7.4 Hz, J3=1.9 Hz, H-12), 7.59 (1H, dd,
J1=5.0 Hz, J,=2.9 Hz, H-19), 7.64 (1H, t, J = 5.5 Hz, CONHCHy), 7.89
(1H, dd, J;=7.8 Hz, J,=1.8 Hz, H-14). 13C NMR (100 MHz, DMSO-ds)
for both conformers: § 26.91 (C-3,5), 29.56 (C-22), 30.23 (C-2,6), 37.41
(C-21), 40.33 (C-1), 47.33 (C-7), 55.83 (C-15), 57.89 (C-24), 69.51 (C-
23), 70.00 (C-4), 112.14 (C-11), 120.71 (C-13), 121.08 (C-16), 121.23
(C-9), 126.33 (C-19), 126.54 (C-18), 131.07 (C-14), 132.71 (C-12),
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146.87 (C-17), 155.81 (C-20), 157.14 (C-10), 164.15 (C-8). HRMS
(ESI+): m/z caled for [M + H]" 461.2105; found 461.2104. HPLC pu-
rity, 100% at 254 nm (tg = 5.08 min).

4.3.23. 2-Methoxy-N-((4-oxo-1-(thiophen-3-yDcyclohexyDmethyl)
benzamide (22)

Synthesized from 33 (8.90 g, 23.0 mmol, 1.0 equiv), pyridinium p-
toluenesulfonate (0.58 g, 2.3 mmol, 0.1 equiv) and water (20 mL) via
general procedure G. Column chromatography, EtOAc/n-hexane = 1/1
(v/v). Yield: 75% (5.90 g); white solid. 'H NMR (400 MHz, CDCl3): &
2.08-2.18 (2H, m, H,-2,6), 2.30-2.44 (4H, m, H,-3,5, He-2,6), 2.45-2.54
(2H, m, He-3,5), 3.75 (3H, s, OCEg), 3.76 (2H,d, J=7.0Hz, H-7,H-7""),
6.92 (1H, d, J = 8.3 Hz, H-11), 7.06 (1H, t, J = 7.6 Hz, H-13), 7.18 (1H,
dd, J;=5.0 Hz, J,=1.3 Hz, H-18), 7.21 (1H, dd, J;=2.9 Hz, J,=1.4 Hz, H-
16), 7.39-7.48 (2H, m, H-12, H-19), 7.75 (1H, t, J = 5.3 Hz, NHCO),
8.20 (1H, dd, J;=7.8 Hz, J,=1.8 Hz, H-14). 13C NMR (100 MHz, CDCl3):
8 34.15 (C-2,6), 37.80 (C-3,5), 41.18 (C-1), 49.28 (C-7), 55.70 (C-15),
111.24 (C-11), 121.01 (C-9), 121.39 (C-13), 121.61 (C-16), 126.24 (C-
18),126.79 (C-19), 132.53 (C-14), 133.00 (C-12), 144.68 (C-17), 157.51
(C-10), 165.43 (C-8), 211.14 (C-4). HRMS (ESI+): m/z calcd for [M +
H]" 344.1315; found 344.1307. HPLC purity, 99.5% at 254 nm (tg =
4.33 min).

4.3.24. (1R,4R)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexan-1-aminium chloride (trans-23)

Synthesized from cis-17 (691 mg, 2.0 mmol, 1.0 equiv), EtsN (0.56
mL, 4.0 mmol, 2.0 equiv), methanesulfonyl chloride (0.31 mL, 4.0
mmol, 2.0 equiv) and sodium azide (0.26 g, 4.0 mmol, 2.0 equiv) via
general procedure J, Pd/C (50 mg) via general procedure K, and 4 M HCI
solution (3 mmol, 10 equiv) via general procedure L. Column chroma-
tography, Biotage Isolera One System reversed-phase chromatography
(Biotage SNAP Cartridge KP-C18-HS 12 g column), MF: gradient water
in HyO/acetonitrile. Yield: 17% (50 mg); white solid. IH NMR (400
MHz, DMSO-dg): 6y 1.24-1.36 (2H, m, H,-3,5), 1.54-1.65 (2H, m, H,-
2,6), 1.80-1.90 (2H, m, H,-3,5), 2.24-2.35 (2H, m, H¢-2,6), 2.91-3.06
(1H, m, H-4), 3.35 (2H, d, J = 5.7 Hz, H-7, H-7""), 3.80 (3H, s, OCHs),
7.03 (1H, t,J = 7.6 Hz, H-13), 7.12 (1H, d, J = 8.3 Hz, H-11), 7.19 (1H,
d, J = 5.1 Hz, H-18), 7.39-7.50 (2H, m, H-12, H-16), 7.58-7.64 (1H, m,
H-19), 7.73 (1H, brt, J = 5.7 Hz, NHCO), 7.82 (1H, d, J = 7.6 Hz, H-14),
7.93 (3H, brs, CHNH3Z). 13C NMR (101 MHz, DMSO-de): ¢ 26.46 (C-
3,5), 31.64 (C-2,6), 40.85 (C-1), 49.47 (C-4), 51.31 (C-7), 55.91 (C-15),
112.07 (C-11), 120.63 (C-13), 121.89 (C-9), 122.19 (C-16), 126.52 (C-
19),126.80 (C-18),130.81 (C-14), 132.49 (C-12), 144.43 (C-17), 157.02
(C-10), 164.47 (C-8). HRMS (ESI+): m/z caled for [M + H]" 345.1631;
found 345.1627. HPLC purity, 97.7% at 254 nm (tg = 2.79 min).

