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This study presents a series of tetrahydropyrrolo[3,4-c]pyrazole-
based compounds designed as sigma-1 receptor (S1R) ligands,
focusing on optimizing affinity and reducing off-target effects.
We synthesized various derivatives from commercially available
precursors and, through radioligand binding assays, assessed
their binding affinity for S1R and sigma-2 receptor (S2R).
Compound 19 (AD417), containing a benzyl group and an
amide substituent, demonstrated notable S1R affinity (Ki=
75 nM) with 6-fold selectivity over S2R. Modifications on the
pyrrolidine nitrogen were crucial in enhancing receptor inter-
action, as the protonated nitrogen likely interacts with Glu172
within the S1R binding site. Furthermore, to address hERG

potassium ion channel inhibition, a known limitation in S1R
drug development, we evaluated compound 19’s cardiotoxicity
potential. With an experimental hERG IC50 of 5.8 μM, signifi-
cantly higher than verapamil’s IC50 of 0.41 μM, and haloperidol’s
IC50 of 0.16 μM, compound 19 showed a safer profile, suggest-
ing a reduced risk of cardiotoxicity. These findings underscore
the role of nitrogen accessibility, structural flexibility, and
functional group modifications in optimizing S1R ligand inter-
actions and provide a promising foundation for developing
safer S1R-targeted therapeutics with minimized hERG-related
risks.

1. Introduction

Sigma receptors (SRs) – initially misclassified as opioid receptors
(ORs) – are unique, chaperone-like non-G protein-coupled
receptors (GPCRs) with two subtypes: sigma-1 (S1R) and sigma-
2 (S2R) receptors.[1] S1R is predominantly found within the
endoplasmic reticulum (ER), especially in cholesterol-rich mito-
chondria-associated membranes (MAM). Structurally, it exists as
a homotrimer, composed of three tightly associated protomers,
with expression in both peripheral tissues and the brain.[2]

Under normal physiological conditions, S1R complexes with the
binding immunoglobulin protein (Bip), a primary ER chaperone
protein.[3] S1R dissociates from Bip upon ligand activation and
translocates to various cellular sites, including mitochondrial
and plasma membranes, regulating Ca+ + flux and ATP
production.[4] This regulatory function impacts multiple bio-
logical processes and is implicated in the pathophysiology of
conditions such as depression, neurodegenerative diseases, and
neuropathic pain (NP).[5]

S2R, also known as transmembrane protein 97 (TMEM97), is
a four-domain transmembrane receptor involved in vital cellular

processes such as cholesterol trafficking, membrane dynamics,
autophagy, and receptor stabilization.[6] Disruptions in these
processes, often triggered by cellular stress, are associated with
age-related degenerative diseases, including Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), and retinal disorders.[7]

Preclinical and clinical studies suggest that S2R modulators may
alleviate neurodegenerative progression and NP conditions.[8]

The pharmacophore models for S1R ligands suggest that
optimal binding requires a basic amine and an aromatic ring,
involving critical interactions with residues such as Glu172 and
Tyr206.[2a,9] Potent S1R ligands thus feature a positively ionizable
center for ionic interactions, and two lipophilic groups for
engaging the primary hydrophobic interactions, and an addi-
tional hydrophobic interaction within a secondary subpocket.[10]

Given the role of S1R in central nervous system (CNS) diseases
and pain, extensive efforts have focused on developing
selective and potent small-molecule S1R ligands (Figure 1).
Prominent structural classes include the quinolinomorphan
moiety (1),[11] spirocyclic compounds (2, 3),[12] piperazine (4,
5),[13] piperidine (6),[10] azetidine (7),[14] and pyrrolidine deriva-
tives (8),[15] all of which have shown high affinity for the S1R.
Additionally, non-traditional scaffolds such as in WLB-87848 (9)
have been explored, which deviate from the standard S1R
pharmacophore by featuring a free NH group paired with a
lipophilic component.[16]

The rich structural diversity of S1R ligands – from straight-
forward piperazine and piperidine derivatives to complex,
multi-ring architectures – provides an exciting opportunity to
enhance affinity and selectivity. This work aims to enhance
molecular shape control by substituting traditional diamine
moieties with rigid bicyclic fused rings, thereby exploring novel
bioisosteres (Figure 2). One promising scaffold is
tetrahydropyrrolo[3,4-c]pyrazole, a heterocyclic framework with
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increased rigidity compared to other moieties and a distinct
electronic profile due to its fused pyrazole-pyrrolidine rings.[21]

The nitrogen atoms within this fused system contribute to a
range of binding interactions, including hydrogen bonding,
ionic interactions, and π-stacking, all crucial for strong S1R
engagement.[22] This structural shape may improve the ligand’s
overall binding properties and allow for a more selective and
targeted interaction with the S1R, potentially enhancing
pharmacological outcomes.
Moreover, several ligands containing the

tetrahydropyrrolo[3,4-c]pyrazole, pyrrolidine, or pyrazole moi-
eties have shown minimal or no inhibition of the K+ human
Ether-à-go-go-Related Gene (hERG) channel,[23] a recurring
challenge in SR drug development.[24] This suggests these
derivatives could offer improved selectivity and therapeutic
potential without hERG-related cardiotoxicity.
Inspired by these premises, we present our medicinal

chemistry efforts in designing S1R ligands based on the
tetrahydropyrrolo[3,4-c]pyrazole scaffold. We prepared a set of
compounds and built structure-activity relationships (SAR) for
SR through radioligand binding assay studies and molecular
modeling. These compounds hold promise as pharmacological
tools and valuable leads in drug discovery, facilitating deeper

exploration of S1R as a therapeutic target. By potentially
minimizing hERG-associated risks, they may offer improved
safety profiles for future therapeutic applications.

2. Results and Discussion

2.1. Chemistry

As reported in Scheme 1, intermediate 11a was synthesized
from commercially available L-phenylalanine (10a) by treatment
with sodium nitrite under acidic conditions, followed by Fischer
esterification.[25] Conversely, intermediates 11b,c were efficiently
prepared from α-bromophenylacetic acid (10c). For 11b,
Fischer esterification was conducted in an acid ethanol solution,
whereas 11c was synthesized via acylation using diethylamine.
As regards the 2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole core

(14), it was synthesized starting from the commercially available
tert-butyl 3-oxopyrrolidine-1-carboxylate (12) upon treatment
with DMF/DMA to provide 13, and subsequent reaction with
hydrazine.[26] The alkylation of 14 with opportune bromo-
derivatives resulted in 15a–e and 18a intermediates. The latter

Figure 1. S1R ligands employing different core scaffolds. The number of compounds in round brackets refers to those reported in the original paper.

Figure 2. 3D chemical structure of moieties employed as S1R ligands and the tetrahydropyrrolo[3,4-c]pyrazole scaffold.
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underwent N-Boc removal and further alkylation, resulting in
the final derivatives 17a–h and 19.

