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8 ABSTRACT: The 3,9-diazaspiro[5.5]undecane-based compounds 2027 and 018 have previously been reported to be potent
9 competitive γ-aminobutyric acid type A receptor (GABAAR) antagonists showing low cellular membrane permeability. Given the
10 emerging peripheral application of GABAAR ligands, we hypothesize 2027 analogs as promising lead structures for peripheral
11 GABAAR inhibition. We herein report a study on the structural determinants of 2027 in order to suggest a potential binding mode as
12 a basis for rational design. The study identified the importance of the spirocyclic benzamide, compensating for the conventional
13 acidic moiety for GABAAR ligands. The structurally simplified m-methylphenyl analog 1e displayed binding affinity in the high-
14 nanomolar range (Ki = 180 nM) and was superior to 2027 and 018 regarding selectivity for the extrasynaptic α4βδ subtype versus
15 the α1- and α2- containing subtypes. Importantly, 1e was shown to efficiently rescue inhibition of T cell proliferation, providing a
16 platform to explore the immunomodulatory potential for this class of compounds.

17 ■ INTRODUCTION

18 γ-Aminobutyric acid (GABA) is the major inhibitory neuro-
19 transmitter in the central nervous system (CNS) where it
20 exerts the majority of its numerous functions through
21 activation of ionotropic GABAA receptors (GABAARs) and
22 metabotropic GABAB receptors.1−3 Because of their involve-
23 ment in a plethora of physiological and pathophysiological
24 processes, modulation of neuronal GABAARs holds consid-
25 erable therapeutic potential.4

26 Recent studies have also identified an as yet unaddressed
27 role of GABA in the peripheral organs.5 In particular, a
28 growing body of evidence emphasizes the importance of
29 GABAergic signaling in the immune system. Indeed, GABA
30 itself is produced by macrophages6 and dendritic cells.7

31 Various subunits of GABAAR have been identified in T
32 cells,8,9 monocytes,8 macrophages,6 and dendritic cells.10

33These data suggest that cells of the immune system possess
34a functional GABAergic system.
35The function of GABA and the GABAARs involved in the
36immune system is not well studied. However, it is currently
37accepted that GABAergic activation leads to immunosuppres-
38sion. Indeed, administration of GABA to peritoneal macro-
39phages leads to decreased proinflammatory cytokine produc-
40tion, while an increment was observed upon treatment with the
41GABAAR antagonist picrotoxin (PTX).11 In addition, both
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42 PTX and the GABAAR agonist muscimol were shown to
43 influence macrophage phenotype regulation.6 Moreover,
44 GABAAR activity seems to influence the ability of macrophages
45 to fight infections.12 Potentiation of GABAARs activity through
46 the positive allosteric modulator (PAM) alprazolam also has
47 been shown to suppress T cell responses.13 Indeed, GABAAR
48 signaling negatively impacts T cell proliferation.14 Knockout of
49 the α4 subunit of GABAARs in a murine asthma model
50 increases lung inflammation likely to be mediated by
51 excessively active T cells.15 Moreover, the δ subunit-selective
52 GABAAR positive modulator DS2 shows anti-inflammatory
53 activity in vitro and efficacy in ischemic stroke in vivo via a
54 peripheral immune-related mechanism.16

55 The GABAARs belong to the Cys-loop superfamily of ligand-
56 gated ion channels, also comprising nicotinic acetylcholine
57 receptors, 5-HT3 receptors, and glycine receptors. The
58 assembled receptor complex is a circular arrangement of five
59 subunits making up a chloride selective ion-conducting
60 channel. Nineteen different human GABAAR subunits have
61 been identified; α1−6, β1−3, γ1−3, δ, ε, θ, π, and ρ1−3, and these
62 subunits combine in different stoichiometries, the most
63 common ones being 2α-2β-1γ heteropentamers.17 The
64 predominant combinations from the 26 native GABAAR
65 subtypes proposed are believed to be α1β2γ2, α2β3γ2, and
66 α3β3γ2.

1 The δ subunit is predominantly coassembled with α4
67 or α6 subunits into αβδ receptors, mainly localized in
68 extrasynaptic membranes, with high sensitivity to GABA and
69 limited desensitization.18 GABAARs composed of ρ subunits
70 assemble as homopentameric or pseudohomomeric receptors
71 and are often referred to as GABACRs since they are insensitive
72 to classic GABAAR antagonists such as bicuculline (BCC).19