4.3.25. (1S,4S)-4-((2-Methoxybenzamido)methyl)-4-(thiophen-3-yl)
cyclohexan-1-aminium chloride (cis-23)

Synthesized from trans-17 (691 mg, 2.0 mmol, 1.0 equiv), Et3N (0.56
mL, 4.0 mmol, 2.0 equiv), methanesulfonyl chloride (0.31 mL, 4.0
mmol, 2.0 equiv) and sodium azide (0.26 g, 4.0 mmol, 2.0 equiv) via
general procedure J, Pd/C (40 mg) via general procedure K, and 4 M HCl
solution (3 mmol, 10 equiv) via general procedure L. Column chroma-
tography, Biotage Isolera One System reversed-phase chromatography
(Biotage SNAP Cartridge KP-C18-HS 12 g column), MF: gradient water
in HyO/acetonitrile. Yield: 18% (48 mg); white solid. 'H NMR (400
MHz, DMSO-de): 6y 1.60-1.70 (2H, m, H,-2,6), 1.70-1.88 (4H, m, He-
3,5, Ha-3,5), 1.98-2.06 (2H, m, H-2,6), 3.05 (1H, brs, H-4), 3.66 (3H, s,
OCHy), 3.72 (2H, d, J = 5.8 Hz, H-7, H-7""), 7.03 (1H, ddd, J; = 7.8 Hz,
Js=7.2Hz, J, = 1.0 Hz, H-13), 7.08 (1H, dd, J;=8.5 Hz, J, = 1.0 Hz, H-
11),7.24 (1H, dd, J; = 5.1 Hz, J, = 1.4 Hz, H-18), 7.35 (1H, dd, J; = 2.9
Hz, J, = 1.4 Hz, H-16), 7.46 (1H, ddd, J; = 8.5 Hz, J, = 7.2 Hz, J3 = 1.8
Hz, H-12), 7.58 (1H, brt, J = 5.8 Hz, NHCO), 7.60 (1H, dd, J; = 5.1 Hz,
J2 = 2.9 Hz, H-19), 7.90 (1H, dd, J; = 7.8 Hz, J, = 1.8 Hz, H-14), 8.13
(3H, s, CHNH3). 1*C NMR (101 MHz, DMSO-de): 5¢ 25.64 (C-3,5), 31.05
(C-2,6), 39.15 (C-1), 44.18 (C-7), 48.53 (C-4), 55.77 (C-15), 112.16 (C-
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11), 120.53 (C-9), 120.73 (C-16), 121.06 (C-13), 126.23 (C-18), 126.40
(C-19), 131.05 (C-14), 132.78 (C-12), 148.32 (C-17), 157.11 (C-10),
164.11 (C-8). HRMS (ESI+): m/z caled for [M + H]' 345.1631; found
345.1627. HPLC purity, 98.7% at 254 nm (tg = 3.67 min).

4.3.26. Methyl 5-cyano-2-oxo-5-(thiophen-2-yl)cyclohexane-1-carbox-
ylate (24)

Synthesized from 2-(thiophen-2-yl)acetonitrile (10.60 mL, 100.0
mmol, 1.0 equiv), methyl acrylate (45.30 mL, 500.0 mmol, 5.0 equiv)
and benzyltrimethylammonium hydroxide (17.60 mL, 100.0 mmol, 1.0
equiv.) via general procedure A and potassium tert-butoxide (17.95 g,
160.0 mmol, 2 equiv) via general procedure B. The product was used
without further purification. Yield: 48% (12.60 g); pale yellow solid. 'H
NMR (400 MHz, DMSO-dg): § 2.22-2.31 (m, 1H), 2.39-2.49 (m, 2H),
2.52-2.67 (m, 2H), 2.77 (dd, J; = 15.7 Hz, J, = 1.0 Hz, 1H), 3.03 (d, J =
16.1 Hz, 1H), 3.76 (s, 3H), 7.08 (dd, J;=5.1 Hz, J»=3.6 Hz, 1H), 7.27
(dd, J;=3.6 Hz, J,=1.2 Hz, 1H), 7.59 (dd, J;=5.1 Hz, J,=1.2 Hz, 1H).
HRMS (ESI+): m/z caled for [M + H]™ 264.0689; found 264.0682.