2.2. Pharmacological Studies

2.2.1. Radioligand Binding Assays

After the synthesis, all the tetrahydropyrrolo[3,4-c]pyrazole
derivatives were screened for binding affinity to S1R and S2R
via radioligand binding assays (Table 1). S1R binding was
assessed by displacement of [3H]-(+)-pentazocine and S2R

binding was measured using [3H]DTG. To mitigate the DTG
nonselective binding, an excess of non-tritiated (+)-pentazocine
was used to block S1R sites.[12] Haloperidol and BD1063 were
chosen as reference compounds for both S1R and S2R.
The first compound of the series, 17a, featuring a phenyl-

acetate and phenyl group on either side of the molecule,
showed moderate affinity for S1R, with negligible binding for
S2R.
Substituent modifications on the pyrazole side were further

explored by introducing an alkyl chain between the nitrogen
atom and the phenyl ring. This alteration was intended to
increase flexibility and adjust the spatial orientation of the
ligand within the binding pocket, potentially enhancing inter-
action with S1R. However, the elongation to phenylmethyl
(17c), phenylethyl (17d), phenylpropyl (17e), and phenylbutyl
(17h) moieties resulted in a complete loss of S1R affinity.
Further modifications targeted the nitrogen atom of the
tetrahydropyrrole moiety, with the phenylpropanoate deriva-
tives 17b and 17g showing no affinity for either SR subtype. In
contrast, derivative 17f, which incorporated an amide function-
ality, regained S1R affinity in the low micromolar range.
In this latter case, replacing an ester group (as in 17e) with

an amide group (as in 17f) enhances binding affinity, likely due
to the amides’ stronger hydrogen-bonding capacity than
esters.[27]

Next, we expanded the SAR study by swapping the
substituents on the two nitrogen atoms. This approach aimed
to evaluate how variation in spatial arrangement and steric bulk
influence the accessibility and binding efficiency of the
tetrahydropyrrole nitrogen within the receptor’s binding pock-
et. This modification led to derivative 19, demonstrating
restored S1R affinity. Notably, 19, containing a benzyl group,
significantly improved S1R affinity, achieving a Ki value of 75 nM
with 6-fold selectivity over S2R.

Scheme 1. Reagent and conditions: (i) NaNO2, HBr, H2O, rt, 2.5 h; (ii) EtOH, H2SO4, 65 °C, overnight; (iii) 1. SOCl2, reflux, 3 h; 2. CH2Cl2 anhydrous, (Et)2NH, DIPEA,
rt, overnight; (iv) DMF/DMA, 105 °C; (v) hydrazine monohydrate, BuOH, 127 °C; (vi) K2CO3, CH3CN or DMF, iodobenzene or bromoalkylbenzene or 11c, 50 °C,
overnight; (vii) HCl/dioxane 4 M, rt, 8 h; (viii) base, DMF or CH3CN, bromo-derivative (11a–c), reflux, overnight.

Table 1. SR binding assays for compounds 17a–h, and 19.

Ki (nM)�SD[a]

Compound S1R S2R S2R/S1R

17a 344�80 >10000 >29

17b >10000 >10000 1

17c >10000 >10000 1

17d >10000 >10000 1

17e >10000 >10000 1

17f 1355�575 >10000 >7

17g >10000 >10000 1

17h >10000 >10000 1

19 75�12 431�60 5.7

(+)-PTZ[b] 4.3�0.5 1465�224 –

DTG[b] 124�19 18�1 –

Haloperidol[b] 2.6�0.4 77�18 –

BD1063[b] 14�2.7 204�31 –

[a] Each value is the mean�SD of at least two experiments performed in
duplicate. [b] Taken from reference.[12]
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These findings indicate that substituting the tetrahydropyr-
role nitrogen is crucial for modulating binding affinity. Due to
its higher basicity than the pyrazole nitrogen, the pyrrolidine
nitrogen is likely to be protonated under physiological pH
conditions (see paragraph 4.4.1). This protonation facilitates a
critical interaction with the carboxylate group of Glu172 within
the S1R binding site, forming a stabilizing salt bridge that plays
a key role in the ligand’s binding affinity and positioning.
In summary, these results underscore the importance of

nitrogen accessibility, structural flexibility, and functional group
optimization in enhancing S1R affinity. Since compound 19 is a
racemic mixture, separating its enantiomers could be a valuable
direction for future research. This approach would allow for a
more accurate assessment of their individual binding affinities,
providing deeper insights into how each enantiomer interacts
with the target and potentially enhancing the efficacy or
selectivity of the compound. Therefore, this work lays a strong
foundation for further refinement of tetrahydropyrrolo[3,4-
c]pyrazole derivatives as promising S1R modulators.

2.2.2. Preliminary ADMET Profile

To evaluate the therapeutic potential of the synthesized
compounds, we employed in silico predictions for hERG channel
activity, central nervous system (CNS) multiparameter optimiza-
tion (MPO), and blood-brain barrier (BBB) permeability scores
using the advanced features of the MarvinSketch tool. This
analysis was conducted for compounds 17a and 19, demon-
strating superior S1R affinity, and for haloperidol and verapamil,
two well-established hERG channel blockers, as reference
compounds.[28] The results, summarized in Table 2, highlight
several key insights.
Compounds 17a and 19 exhibited low predicted inhibitory

activity on the hERG channel, with IC50 values of 7.24 and
5.37 μM, respectively, categorizing them as safe and with
minimal risk of cardiotoxicity. In stark contrast, haloperidol and
verapamil displayed an experimental IC50 of 0.028 μM and
0.14 μM,[28] respectively, consistent with the predicted values of
0.06 μM and 0.26 μM, sustaining the accuracy of the predictive
model. This significant discrepancy underscores the superior
safety profiles of 17a and 19 compared to haloperidol and
verapamil, which are associated with a pronounced risk of
cardiotoxicity. Given its S1R affinity profile, an experimental
hERG assay was performed on compound 19 to validate these
predictions further. The experimental IC50 of 5.80 μM (Tables 2

and S1) agreed with the predicted value of 5.37 μM, reaffirming
the compound’s safer profile. Verapamil was used as a reference
compound, showing an experimental IC50 of 0.41 μM.
Compounds 17a and 19 also achieved CNS MPO scores and

BBB permeability scores exceeding 4, indicating their ability to
effectively cross the BBB and function at the CNS level (Table 2).
These findings collectively highlight a promising safety and
efficacy profile for compound 19. Its low cardiotoxicity risk and
ability to penetrate the BBB position it as a candidate for S1R-
targeted therapies.

2.3. Molecular Modeling Studies

We conducted a comprehensive molecular modeling study to
support the experimental findings and the SAR analysis. To this
purpose, two distinct X-ray crystallographic structures were
selected: the S1R bound to the selective ligand PD144418 (PDB
ID: 5HK1) and the S2R in complex with the selective ligand
Z4857158944 (PDB ID: 7 M96). Since the human S2R structure
has not yet been resolved, we constructed a homology model
using the bovine S2R structure from the 7 M96 template and
the Homo sapiens S2R sequence (UniProt entry Q5BJF2).
To validate the molecular modeling approach, docking

simulations using AutoDock Vina were performed to reproduce
the binding poses and activities of the co-crystallized ligands
and haloperidol, a reference compound for both S1R and S2R.
This validation confirmed the method’s accuracy, as evidenced
by the agreement between the docking results and experimen-
tal data (Table 3). Following validation, compounds 17a and 19
were docked in both their protonated and deprotonated forms,
considering all possible stereochemical configurations (refer to
Section 4.4.1). The docking results (Table 3) correlated well with
the experimental data.
A detailed analysis of these docking results revealed distinct

interaction preferences for the two compounds. Compound
17a predominantly interacts in its deprotonated form, while
compound 19 favors the protonated state. These observations
are consistent with the calculated pKa values of the compounds
(refer to Section 4.4.1), which increase near a carboxylate ion.
This trend aligns with both the experimental data and
established findings in the literature.[29]

To further understand these binding interactions, we super-
imposed compounds 17a and 19 onto their respective co-
crystallized ligands, PD144418 and Z4857158944, within the
receptor structures. The corresponding active sites are visual-

Table 2. ADMET profile of compounds 17a, 19, haloperidol, and verapamil.

Compound hERG exp.
(IC50, μM, this paper)

hERG exp.
(IC50, μM)

hERG calcd.
(IC50, μM)

Classification model CNS MPO score[a] BBB score[a]

17a – – 7.24 SAFE 4.75 4.86

19 5.80 – 5.37 SAFE 4.63 4.50

Haloperidol – 0.028b 0.06 TOXIC 4.81 5.31

Verapamil 0.41 0.14b 0.26 TOXIC 3.09 4.54

[a] A score values�4.0 on a scale between 0 and 6 suggest CNS drug-likeness and BBB penetration. [b] Taken from reference.[28]
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ized in Figure 3. Notably, the S1R binding pocket is fully
enclosed (Figure 3, left column), while the S2R pocket remains
open, facing the endoplasmic reticulum interior (Figure 3,
center and right columns).
Within the S1R binding site, compound 17a, regardless of

protonation state, adopts a specific orientation that positions its
linear region toward the cavity containing Glu172 residue. This
amino acid is critical for forming a stabilizing salt bridge
necessary for optimal ligand-receptor interaction (Figure 3, left
column). For the S2R, compound 17a also fits within the
pocket, with its linear portion inside and the bifurcated region
extending outward (Figure 3, center column, 17a in blue).
However, due to its orientation, even in its protonated form,
17a cannot establish the essential salt bridge with Asp29, a key
interaction required for S2R-specific ligand activity. In contrast,
compound 19, featuring an inverted phenylacetamide substitu-
tion on the pyrazole nitrogen instead of the pyrrolidine
nitrogen, adopts a conformation in its protonated form that
facilitates salt bridge formation with both Glu172 in S1R and
Asp29 in S2R. The protonation of the pyrrolidine nitrogen,
enhanced by proximity to the carboxylate ion (refer to
Section 4.4.1), contributes to the improved activity of com-
pound 19 on both receptors compared to 17a.
This analysis is extended to the other compounds within

the series, revealing that compounds 17b–g exhibit negligible
affinity for both receptors. This lack of affinity is attributed to
their inability to fit optimally within the binding pockets or
establish the necessary salt bridges upon protonation. These
results highlight the critical role of substituent positioning and
scaffold orientation in modulating receptor binding and affinity

and the importance of nitrogen protonation for forming salt
bridges with carboxylate residues.

3. Conclusions

Our study demonstrates that the tetrahydropyrrolo[3,4-
c]pyrazole scaffold is a promising structural platform for
developing selective S1R ligands. While many structural mod-
ifications yielded minimal affinity for both S1R and S2R, these
findings highlight the critical influence of specific structural
elements on receptor binding. Compound 17a was a notable
advancement, displaying significant S1R affinity (Ki=344 nM)
and inspiring further SAR exploration studies. This led to the
discovery of compound 19, which exhibited a striking increase
in S1R affinity (Ki=75 nM), underscoring the impact of strategic
nitrogen substitutions and reduced steric hindrance on receptor
engagement. The molecular modeling study provides valuable
insights into the compounds’ binding interactions. The docking
simulations, structural superimpositions, and salt bridge analysis
elucidate the factors underlying receptor selectivity and affinity,
offering a robust framework to rationalize the experimental
findings and guide future ligand design. These findings pave
the way for developing safer and more effective S1R modu-
lators as potential therapeutic agents. Given its high affinity and
significant binding preference for S1R, compound 19 appears
to be a promising candidate for further biological evaluation,
particularly due to its reduced inhibition of the hERG K+

channel.

Experimental Section

General Remarks

Reagent-grade chemicals from Merck (Darmstadt, Germany) were
used without further purification. Air-sensitive reactions were
performed under nitrogen in oven-dried glassware using the
syringe-septum cap technique. Purification was done via flash
chromatography on Merck silica gel 60 (40� 63 μm, 230–400 mesh).
Electrospray ionization mass spectrometry (ESI-MS) spectra were
performed by an Agilent 1100 series LC/MS spectrometer. NMR
spectra (1H and 13C, 200 and 500 MHz) were recorded on VARIAN
INOVA spectrometers in CDCl3 with TMS as an internal standard.
Chemical shifts (δ) are in ppm, and coupling constants (J) are in Hz,
with standard multiplicity abbreviations (s= singlet, d=doublet, t=
triplet, q=quartet, m=multiplet, br=broad). Microanalysis (C, H,
N) using a Carlo Erba E1110 confirmed �95% purity for all
compounds, within �0.4% of theoretical values. TLC was per-
formed on 250 μm Merck 60 F254 silica gel plates, with spots
visualized under UV, permanganate, or iodine. The nomenclature of
the chemical compounds was generated with ChemBioDraw Ultra
16.0.0.82.

Synthetic Procedures

General Procedure for Amine Preparation (Procedure A)

To a solution of 14 (1.00 eq) in anhydrous DMF or CH3CN (120 mM),
K2CO3 (2.50 eq) and bromo-derivative (1.50 eq) were sequentially

Table 3. Docking Kd (nM) SR binding assays for compounds 17a and 19.

S1R S2R

Compound Kd exp. Kd calcd. Kd exp. Kd calcd.