4.3.27. Methyl 5-cyano-2-oxo-5-(thiophen-3-yDcyclohexane-1-carbox-
ylate (25)

Synthesized from 2-(thiophen-3-yl)acetonitrile (9.98 mL, 75.0
mmol, 1.0 equiv), methyl acrylate (34.00 mL, 375.2 mmol, 5.0 equiv)
and benzyltrimethylammonium hydroxide (13.20 mL, 75.0 mmol, 1.0
equiv.) via general procedure A and potassium tert-butoxide (13.69 g,
122.0 mmol, 2 equiv) via general procedure B. The product was used
without further purification. Yield: 62% (12.40 g); pale yellow solid. 'H
NMR (400 MHz, DMSO-dg): 6 2.17-2.27 (m, 1H), 2.29-2.37 (m, 1H),
2.42-2.48 (m, 1H), 2.55-2.65 (m, 2H), 2.71 (dd, J = 15.8, 1.0 Hz, 1H),
2.94 (d, J=15.8 Hz, 1H), 3.75 (s, 3H), 7.31 (dd, J;=5.0 Hz, J, = 1.5 Hz,
1H), 7.63 (dd, J;=2.9 Hz, Jo = 1.5 Hz, 1H), 7.65 (dd, J; = 5.0 Hz, J, =
3.0 Hz, 1H). HRMS (ESI+): m/z caled for [M + H]" 264.0689; found
264.0682.

4.3.28. 4-Oxo-1-(thiophen-2-yl)cyclohexane-1-carbonitrile (26)
Synthesized from 24 (12.64 g, 48.0 mmol, 1.0 equiv), 10% sulfuric
acid (175 mL) and glacial acetic acid (385 mL) via general procedure C.
Column chromatography, EtOAc/n-hexane = 1/3 (v/v). Yield: 50%
(4.90 g); pale yellow solid. 'H NMR (400 MHz, CDCl3): 6 2.31 (td, J; =
13.5 Hz, J, = 4.3 Hz, 2H), 2.52-2.61 (m, 2H), 2.61-2.69 (m, 2H),
2.80-2.92 (m, 2H), 7.03 (dd, J;=5.1 Hz, J, = 3.6 Hz, 1H), 7.20 (dd,
J1=3.6 Hz, Jo = 1.2 Hz, 1H), 7.33 (dd, J;=5.1 Hz, J; = 1.2 Hz, 1H).
HRMS (ESI+): m/z caled for [M + H]" 206.0634; found 206.0629.

4.3.29. 4-Oxo-1-(thiophen-3-yl)cyclohexane-1-carbonitrile (27)

Synthesized from 25 (12.40 g, 47.0 mmol, 1.0 equiv), 10% sulfuric
acid (170 mL) and glacial acetic acid (380 mL) via general procedure C.
Column chromatography, EtOAc/n-hexane = 1/3 (v/v). Yield: 62%
(6.00 g); pale yellow solid. 1 NMR (400 MHz, CDCl3): 6 2.20-2.31 (m,
2H), 2.51-2.61 (m, 4H), 2.80-2.93 (m, 2H), 7.16 (dd, J;=5.1 Hz,
Jo=1.5 Hz, 1H), 7.36 (dd, J;=3.0 Hz, J,=1.5 Hz, 1H), 7.42 (dd, J;=5.1
Hz, J,=3.0 Hz, 1H). HRMS (ESI+): m/z caled for [M + H]" 206.0634;
found 260.0628.

4.3.30. 8-(Thiophen-2-yl)-1,4-dioxaspiro[4.5]decane-8-carbonitrile (28)

Synthesized from 26 (4.93 g, 24.0 mmol, 1.0 equiv), ethane-1,2-diol
(13.4 mL, 240.0 mmol, 10.0 equiv) and PTSA (86.10 mg, 0.5 mmol, 0.02
equiv.) via general procedure D. Column chromatography, EtOAc/n-
hexane =1/3 (v/v). Yield: 98% (5.90 g); white solid. TH NMR (400 MHz,
CDCl5): 51.82-1.90 (m, 2H), 2.06 (td, J;=13.4 Hz, J,=4.0 Hz, 2H), 2.19
(td, J;=13.2 Hz, J,=3.5 Hz, 2H), 2.28-2.38 (m, 2H), 3.93-3.98 (m, 2H),
3.98-4.03 (m, 2H), 6.99 (dd, J;=5.1 Hz, J,=3.6 Hz, 1H), 7.15 (dd,
J1=3.6 Hz, J,=1.2 Hz, 1H), 7.27 (dd, J;=5.2 Hz, J,=1.3 Hz, 1H). HRMS
(ESI+): m/z caled for [M + H]" 250.0896; found 250.0890.
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4.3.31. 8-(Thiophen-3-yl)-1,4-dioxaspiro[4.5]decane-8-carbonitrile (29)