17a 344 >10000

(SC)-17a 111 1065

(RC)-17a 61.5 1002

(SC,RN)-17a 211 764

(SC,SN)-17a 176 601

(RC,RN)-17a 121 903

(RC,SN)-17a 22.2 482

19 75 431

(SC)-19 663 1700

(RC)-19 694 568

(SC,RN)-19 279 742

(SC,SN)-19 432 657

(RC,RN)-19 333 1295

(RC,SN)-19 345 1219

PD144418[a] 1.9 47.8 – –

Z4857158944[a] – – 4 16.1

Haloperidol[b] 2.6 12.1 77 98.7

[a] Taken from reference.[30] [b] Taken from reference.[12]
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Figure 3. Cross-section of the S1R (upper left) and S2R (upper center) receptor-binding pocket with the respective co-crystallized ligands PD144418 and
Z4857158944 (magenta) and docked 17a and 19 compounds (blue and red, respectively). View of the entrance for S2R to the binding pocket from the
membrane (upper right). Enlarged view of upper scenes (center). 2D graphical sketches of compounds 17a and 19 within the S1R (bottom left) and S2R
(bottom center) binding pockets.
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added. The reaction has been left to stir at 50 °C overnight. After
completion, the reaction mixture was concentrated in vacuo, the
residue dissolved in EtOAc (20 mL), washed with a saturated
solution of NaHCO3 (1×10 mL), brine (1×5 mL), dried over anhy-
drous Na2SO4, filtered and evaporated to dryness. The residue was
purified via silica gel chromatography to obtain the desired
product. Products synthesized according to this procedure are
15a–e and 18a.

General Procedure for Amine Preparation (Procedure B)

The solution of N-Boc-protected amine (1.00 eq) in CH2Cl2 has been
stirred with 4 M HCl in dioxane (10.0 eq) at rt for 8 h. After
completion, the solvent was removed under pressure, and the
residue was washed with CH2Cl2 (2×1 mL), concentrated in vacuo,
and used for the next step. Products synthesized according to this
procedure are 16a–e and 18b. The resulting amine was dissolved
in DMF or CH3CN (100 mM). Subsequently, K2CO3, Cs2CO3, or DIPEA
(2.50 eq) and appropriate bromo-derivative (1.50 eq) were added.
The reaction mixture was stirred under reflux overnight. After
completion, the reaction mixture was concentrated in vacuo, the
residue dissolved in EtOAc (20 mL), washed with a saturated
solution of NaHCO3 (1×10 mL), brine (1×5 mL), dried over anhy-
drous Na2SO4, filtered and evaporated to dryness. The residue was
purified via silica gel chromatography to obtain the desired
product. The products synthesized according to this procedure are
17a–e, 19.

General Procedure for Oxalate Salts Formation (Procedure C)

For all final compounds, the pure product (1.00 eq) was dissolved in
EtOAc, and a solution of oxalic acid (1.00 eq) in EtOAc was added
dropwise at 0 °C to obtain the desired product as oxalate salt.

Synthesis and Characterization of All Compounds

2-Bromo-3-phenylpropanoic acid (10b). L-Phenylalanine (10a)
(507 mg, 3.07 mmol, 1.00 eq) was dissolved in H2O (1.38 mL,
2.20 M) and cooled to 0 °C. Then, 47% HBr (w/w) (1.50 mL,
27.6 mmol, 9.00 eq) was added, followed by NaNO2 (339 mg,
4.91 mmol, 1.60 eq) water solution (0.75 mL, 6.50 M). The mixture
was stirred at 0 °C for 0.5 h and at rt for 2.5 h. After completion, the
reaction mixture was concentrated in vacuo, the residue dissolved
in Et2O (20 mL), washed with brine (1×7 mL), dried over anhydrous
Na2SO4, filtered, and concentrated in vacuo to obtain a colorless oil
which was used as it without further purification.

Ethyl 2-bromo-3-phenylpropanoate (11a). To a solution of 10b
(424 mg, 1.85 mmol, 1.00 eq) in EtOH (15 mL, 123 mM), H2SO4 (95–
97% w/w, 126 μL, 2.31 mmol, 1.25 eq) was added dropwise and the
reaction mixture left to stir overnight at 65 °C. After completion, the
reaction mixture was concentrated in vacuo, the residue dissolved
in EtOAc (30 mL), washed with a saturated solution of NaHCO3
(1×10 mL), brine (1×10 mL), dried over anhydrous Na2SO4, filtered
and concentrated in vacuo. The residue was purified by flash
chromatography using hexane/CH2Cl2 as eluent (90 :10 to 85 :15).
Light yellow oil, yield 270 mg (57%)., C11H13BrO2 (257.1 g mol

� 1). 1H
NMR (500 MHz, CDCl3) δ 7.16–7.37 (m, 5H), 4.39 (t, J=7.8 Hz, 1H),
4.17 (q, J=7.2 Hz, 2H), 3.46 (q, J=7.0 Hz, 1H), 3.24 (q, J=7.0 Hz,
1H), 1.22 (t, J=7.2 Hz, 3H).[32]

Ethyl 2-bromo-2-phenylacetate (11b). To a solution of α-bromo-
phenylacetic acid (10c) (500 mg, 2.33 mmol, 1.00 eq) in EtOH (9 mL,
240 mM), H2SO4 (95–97% p/v, 158 μL, 2.91 mmol, 1.25 eq) was
added at rt. The reaction mixture was stirred at 100 °C for 5 h. After
completion, the reaction mixture was concentrated in vacuo, the

residue dissolved in EtOAc (15 mL), washed with a saturated
solution of NaHCO3 (1×5 mL), brine (1×5 mL), dried over anhydrous
Na2SO4, filtered and concentrated in vacuo. The residue was purified
by flash chromatography using PE/EtOAc (100:0 to 99 :1). Clear oil,
yield 485 mg (85%). C10H11BrO2 (243.1 g mol

� 1). 1H NMR (500 MHz,
CDCl3) δ 7.54–7.58 (m, 2H), 7.33–7.41 (m, 3H), 5.35 (s, 1H), 4.19–4.32
(m, 2H), 1.30 (t, J=7.1 Hz, 3H).[33]

2-Bromo-N,N-diethyl-2-phenylacetamide (11c). A solution of α-
bromo-phenylacetic acid (10c) (500 mg, 2.33 mmol, 1.00 eq) in
thionyl chloride (1.69 mL, 23.3 mmol, 10.0 eq) was refluxed for
5.5 h. After completion, the excess of thionyl chloride was distilled,
and the reaction mixture was washed with CH2Cl2 anhydrous
(3×1 mL). The resulting acyl chloride was then dissolved in
anhydrous CH2Cl2 (3 mL, 766 mM), diethylamine (289 μL, 2.79 mmol,
1.20 eq) and DIPEA (486 μL, 2.79 mmol, 1.20 eq) were added at 0 °C,
and the reaction mixture was stirred at rt overnight. After
completion, the reaction mixture was concentrated in vacuo, the
residue dissolved in EtOAc (15 mL), washed with a saturated
solution of NaHCO3 (1×5 mL), brine (1×5 mL), dried over anhydrous
Na2SO4, filtered and concentrated in vacuo. The residue was purified
by flash column chromatography using PE/EtOAc (90 :10 to 85 :15).
Pale yellow oil, yield 220 mg (35%). C12H16BrNO (270.2 g mol

� 1). 1H
NMR (500 MHz, CDCl3) δ 7.43–7.56 (m, 2H), 7.30–7.43 (m, 3H), 5.65
(s, 1H), 3.27–3.46 (m, 4H), 1.13 (td, J=7.3, 18.7 Hz, 6H).[34]

tert-Butyl (E)-3-[(dimethylamino)methylene]-4-oxopyrrolidine-1-car-
boxylate (13). A solution of tert-butyl 3-oxopyrrolidine-1-carboxylate
(12) (5.00 g, 26.99 mmol, 1.00 eq) in DMF-DMA (35.94 mL,
270 mmol, 10.00 eq) was stirred at 105 °C for 3 h. After completion,
the reaction mixture was concentrated in vacuo, the residue
triturated with hexane (20 mL) and filtered under vacuum. Brown
solid, yield 5.6 g (86%). C12H20N2O3 (240.3 g mol� 1). 1H NMR
(200 MHz, CDCl3) δ 7.31 (s, 1H), 4.55 (d, J=9.0 Hz, 2H), 3.83 (d, J=

9.3 Hz, 2H), 3.10 (s, 6H), 1.48 (s, 9H).[35]

tert-Butyl 2,6-dihydropyrrolo[3,4-c]pyrazole-5(4H)-carboxylate (14). To
a solution of 13 (5.60 g, 23.30 mmol, 1.00 eq) in butanol (26 mL,
900 mM), hydrazine hydrochloride (16.00 g, 233 mmol, 10.00 eq)
was added. The reaction mixture was stirred under reflux for 6 h.
After completion, the mixture was concentrated in vacuo, the
residue dissolved in CH2Cl2 (20 mL), washed with a saturated
solution of NaHCO3 (1×15 mL), brine (1×15 mL), dried over anhy-
drous Na2SO4, filtered and concentrated in vacuo. The residue was
purified by flash column chromatography using CHCl3/EtOAc
(60 :40 to 50 :50). White solid, yield 2.3 g (48%). C10H15N3O2
(209.3 gmol� 1). 1H NMR (200 MHz, CDCl3) δ 7.32 (d, J=6.3 Hz, 1H),
4.40–4.56 (m, 4H), 1.53 (s, 9H).[23f,26b]

tert-Butyl 2-phenyl-2,6-dihydropyrrolo[3,4-c]pyrazole-5(4H)-carboxy-
late (15a). To a solution of 14 (125 mg, 0.60 mmol, 1.00 eq) in
anhydrous dioxane (120 mM), iodobenzene (171 mg, 0.84 mmol,
1.40 eq) was added. Then, Cs2CO3 (487 mg, 1.39 mmol, 2.50 eq), KI
(10 mg, 0.06 mmol, 0.10 eq), and CuI (12 mg, 0.06 mmol, 0.10 eq)
have been sequentially added. The reaction has been left to stir at
120 °C for 48 h. After completion, the mixture was concentrated in
vacuo, the residue dissolved in EtOAc (20 mL), washed with 15%
NH4OH solution (1×10 mL), brine (1×10 mL), dried over anhydrous
Na2SO4, filtered and evaporated to dryness. The residue was
purified by flash chromatography using hexane/acetone (90 :10).
Light yellow oil, yield 60 mg (35%). C16H19N3O2 (285.4 g mol

� 1). 1H
NMR (200 MHz, CDCl3) δ 7.55–7.74 (m, 3H), 7.37–7.51 (m, 2H), 7.20–
7.34 (m, 1H), 4.45–4.62 (m, 4H), 1.53 (s, 9H).[36]

tert-Butyl 2-benzyl-2,6-dihydropyrrolo[3,4-c]pyrazole-5(4H)-carboxylate
(15b). The compound has been prepared using 14 (132 mg,
0.63 mmol, 1.00 eq) and (bromomethyl)benzene (173 mg,
1.01 mmol, 1.60 eq) following procedure A. The residue was
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purified by flash chromatography using hexane/EtOAc (100:0 to
80 :20). Pale yellow oil, yield 68 mg (36%). C17H21N3O2 (299.4 g
mol� 1). 1H NMR (200 MHz, CDCl3) δ 7.16–7.42 (m, 6H), 5.23 (s, 2H),
4.28–4.42 (m, 2H), 4.07–4.18 (m, 2H), 1.47 (s, 9H).

tert-Butyl 2-phenethyl-2,6-dihydropyrrolo[3,4-c]pyrazole-5(4H)-carbox-
ylate (15c). The compound has been prepared using 14 (131 mg,
0.62 mmol, 1.00 eq) and (2-bromoethyl)benzene (174 mg,
0.94 mmol, 1.50 eq) following procedure A. The residue was
purified by flash chromatography using hexane/EtOAc (100:0 to
80 :20). Colorless oil, yield 103 mg (52%). C18H23N3O2 (313.4 g
mol� 1). 1H NMR (200 MHz, CDCl3) δ 7.20–7.36 (m, 3H), 7.09 (d, J
=7.4 Hz, 2H), 6.89 (s, 1H), 4.25–4.54 (m, 6H), 3.15 (t, J =7.2 Hz, 2H),
1.51 (d, J=1.6 Hz, 9H).

tert-Butyl 2-(3-phenylpropyl)-2,6-dihydropyrrolo[3,4-c]pyrazole-5(4H)-
carboxylate (15d). The compound has been prepared using 14
(500 mg, 2.39 mmol, 1.00 eq) and (3-bromopropyl)benzene
(556 mg, 2.81 mmol, 1.20 eq) following procedure A. The residue
was purified by flash chromatography using hexane/EtOAc (80 :20).
Colorless oil, yield 288 mg (37%). C19H25N3O2 (327.4 g mol

� 1). 1H
NMR (200 MHz, CDCl3) δ 7.12–7.34 (m, 5H), 7.08 (s, 1H), 4.38–4.52
(m, 4H), 4.09 (t, J=7.0 Hz, 2H), 2.61 (t, J=8.0 Hz, 2H), 2.19 (quin, J=

7.2 Hz, 2H), 1.51 (s, 9H).

tert-Butyl 2-(4-phenylbutyl)-2,6-dihydropyrrolo[3,4-c]pyrazole-5(4H)-
carboxylate (15e). The compound has been prepared using 14
(150 mg, 0.72 mmol, 1.00 eq) and (4-bromobutyl)benzene (198 mg,
0.93 mmol, 1.30 eq) following procedure A. The residue was
purified by flash chromatography using hexane/EtOAc (85 :15).
Colorless oil, yield 80 mg (33%). C20H27N3O2 (341.5 g mol

� 1). 1H NMR
(200 MHz, CDCl3) δ 7.11–7.35 (m, 5H), 7.07 (s, 1H), 4.37–4.50 (m, 4H),
4.10 (t, J=6.7 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.80–1.98 (m, 2H), 1.61
(t, J=7.30 Hz, 2H), 1.50 (s, 9H).