Synthesized from 27 (5.95 g, 29.0 mmol, 1.0 equiv), ethane-1,2-diol
(16.2 mL, 290.0 mmol, 10.0 equiv) and PTSA (86.10 mg, 0.5 mmol, 0.02
equiv.) via general procedure D. Column chromatography, EtOAc/n-
hexane = 1/3 (v/v). Yield: 96% (6.70 g); white solid. 1H NMR (400 MHz,
CDCl3): 6 1.80-1.89 (m, 2H), 2.01-2.18 (m, 4H), 2.18-2.26 (m, 2H),
3.93-3.98 (m, 2H), 3.98-4.03 (m, 2H), 7.15 (dd, J;=5.1 Hz, J,=1.5 Hz,
1H), 7.30 (dd, J;=3.0 Hz, J,=1.5 Hz, 1H), 7.35 (dd, J;=5.1 Hz, J,=3.0
Hz, 1H). HRMS (ESI+): m/z caled for [M + H]" 250.0896; found
250.0890.

4.3.32. (8-(Thiophen-2-yl)-1,4-dioxaspiro[4.5]decan-8-yDmethanamine
(30)

Synthesized from 28 (5.90 g, 23.5 mmol, 1.0 equiv) and LiAlH4
(1.78 g, 47.0 mmol, 2.0 equiv) via general procedure E. The product was
used without further purification. Yield: 97% (5.80 g); pale yellow oil.
Yield: 97% (5.8 g); oil. 'H NMR (400 MHz, CDCl3): 6§ 0.95 (brs, 2H),
1.63-1.74 (m, 4H), 1.75-1.85 (m, 2H), 2.10-2.18 (m, 2H), 2.72 (s, 2H),
3.89-3.98 (m, 4H), 6.86 (dd, J;=3.5 Hz, J,=1.1 Hz, 1H), 6.97 (dd,
J1=5.1 Hz, J»=3.5 Hz, 1H), 7.21 (dd, J;=5.1 Hz, Jo=1.1 Hz, 1H). HRMS
(ESI+): m/z caled for [M + H]" 254.1209; found 254.1201.

4.3.33. (8-(Thiophen-3-yl)-1,4-dioxaspiro[4.5]decan-8-yDmethanamine
3D

Synthesized from 29 (6.70 g, 27.0 mmol, 1.0 equiv) and LiAlH4
(2.05 g, 54.0 mmol, 2.0 equiv) via general procedure E. The product was
used without further purification. Yield: 96% (6.60 g); pale yellow oil.
'H NMR (400 MHz, CDCl3): § 0.96 (brs, 2H), 1.55-1.70 (m, 4H),
1.70-1.79 (m, 2H), 2.09-2.16 (m, 2H), 2.68 (s, 2H), 3.88-3.97 (m, 4H),
7.01 (dd, J;=5.0 Hz, J,=1.4 Hz, 1H), 7.03 (dd, J;=3.0 Hz, J,=1.4 Hz,
1H), 7.31 (dd, J;=5.0 Hz, J,=3.0 Hz, 1H). HRMS (ESI+): m/z calcd for
[M + H]t 254.1209; found 254.1201.

4.3.34. 2-Methoxy-N-((8-(thiophen-2-yl)-1,4-dioxaspiro[4.5]decan-8-yl)
methyl)benzamide (32)

Synthesized from 30 (5.80 g, 22.8 mmol, 1.0 equiv), 2-methoxyben-
zoyl chloride (3.89 g, 22.8 mmol, 1 equiv) and Et3N (9.5 mL, 68.4 mmol,
3.0 equiv.) via general procedure F. Column chromatography, EtOAc/n-
hexane = 1/1 (v/v). Yield: 95% (8.40 g); white solid. 'H NMR (400 MHz,
CDCl3): 6 1.65-1.80 (m, 4H), 1.95-2.05 (m, 2H), 2.12-2.20 (m, 2H),
3.68 (d, J = 6.0 Hz, 2H), 3.73 (s, 3H), 3.87-3.98 (m, 4H), 6.90 (d, J =
7.8 Hz, 1H), 6.95 (dd, J;=3.5 Hz, J,=1.1 Hz, 1H), 7.03 (ddd, J;=9.5 Hz,
J,=6.6 Hz, J3=2.2 Hz, 2H), 7.27 (dd, J;=5.1 Hz, J,=1.0 Hz, 1H), 7.40
(ddd, J;=8.3 Hz, J,=7.3 Hz, J3=1.9 Hz, 1H), 7.77 (t, J = 4.9 Hz, 1H),
8.20 (dd, J;=7.8 Hz, J,=1.9 Hz, 1H). HRMS (ESI+): m/z calcd for [M +
H]' 388.1577; found 388.1565.