Ethyl 2-phenyl-2-(2-phenyl-2,6-dihydropyrrolo[3,4-c]pyrazol-5(4H)-
yl)acetate (17a). The compound has been prepared using 16a
(130 mg, 0.45 mmol, 1.00 eq) and 11b (164 mg, 0.68 mmol, 1.50 eq)
following procedure B. The residue was purified by flash chroma-
tography using hexane/EtOAc (85 :15). Colorless oil, yield 157 mg
(63%). Anal. calcd for C21H21N3O2: C, 72.60; H, 6.09; N, 12.10; Found:
C, 73.01; H, 6.11; N, 12.15. ESI-MS m/z 348.1 [M+H]+. 1H NMR
(500 MHz, CDCl3 – free base) δ 7.60 (d, J=7.8 Hz, 2H), 7.46–7.56 (m,
3H), 7.31–7.44 (m, 5H), 7.18–7.27 (m, 1H), 4.57 (s, 1H), 4.15–4.26 (m,
2H), 3.94–3.99 (m, 1H), 3.82–3.93 (m, 3H), 1.18–1.32 (m, 3H). 13C
NMR (126 MHz, DMSO-d6) δ 171.4, 158.9, 140.7, 136.7, 129.4, 128.8,
128.7, 128.6, 128.5, 126.0, 123.0, 119.7, 119.1, 118.8, 72.3, 61.1, 49.9,
49.4, 14.1

Ethyl 3-phenyl-2-(2-phenyl-2,6-dihydropyrrolo[3,4-c]pyrazol-5(4H)-
yl)propanoate (17b). The compound has been prepared using 16a
(60 mg, 0.21 mmol, 1.00 eq) and 11a (74 mg, 0.29 mmol, 1.35 eq)
following procedure B. The residue was purified by flash chroma-
tography using hexane/EtOAc (85 :15). Colorless oil, yield 10 mg
(13%). Anal. calcd for C22H23N3O2: C, 73.11; H, 6.41; N, 11.63; Found:
C, 73.75, H, 6.44; N, 11.70. ESI-MS m/z 362.1 [M+H]+, 384.2 [M+

Na]+. 1H NMR (500 MHz, CDCl3 – free base) δ 7.51–7.66 (m, 3H),
7.37–7.47 (m, 2H), 7.17–7.34 (m, 6H), 4.20 (d, J=11.7 Hz, 1H), 4.01–
4.16 (m, 5H), 3.86 (t, J=7.6 Hz, 1H), 3.08–3.23 (m, 2H), 1.15 (t, J=

7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3 – free base) δ 172.3, 158.9,
140.7, 137.9, 129.4 (2 C), 129.0 (2 C), 128.4 (2 C), 126.5, 125.9, 123.0,
119.6 (2 C), 118.9, 66.3, 60.4, 48.1, 47.8, 37.2, 14.3.

Ethyl 2-(2-benzyl-2,6-dihydropyrrolo[3,4-c]pyrazol-5(4H)-yl)-2-phenyla-
cetate (17c). The compound has been prepared using 16b (74 mg,
0.25 mmol, 1.00 eq) and 11b (86 mg, 0.35 mmol, 1.30 eq) following
procedure B. The residue was purified by flash column chromatog-
raphy using hexane/EtOAc (80 :20). Yellow oil, yield 10 mg (5%).
Anal. calcd for C22H23N3O2: C, 73.11, H, 6.41, N, 11.63; Found: C,

73.53; H, 6.43, N, 11.69. ESI-MS m/z 362.2 [M+H]+, 384.1 [M+Na]+,
400.2 [M+K]+. 1H NMR (500 MHz, CDCl3 – free base) δ 7.44 (dd, J=

1.7, 7.6 Hz, 2H), 7.25–7.38 (m, 6H), 7.19 (s, 1H), 7.14–7.18 (m, 2H),
5.15 (d, J=2.5 Hz, 2H), 4.48 (s, 1H), 4.09–4.23 (m, 2H), 3.77 (tq, J=

2.1, 10.5 Hz, 2H), 3.62–3.67 (m, 1H), 3.55–3.61 (m, 1H), 1.19 (t, J=

7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3 – free base) δ 171.3, 145.3,
136.7, 135.9, 131.8, 128.8 (2 C), 128.7 (2 C), 128.5 (2 C), 128.4 (2 C),
128.0, 127.8, 123.1, 72.1, 61.0, 54.8, 50.3, 49.1, 14.1.

Ethyl 2-(2-phenethyl-2,6-dihydropyrrolo[3,4-c]pyrazol-5(4H)-yl)-2-phe-
nylacetate (17d). The compound has been prepared using 16c
(70 mg, 0.22 mmol, 1.00 eq) and 11b (72 mg, 0.30 mmol, 1.30 eq)
following procedure B. The residue was purified by flash chroma-
tography using hexane/EtOAc (90 :10 to 75 :25). Pale yellow oil,
yield 29 mg (34%). Anal. calcd for C23H25N3O2: C, 73.57, H, 6.71, N,
11.19; Found: C, 74.22, H, 6.75, N, 11.27. ESI-MS m/z 376.2 [M+H]+.
1H NMR (200 MHz, CDCl3 – free base) δ 7.46–7.59 (m, 2H), 7.18–7.42
(m, 6H), 7.05–7.15 (m, 2H), 6.80 (s, 1H), 4.52 (s, 1H), 4.10–4.32 (m,
4H), 3.85 (q, J=11.7 Hz, 2H), 3.73 (s, 2H), 3.10 (t, J=7.2 Hz, 2H),
1.17–1.28 (m, 3H). 13C NMR (50 MHz, CDCl3 – free base) δ 171.5,
156.7, 138.2, 136.8, 128.7 (2 C), 128.6 (2 C), 128.5 (2 C), 128.4 (2 C),
126.5 (2 C), 122.2, 120.2, 72.5, 61.0, 53.7, 50.2, 49.7, 37.3, 14.1.

Ethyl 2-phenyl-2-[2-(3-phenylpropyl)-2,6-dihydropyrrolo[3,4-c]pyrazol-
5(4H)-yl]acetate (17e). The compound has been prepared using 16d
(77 mg, 0.24 mmol, 1.00 eq) and 11b (86 mg, 0.35 mmol, 1.50 eq)
following procedure B. The residue was purified by flash chroma-
tography using hexane/EtOAc (80 :20 to 75 :25). Colorless oil, yield
11 mg (12%). Anal. calcd for C24H27N3O2: C, 74.01, H, 6.99, N, 10.79;
Found: C, 74.55, H, 7.03, N, 10.81. ESI-MS m/z 390.2 [M+H]+. 1H
NMR (500 MHz, CDCl3 – free base) δ 7.50 (dd, J=1.2, 8.1 Hz, 2H),
7.32–7.42 (m, 3H), 7.23–7.29 (m, 2H), 7.10–7.20 (m, 4H), 4.54 (s, 1H),
4.13–4.26 (m, 2H), 3.95 (t, J=7.1 Hz, 2H), 3.74–3.88 (m, 4H), 2.59 (t,
J=8.0 Hz, 2H), 2.11 (quin, J=7.3 Hz, 2H), 1.22 (t, J=7.1 Hz, 3H). 13C
NMR (126 MHz, CDCl3 – free base) δ 171.8, 156.8, 141.2, 137.2, 128.9
(2 C), 128.9 (2 C), 128.7 (2 C), 128.7 (2 C), 126.3 (2 C), 122.4, 120.6,
72.8, 61.3, 51.7, 50.5, 50.1, 32.9, 32.3, 14.4.

N,N-Diethyl-2-phenyl-2-[2-(3-phenylpropyl)-2,6-dihydropyrrolo[3,4-
c]pyrazol-5(4H)-yl]acetamide (17 f). The compound has been pre-
pared using 16 d (155 mg, 0.47 mmol, 1.00 eq) and 11c (184 mg,
0.68 mmol, 1.50 eq) following procedure B. The residue was purified
by flash chromatography using hexane/EtOAc (40 :60). Colorless oil,
yield 11 mg (12%). C26H32N4O (416.6 g mol

� 1). ESI-MS m/z 417.2 [M
+H]+. 1H NMR (200 MHz, CDCl3 – free base) δ 7.09–7.55 (m, 10H),
6.96 (s, 1H), 4.79 (s, 1H), 4.04 (t, J=7.0 Hz, 2H), 3.72–3.99 (m, 4H),
3.02–3.63 (m, 4H), 2.57 (t, J=8.2 Hz, 2H), 2.16 (quin, J=7.8 Hz, 2H),
1.12 (t, J=7.0 Hz, 3H), 1.01 (t, J=7.2 Hz, 3H). 13C NMR (50 MHz,
CDCl3 – free base) δ 141.2, 129.2 (2 C), 129.1 (2 C), 128.9 (2 C), 128.8
(2 C), 128.6 (2 C), 128.6, 128.3, 128.2, 126.1, 122.2, 51.6, 50.0, 49.3,
41.5, 40.5, 32.8, 32.3, 14.3, 13.0.

Ethyl 3-phenyl-2-[2-(3-phenylpropyl)-2,6-dihydropyrrolo[3,4-c]pyrazol-
5(4H)-yl]propanoate (17g). The compound has been prepared using
16d (155 mg, 0.47 mmol, 1.00 eq) and 11a (121 mg, 0.47 mmol,
1.00 eq) following procedure B. The residue was purified by flash
column chromatography using hexane/acetone (90 :10). Colorless
oil, yield 11 mg (6%). Anal. calcd for C25H29N3O2: C, 74.41, H, 7.24, N,
10.41; Found: C, 74.98, H, 7.30, N, 10.47. ESI-MS m/z 404.2 [M+H]+,
426.2 [M+Na]+. 1H NMR (200 MHz, CDCl3 – free base) δ 7.18–7.36
(m, 9H), 7.15 (s, 1H), 7.02 (s, 1H), 4.09–4.18 (m, 2H), 4.05 (dd, J=2.2,
7.2 Hz, 4H), 3.90–4.01 (m, 2H), 3.83 (t, J=7.6 Hz, 1H), 3.02–3.25 (m,
2H), 2.61 (t, J=7.8 Hz, 2H), 2.18 (quin, J=7.2 Hz, 2H), 1.12 (t, J=

7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3 – free base) δ 172.3, 156.5,
140.9, 137.9, 129.0 (2 C), 128.4 (2 C), 128.3 (2 C), 126.5 (2 C), 126.0
(2 C), 122.1, 120.3, 66.5, 60.3, 51.5, 48.3, 48.1, 37.3, 32.6, 32.0, 14.2.
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Ethyl 2-phenyl-2-[2-(4-phenylbutyl)-2,6-dihydropyrrolo[3,4-c]pyrazol-
5(4H)-yl]acetate (17h). The compound has been prepared using 16e
(80 mg, 0.23 mmol, 1.00 eq) and 11b (72 mg, 0.29 mmol, 1.30 eq)
following procedure B. The residue was purified by flash chroma-
tography using hexane/EtOAc (80 :20 to 75 :25). Yellow oil, yield
34 mg (37%). Anal. calcd for C25H29N3O2: C, 74.41, H, 7.24, N, 10.41;
Found: C, 74.95, H, 7.29, N, 10.49. ESI-MS m/z 404.2 [M+H]+. 1H
NMR (200 MHz, CDCl3 – free base) δ 7.47–7.59 (m, 2H), 7.05–7.46 (m,
8H), 6.96 (s, 1H), 4.51 (s, 1H), 4.11–4.28 (m, 2H), 4.05 (t, J=6.8 Hz,
2H), 3.67–3.93 (m, 4H), 2.61 (t, J=7.5 Hz, 2H), 1.72–1.97 (m, 2H),
1.51–1.71 (m, 2H), 1.23 (t, J=7.1 Hz, 3H). 13C NMR (50 MHz, CDCl3 –
free base) δ 171.6, 156.5, 142.0, 137.0, 128.8 (2 C), 128.7 (2 C), 128.5
(2 C), 128.4 (2 C), 126.0 (2 C), 122.2, 120.5, 72.7, 61.2, 52.3, 50.3, 49.9,
35.5, 30.5, 28.5, 14.3.

tert-Butyl-2-[2-(diethylamino)-2-oxo-1-phenylethyl]-2,6-
dihydropyrrolo[3,4-c]pyrazole-5(4H)-carboxylate (18a). Compound 14
(400 mg, 1.91 mmol, 1.00 eq) was dissolved in a mixture of
anhydrous CH3CN/DMF (4.80 mL, 4 : 1 v/v). Then, 11c (517 mg,
2.29 mmol, 1.20 eq) and K2CO3 (528 mg, 3.82 mmol, 2.00 eq) were
added, and the mixture was left to stir overnight at rt. After
completion, the reaction mixture was concentrated in vacuo, the
residue dissolved in EtOAc (15 mL), washed with a saturated
solution of NaHCO3 (1×5 mL), brine (1×5 mL), dried over anhydrous
Na2SO4, filtered and concentrated in vacuo. The residue was purified
by flash chromatography using PE/EtOAc (60 :40). Light yellow oil,
yield 277 mg (36%). C22H30N4O3 (398.5 g mol

� 1). 1H NMR (200 MHz,
CDCl3) δ 7.36–7.49 (m, 5H), 7.12 (s, 1H), 6.43 (s, 1H), 4.20–4.59 (m,
4H), 3.61 (dd, J=6.8, 13.5 Hz, 1H), 3.08–3.41 (m, 3H), 1.47 (s, 9H),
1.12–1.19 (m, 3H), 1.04–1.11 (m, 3H).