4.3.35. 2-Methoxy-N-((8-(thiophen-3-yl)-1,4-dioxaspiro[4.5]decan-8-yD)
methyl)benzamide (33)

Synthesized from 31 (6.60 g, 26.0 mmol, 1.0 equiv), 2-methoxyben-
zoyl chloride (4.40 g, 26.0 mmol, 1 equiv) and EtsN (10.9 mL, 78.0
mmol, 3.0 equiv.) via general procedure F. Column chromatography,
EtOAc/n-hexane = 1/1 (v/v). Yield: 89% (8.90 g); white solid. 'H NMR
(400 MHz, CDCl3): 6 2.07-2.18 (m, 2H), 2.30-2.44 (m, 4H), 2.45-2.55
(m, 2H), 3.76 (s, 3H), 3.77 (d, J = 6.3 Hz, 2H), 3.85-3.96 (m, 4H), 6.92
(d, J=8.4 Hz, 1H), 7.07 (td, J = 7.9, 1.0 Hz, 1H), 7.18 (dd, J = 5.0, 1.4
Hz, 1H), 7.21 (dd, J = 2.9, 1.4 Hz, 1H), 7.40-7.48 (m, 2H), 7.75 (brs,
1H), 8.20 (dd, J = 7.8, 1.8 Hz, 1H). HRMS (ESI+): m/z calcd for [M +
H]' 388.1577; found 388.1565.

4.4. PBMC

4.4.1. Isolation and activation

PBMC were obtained by FICOLL-gradient purification (Lympholye -
H Cedarlane) and have been treated with red blood cell lysis buffer [38].
Purified PBMC were seeded at 1.5 x 10° cells/mL in RPMI 10% heat
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inactivated serum supplemented with r-Glutamine [2 mM] in presence
or absence of the different tested drugs, and treated with 240 ng/mL of
phytohemagglutinin-L (PHA-L) (Merck) for 5 days before patch clamp
recordings, counts and FACS analysis. The composition of the purified
PBMC has been analyzed after 5 days of PHA stimulation and resulted
composed mostly (~90%) by CD3* T-lymphocytes.

4.4.2. Patch-clamp recordings

Cells were directly transferred on 35 mm petri dishes containing the
following solution (in mM): 130 NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10
HEPES, 5 p-glucose (EK = —83 mV), pH of 7.4. The internal pipette
solution for potassium currents measurement contained (in mM): 140
potassium fluoride, 1 CaCly, 2 MgCl,, 10 Hepes-NaOH, 11 EGTA, pH
7.2. The patch pipettes were pulled from borosilicate glass capillary
tubes, their resistance was 6-8 MQ and their capacitances were manu-
ally compensated up to 90-95% after the reaching of a stable gigaseal.
Experimental protocols and data acquisition have been performed with
the Multiclamp 700A amplifier, digitized with Digidata 1322A DAC and
pCLAMP 9.2 software (Molecular Devices, Sunnyvale, California, USA)
has been used for data analysis. The outward potassium currents were
digitized with a 25 KHz sampling rate and a 3 KHz low-pass filtered.
Cells’ identification and patch has been performed at 40x magnification
with a Nikon Eclipse TE300 microscope (Nikon Instruments Inc.). In
order to perform the electrophysiological recordings specifically on the
activated cells, we visually chose the cells that showed a larger size
compared the others present in the Petri dish as previously reported
[39]. In accordance, the cells we selected showed potassium currents, in
control conditions, of an amplitude comparable to those observed by
other authors [40], while the cells of a smaller size showed current
amplitudes of less than 500-600 pA. We consequently discarded all the
cells having currents lower than or equal to 500-600 pA, classifying
them as non-activated cells. Potassium currents were evoked by using a
double sweep protocol with an intersweep interval of 30 s: the first
sweep, starting from holding potential of 0 mV (30 s), was followed by a
pulse to 60 mV and used to measure leak current, the second sweep, with
holding potential of —80 mV, was followed by a pulse to 60 mV and was
used to measure the potassium current. Net traces (leak-subtracted)
were obtained by subtracting the one recorded in the first sweep from
the current recorded in the second one. TRAM-34, a selective inhibitor of
Kca3.1%3, was used respectively as reference drug. The same recording
protocol was then performed both in control conditions and with
increasing doses of compounds (0.05, 0.1, 0.5, 5, 50 nM, 5 and 50 pM) in
order to evaluate the dose-response curves. The leak current was then
subtracted from the evoked potassium current and the measured peak
was normalized to the control value prior to evaluate the curve.

4.4.3. Intracellular Ca®>* measurement on PBMCs

Purified PBMC activated with PHA for 5 days have been treated with
the different tested drugs [5 pM] for 2h, then have been detached from
the plate with a scraper and incubated in RPMI containing 10% heat
inactivated bovine calf serum (HyClone) and supplemented with 2 mM
r-glutamine, supplemented with the Fluo-4 Ca®" probe (Invitrogen) [2
uM] and anti CD3-APC (SK7 BD 1:100) at 37 °C for 1 h protected from
light. Following washing with complete RPMI medium to remove re-
sidual dye, PBMC have been resuspended in 200 pL RPMI containing
10% heat inactivated bovine calf serum (HyClone) and supplemented
with 2 mM 1-glutamine, supplemented with the tested drugs [5 pM] at
37 °C for 30 min before acquisition with a CyotFLEX cytometer (Beck-
man Coulter).

4.4.4. Image collection and cell cycle analysis

Purified PBMC have been activated with PHA and treated with the
different tested drugs [30 uM] in RPMI containing 10% heat inactivated
bovine calf serum (HyClone) and supplemented with 2 mM t-glutamine
for 5 days.

On day 5 the images of the wells containing the activated PBMC
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treated with the different drugs in a 24 well plate were acquired for the
evaluation of the number of colonies. The images were acquired, after
removal of the culture media, with a bright field microscope (EVOS XL
Core Imaging System, Advanced Microscopy Group (AMG) BOTHELL,
WA 98021 USA) at the magnification of 2x. Colony counting was sub-
sequently performed offline manually using the ImageJ software [41].

On day 5, after the image acquisition, the flow cytometry cell cycle
analysis by quantitation of DNA content has been performed. 200 pL of a
solution composed of 50 pg/mL propidium iodide (PI, Sigma Aldrich
P4864), 0.1% (w/v) trisodium citrate, 0.1% NP40 were added directly
into the wells containing the activated PBMC in the different experi-
mental conditions. Cells were then detached from the plate with a
scraper and incubated for 1 h at 4 °C protected from light before being
analyzed with CyotFLEX cytometer (Beckman Coulter).

4.4.5. Statistics

Parametric tests were used for statistical analysis. Paired t-test was
performed for electrophysiological analysis, while unpaired t-test was
used for Ca®*, n. GFU and cell cycle analysis. Data are reported as mean
+ SEM. The normality of data distribution was checked with Kolmo-
gorov-Smirnov test. Statistical analysis was performed using Prism 6
software (GraphPad Software, San Diego, CA, USA). All statistical tests
were two tailed with a significance level of 0.05.

4.5. Xenopus laevis oocytes

4.5.1. Collection

Stage V-VI oocytes [26] were isolated by partial ovariectomy from
Xenopus laevis frogs (African clawed frogs). Mature female frogs were
purchased from CRB Xénopes (Rennes, France) and were housed in the
Aquatic Facility (KU Leuven) in compliance with the regulations of the
European Union (EU) concerning the welfare of laboratory animals as
declared in Directive 2010/63/EU. The use of Xenopus laevis was
approved by the Animal Ethics Committee of the KU Leuven (Project nr.
P186/2019). After anaesthetizing the frogs by a 15-min submersion in
0.1% tricaine methanesulfonate (amino benzoic acid ethyl ester; Merck,
Kenilworth, NJ, USA), pH 7.0, the oocytes were collected. The isolated
oocytes were then washed with a 1.5 mg/mL collagenase solution for 2 h
to remove the follicle layer.

4.5.2. Injection

Ion channels (Ky1.x1) [26] were expressed in Xenopus laevis oocytes
by linearization of the plasmids and subsequent in vitro transcription
using a commercial T7 or SP6 mMESSAGE mMACHINE transcription kit
(Ambion, Carlsbad, California, USA). Defolliculated Xenopus oocytes
were then injected with 20-50 nL of the cRNA at a concentration of 1
ng/nL using a micro-injector (Drummond Scientificl, Broomall, PA,
USA). The oocytes were incubated in a solution containing (in mM):
NacCl, 96; KCl, 2; CaCly, 1.8; MgCly, 2 and HEPES, 5 (pH 7.5), supple-
mented with 50 mg/L gentamycin sulfate and 90 mg/L theophylline.
After ex vivo translation, the ion channels were correctly inserted in the
cell membrane of the oocytes.

4.5.3. Compound solutions, and electrophysiological recordings
Two-electrode voltage-clamp recordings [26,27] were performed at
room temperature (18-22 °C) using a Geneclamp 500 amplifier (Mo-
lecular Devices, San Jose, CA, USA) and pClamp data acquisition (Axon
Instruments, Union City, CA, USA) and using an integrated digital TEVC
amplifier controlled by HiClamp, an automated Voltage-Clamp
Screening System (Multi Channel Systems MCS GmbH, Reutlingen,
Germany). Whole-cell currents from oocytes were recorded 1-4 days
after injection. The bath solution composition was ND96 (in mM): NaCl,
96; KCl, 2; CaCly, 1.8; MgCly, 2 and HEPES, 5 (pH 7.5). Voltage and
current electrodes were filled with a 3 M solution of KCI in H5O. Re-
sistances of both electrodes were kept between 0.5 and 1.5 MQ. The
elicited Ky1.x currents were filtered at 0.5 kHz and sampled at 2 kHz
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using a four-pole low-pass Bessel filter. Leak subtraction was performed
using a P/4 protocol.