2-{5-Benzyl-5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-yl}-N,N-diethyl-2-
phenylacetamide (19). The compound has been prepared using 18a
(85 mg, 0.21 mmol, 1.00 eq) and (chloromethyl)benzene (36 mg,
0.29 mmol, 1.30 eq) following procedure B. The residue was purified
by flash chromatography using EtOAc. Pale yellow oil, yield 9.5 mg
(11%). Anal. calcd for C24H28N4O C, 74.20, H, 7.26, N, 14.42; Found:
74.73, H, 7.31, N, 14.52. ESI-MS m/z 389.2 [M+H]+. 1H NMR
(200 MHz, CDCl3 – free base) δ 7.34–7.43 (m, 7H), 7.27–7.34 (m, 2H),
7.23 (d, J=7.8 Hz, 1H), 7.07 (s, 1H), 6.41 (s, 1H), 3.93 (s, 2H), 3.82 (d,
J=8.2 Hz, 2H), 3.66–3.75 (m, 2H), 3.53–3.65 (m, 1H), 3.18–3.37 (m,
3H), 1.15–1.21 (m, 3H), 1.08–1.15 (m, 3H). 13C NMR (50 MHz, CDCl3 –
free base) δ 167.3, 157.2, 135.5, 132.0, 129.3 (2 C), 129.1 (2 C), 128.7
(2 C), 128.5 (2 C), 128.4 (2 C), 127.2, 123.3, 66.1, 60.6, 52.0, 51.6, 42.1,
40.9, 14.4, 12.9.

Radioligand Binding Assays

Liver homogenates for S1R and S2R receptor binding assays were
prepared from Sprague Dawley rats (ENVIGO RMS S.R.L., Udine,
Italy). Radioligands [3H]-(+)-pentazocine (26.9 Ci/mmol) and
[3H]DTG (35.5 Ci/mmol) were obtained from PerkinElmer (Zaventem,
Belgium). Test compounds were dissolved in DMSO to create
10 mM stock solutions and diluted to final concentrations (10� 5 M
to 10� 11 M) using assay buffer.

For S1R assays, rat livers were homogenized in ice-cold buffer
(0.32 M sucrose, pH 7.4), centrifuged twice, and the pellet resus-
pended in buffer with sucrose, EGTA, MgSO4, and protease
inhibitors. Protein concentration was determined using Bradford’s
method. Similarly, S2R assays involved liver homogenization in
sucrose, followed by centrifugation and resuspension in ice-cold
Tris buffer. In vitro S1R binding assays employed 250 μg of rat livers
membranes incubated with [3H]-(+)-pentazocine (2 nM) in Tris
buffer (pH 8.0) for 150 min at 37 °C. Unlabeled (+)-pentazocine
(10 μM) measured non-specific binding, and radioligand separation
was done by filtration followed by scintillation counting. The Kd for

[3H]-(+)-pentazocine was 2.9 nM. For S2R assays, rat liver mem-
branes (250 μg) were incubated with [3H]DTG (2 nM) and an S1R
masking agent [(+)-pentazocine, 5 μM] for 120 min at rt. Non-
specific binding was assessed with unlabeled DTG (10 μM), and
radioligand was separated similarly. The Kd for [

3H]DTG was
17.9 nM. Ki values were calculated using GraphPad Prism® 7.0 and
reported as mean�SD from at least two independent experiments
performed in duplicate.

Molecular Modeling Studies

Ligand Structures Preparation and Minimization

The molecular structures for all ligands used in this study were
generated using Marvin Sketch (18.24, ChemAxon Ltd.). The 3D
conformations were optimized using the PM6-D3H4 Hamiltonian
implemented in the openMOPAC package (MOPAC v. 22.1.1,
Stewart Computational Chemistry, Colorado Springs).[37]

Co-crystallized ligands, including PD144418, Z4857158944, and
haloperidol, contain nitrogen atoms that are protonated at
physiological pH (7.4), and their optimized structures reflect this as
ammonium ions.

For compounds 17 and 19, however, the presence of a fused
pyrazole ring significantly lowers the basicity of the pyrrolidine
nitrogen (calculated pKa=5.39 for 2,5-dimethyl-2H,4H,5H,6H-
pyrrolo[3,4-c]pyrazole using Marvin Sketch).

Compounds 17, which include an ester or amide substituent on the
pyrrolidine nitrogen, exhibit an even lower basicity (pKa=3.08 for
17a, calculated with Marvin Sketch). Conversely, compound 19
shows a calculated pKa of 5.19. Notably, when a negatively charged
residue (e.g., Glu or Asp) is near the ligand, the pyrrolidine
nitrogen’s pKa is predicted to increase by approximately five
units.[29] This suggests that compound 19’s pyrrolidine nitrogen is
likely protonated in the binding pocket and could form a stabilizing
salt bridge with the Glu or Asp residue. So, all ligands were
modeled in their protonated and deprotonated forms to validate
this hypothesis. All stereoisomers were considered, including
variations from protonating the pyrrolidine nitrogen. These stereo-
isomers are designated as (R/SC,R/SN), where subscripts C and N
refer to the stereochemistry of the carbon and nitrogen centers,
respectively.

S1R and S2R Structures Preparation

The crystal structures of human S1R bound to PD144418 (PDB ID:
5HK1) and bovine S2R complexed with Z4857158944 (PDB ID:
7M96) were retrieved from the PDB REDO database (https://pdb-
redo.eu/). To model the human S2R, the bovine structure was used
as a template, and the Homo sapiens S2R sequence (UniProt entry
Q5BJF2) was applied as the target sequence using the YASARA
Structure suite (v. 24.10.5, Biosciences GmbH, Vienna, Austria).[38]

The quality of the obtained human S2R model was evaluated using
Ramachandran plots via the PROCHECK server. Approximately
96.1% of residues were in the most favorable regions, 3.9% in
allowed regions, and none in the disallowed regions, meeting the
benchmark of >90% for high-quality models (Figure S16). Further
validation using the ERRAT server for non-bonded atomic inter-
actions yielded an overall quality factor of 100 (Figure S17),
affirming the model’s reliability.
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Docking studies

Flexible docking simulations were performed using AutoDock Vina
(v. 1.2.5) integrated within the YASARA Structure suite.[39] The
simulation cell was defined with boundaries extending 5 Å from
the ligand surface, following the protocol reported in the literature.
Point charges were initially assigned according to the AMBER03
force field,[40] and then damped to mimic the less polar Gasteiger
charges used to optimize the AutoDock scoring function. Default
parameters were used for all other settings. The setup was done
with the YASARA molecular modeling program and each ligand
underwent 100 independent docking runs using the “dock_
runscreening” macro implemented in YASARA.

The free energy of binding (ΔG) associated with the top-ranked
pose, as calculated by AutoDock Vina, was utilized to assess the
affinity of each ligand. Subsequently, the ΔG value was converted
to the corresponding dissociation constant (Kd) using the thermody-
namic relationship:

Kd ¼ e
ðDG=RTÞ (1)

where the equation was evaluated at a temperature (T) of 298.15 K
and a gas constant (R) of 0.0019872036 kcal/(K×mol).
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