For the electrophysiological analysis of the compounds, a number of
protocols were applied from a holding potential of —90 mV. Currents for
Ky1l.x were evoked by 1 s depolarizing pulses either to 0 mV or to a range
of voltage steps between —80 mV and +40 mV. For the analysis of the
data, only the inhibition at the 0 mV step was used. The concentration
dependency of all compounds was assessed by measuring the current
inhibition in the presence of increasing compound concentrations. To
this end, a stock solution of the compounds was prepared in 100% DMSO
for the sake of solubility. From this stock solution, adequate dilutions
with a maximum of 0.5% DMSO were made for testing. The data of the
concentration-response curves were fitted with the Hill equation: y =
100/{1 + (ICso/ [compound])h}, where y is the amplitude of the
compound-induced effect, ICs is the compound concentration at half-
maximal efficacy, [compound] is the compound concentration, and h
is the Hill coefficient.

4.5.4. Statistical analysis

All electrophysiological data are presented as means + S.E.M of n >
three independent experiments unless otherwise indicated. All data
were analyzed using pClamp Clampfit 10.4 (Molecular Devices, Down-
ingtown, PA, USA), OriginPro 9 (Originlab, Northampton, MA, USA),
GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA,
USA) and DataMining (Multi Channel Systems MCS GmbH, Reutlingen,
Germany). The Dunnett test and one-way ANOVA were performed to
calculate the significance of the induced inhibition compared to the
control.

4.6. Ltk cells

4.6.1. Cell culture, and transfection

Ltk™ cells [27] were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% horse serum and 1% pen-
icillin/streptomycin (Invitrogen, Waltham, CA, USA). Human Kyl.3
channels were transiently expressed in these Ltk™ cells by transfecting
subconfluent 60 x 15 mm cell culture dishes (Corning, NY, USA) with
1-1.5 pg plasmid DNA containing the hKv1.3 sequence (KCNA3) using
lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s protocol. The coding sequence of
hKv1.3 was cloned in a pEGFP plasmid without removing the stop codon
(i.e., eGFP was not transcribed). Therefore, during transfection 0.5 pg of
PEGFP plasmid (expressing eGFP) was added as transfection marker.
Cells were collected 24 h post-transfection using a 0.05% trypsin-EDTA
solution (Thermo Fisher Scientific, Waltham, MA, USA) and transferred
to the recording chamber mounted on the stage of an inverted Nikon
Eclipse TE2000 fluorescence microscope (Nikon, Minato, Japan). The
compounds were dissolved in 100% DMSO and stock solutions were
stored at —20 °C. Before use, the stock concentrations were diluted with
extracellular recording solution to appropriate concentrations, making
sure that the final DMSO concentration never exceeded 0.1%. As a
vehicle control a 0.1% DMSO solution was prepared.

4.6.2. Compound solutions, and electrophysiological recordings

All recordings were conducted at room temperature (20-23 °C) in
the whole-cell configuration using an axopatch 200b amplifier (Molec-
ular Devices, San Jose, CA, USA). Applied voltage pulse protocols and
current recordings were controlled with pClamp 10 software and digi-
tized using an axon digidata 1440 (Molecular Devices, San Jose, CA,
USA). The cells in the recording chamber were continuously superfused
with an extracellular solution (containing in mM): NaCl 145, KCl 4,
MgCl, 1, CaCl;, 1.8, HEPES 10, and p-glucose 10 (adjusted to pH 7.35
with NaOH). Patch pipettes were pulled from borosilicate glass (World
Precision Instruments, Sarasota, FL, USA), using a P-2000 puller (Sutter
Instruments, Novato, CA, USA), with resistances ranging from 1.5 to 2
MQ. These pipettes were backfilled with an intracellular solution
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(containing in mM): KCl 110, K,ATP 5, MgCl, 2, HEPES 10, and
K4BAPTA 5 (adjusted to pH 7.2 with KOH). Junction potentials were
zeroed with the filled pipette in the extracellular solution of the
recording chamber. A series resistance compensation of 80% was
employed. Recordings were passed through a 5 kHz low-pass filter while
being sampled at 10 kHz. A single step from holding potential (—80 mV)
to +40 mV was utilized to monitor hKy1.3 current inhibition. The pulse
duration was 200 ms with an interpulse interval of 15 s. Different con-
centrations of the compounds were independently added to the
recording chamber in the vicinity of the investigated cell using a pres-
surized fast-perfusion system (custom built with electro-fluidic valves
from the Lee Company, Westbrook, CT, USA).

4.6.3. Statistical analysis

The data was analyzed with pClamp 10 software (Molecular Devices,
San Jose, CA, USA), and the dose-response curves shown were made
using Sigmaplot 11.0 (Systat software, Palo Alto, CA USA). Data was
excluded when the estimated voltage error exceeded 5 mV after series
resistance compensation. Dose-response curves were obtained by plot-
ting y, the normalized current, as a function of compound concentration.
Results are expressed as mean + SEM, with n being the number of cells
analyzed. ICsg values were determined by fitting the Hill equation to the
dose-response curve.

4.7. Thermodynamic solubility

Thermodynamic solubility was determined as a concentration of a
saturated solution in equilibrium (37 °C) in phosphate buffered saline
(pH = 7.4) using HPLC method. For the phosphate-buffered saline (PBS),
2.38 g of disodium hydrogen phosphate dodecahydrate, 0.19 g of po-
tassium dihydrogen phosphate, and 8.0 g of sodium chloride were added
to distilled water (900 mL) and the solution was mixed overnight. The
next day, it was diluted to 1000 mL with the same solvent and the pH
was adjusted to 7.4. Samples (dry powders) were prepared by weighing
the exact mass of compounds (about 1 mg) and then adding the
appropriate volume of PBS to reach the final concentration of approx. 1
mg/mL. The samples were shaken (60 rpm) at 37 °C for 24 h using
orbital shaking incubator. After 24 h they were centrifuged at 18000
rpm for 10 min. Samples for injection were prepared by diluting (1:2 or
1:10) the supernatant with a 1:1 mixture of 0.1% TFA [v/v] in water and
MeCN. For the 7-point calibration curves concentrated stock solutions of
the compounds were prepared at concentrations of 10 mM and 0.5 mM
in DMSO, which were diluted with a 1:1 mixture of 0.1% TFA [v/v] in
water and MeCN to a final concentration of 100 pM; 70 pM; 50 pM; 30
pM; 15 pM; 5 pM and 1 pM. Quality control (QC) samples were diluted
from stock solutions with a 1:1 mixture of 0.1% TFA [v/v] in water and
MeCN to final concentrations of 60 pM, 20 pM, and 2 pM. Analytical
reversed-phase UPLC analyses were performed using a modular system
(Thermo Scientific Dionex UltiMate 3000 modular system; Thermo
Fisher Scientific Inc., MA, USA). Method: Waters Acquity UPLC® HSS
C18 SB column (2.1 x 50 mm, 1.8 pm), T = 40 °C; injection volume = 5
pL; flow rate = 0.4 mL/min; detector A = 290 nm; mobile phase A (0.1%
TFA [v/v] in water), mobile phase B (MeCN). Gradient: 0-2 min, 10% B;
2-10 min, 10%-90% B; 10-12 min, 90% B. Results are given in pM as an
average value of two independent experiments.

4.8. Stability

The method used for assessing aqueous stability was as followed:
Waters Acquity UPLC® BEH C18 column (2.1 x 50 mm, 1.7 pm) ther-
mostated at 40 °C; injection volume, 10 pL; flow rate, 0.4 mL/min; de-
tector A, 280 nm; mobile phase A: H,O0/MeCN/MeOH/TFA 900/80/20/
1 (v/v); mobile phase B: MeCN/MeOH/TFA 800/200/1 (v/v). Method:
0-5 min, 20%-100% B; 5-6 min, 100% B; 6-6.1 min, 100%-20% B;
6.1-8 min, 20% B. A 10 mM stock solution of the compound trans-18
was prepared in DMSO. For the stability 1590 pL of PBS buffer (pH =
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7.4), 400 pL of MeCN, and 10 pL of the compound trans-18 stock solution
were mixed in microcentrifuge tubes. The solution was thoroughly
mixed and filtered using a 0.20 pm filter into an HPLC vial, resulting in a
final concentration of 50 pM for the compound trans-18, with 20%
MeCN and 0.5% DMSO in PBS buffer. The solution was immediately
injected and subsequent injections were performed at 4-h intervals for
the first 24 h. Afterwards, injections were carried out at 8-h intervals
while the solution was incubated at 37 °C. The experiment was con-
ducted in triplicates, and the resulting analyte AUCs were plotted
against time.
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Teum central memory T-cells

Tem effector memory T-cell

SCID severe combined immunodeficiency
THF tetrahydrofuran

PTSA p-toluenesulfonic acid

DMF N,N-dimethylformamide,

TCR T-cell receptor

NFAT nuclear factor of activated T-cells
CFU colony-forming units

B-CLL  B-cell chronic lymphocytic leukemia
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