73 Since systemic administration of brain-permeant unspecific
74 or subtype-unselective GABAAR antagonists (i.e., PTX or
75 BCC) causes profound convulsant effects, they have been used
76 as powerful tools to elucidate the physiological importance of
77 the receptors without any therapeutic potential.20 Indeed,
78 although a number of GABAAR agonists or PAMs are
79 approved for clinical use, the silent allosteric modulator
80 flumazenil is the only GABAAR antagonist currently used in
81 medical practice.21 Due to the low number of GABAAR
82 subtype-specific antagonists, the potential of such compounds
83 as CNS targeting therapeutics has only been sparingly studied.
84 Novel GABAAR antagonists with limited brain exposure and
85 selectivity at the α4- or δ- containing subtypes would be highly
86 desirable tools for unraveling the role of GABAARs in
87 immunomodulation while contemporarily limiting the CNS
88 related convulsant side effects, hence holding potential for in
89 vivo applications.
90 Very few structural classes of competitive GABAAR
91 antagonists exist,22 exemplified by gabazine,23 DPP-4-PIOL24

f1 92 and bicuculline (BCC)25 (Figure 1). With the exception of
93 BCC, orthosteric GABAAR antagonists contain both basic and
94 acidic functionalities positioned in a narrow distance range
95 from each other.22 However, a novel class with mid to high
96 nanomolar potency based on a 3,9-diazospiro[5.5]undecane
97 moiety was recently identified in a compound library
98 screening.26 Unconventionally, neither the original hit 2027
99 nor the related analog 018 (Figure 1; here referred to as lead
100 compounds), contain an acidic moiety. These compounds
101 preferentially target α3/4/5-containing subtypes over α1/6
102 subtypes but do not differentiate between different β and γ/
103 δ subunits. Importantly, in vitro permeability studies showed
104 that 2027 and 018 do not passively cross MDCK-MDR1 cell

105membranes, thus making them less attractive for studying
106central GABAAR effects.26 In contrast, 2027 and 018 are in fact
107more attractive as tools to investigate peripheral GABAAR-
108mediated effects of GABA. Furthermore, sp3-rich scaffolds and
109particularly spirocycles, such as diazaspiro[5.5]undecane, have
110recently attracted a lot of interest as unique platforms for
111modern drug design due to a general superiority of globular/
112spherical shaped molecules in binding to a defined target,
113selectivity and pharmacokinetic properties when compared
114with sp2-rich flat molecules.27,28 Owing to the inherent three-
115dimensionality and conformationally fixed structure, the
116spirocyclic scaffold is very well suited for probing the chemical
117space for GABAAR-mediated effects.29

118Inspired by the emerging peripheral applications of GABAAR
119antagonists and by the attractive physicochemical properties of
120the spirocyclic compounds in drug development, we have
121explored the spirocyclic 2027 as a lead structure for delineating
122the structural determinants for activity in order to suggest a
123potential binding mode as a basis for rational design and
124development with the overall aim of developing a α4- and/or δ-
125selective GABAARs antagonist with low brain exposure as a
126potential peripheral immunomodulator. We here report on the
127synthesis, pharmacological characterization and molecular
128modeling at the GABAAR of a series of compounds containing
129the spirocyclic scaffold as novel GABAAR antagonists. Finally,
130the potential for this class of compounds as effectors of T cell
131proliferation is evaluated.

132■ RESULTS AND DISCUSSION
133Design Strategy. Most conventional GABAAR ligands
134require an acidic group distanced approximately 5 Å from a
135basic center in order to interact with the conserved residue on
136the α subunit Arg 67 (α1 subunit numbering) of the
137orthosteric binding pocket.22,30,31 Both lead compounds
138considered in this study, 018 and 2027, are lacking this
139feature but still maintain nanomolar binding affinity and
140nanomolar to submicromolar antagonist activity at the
141α3/4/5β1/2δ/γ GABAAR, respectively. Given the structural
142diversity of the novel chemical scaffold in the GABAAR area,
143we designed a SAR investigation aimed at unraveling structural
144components essential for binding at the GABAAR and
145feature(s) compensating for the absence of such a renowned
146pharmacophoric element, like acidic functionality.

Figure 1. Chemical structures of gabazine, DPP-4-PIOL, BCC, and
the 3,9-diazospiro[5.5]undecane analogs 2027 and 018.
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147 Preliminary molecular docking of 2027 and 018 at the
148 orthosteric binding site of the GABAAR, adapted from the
149 recently reported cryo-EM structure of the α1β3γ2L GABAAR,

32

150 predicted the following interactions: (1) the positively charged
151 spirocyclic secondary amine establishes an electrostatic
152 interaction with β3-Glu155, two H-bonds with the backbone
153 carbonyls of β3-Tyr 157 and β3-Ser 156, and π−cation
154 interactions with β3-Tyr 205 and β3-Tyr 97; (2) charge-
155 assisted H-bond between the benzamidic carbonyl and α1-Arg
156 67; (3) π−π interactions between the phenyl ring of 2027 or
157 018 and β3-Phe 200 α1-Phe 46; (4) charge-assisted H-bond
158 between the acetamide of 2027 or the thienyl carboxamide of
159 018 and β3-Arg 207; (5) Van der Waals interactions between

f2 160 the thienyl ring and β3-Leu 99 and α1-Thr 48 (Figure 2).
161 Due to the high degree of chemical modularity of 018 and
162 2027, we envisioned that a progressive deconstruction
163 approach would allow to test the preliminary binding mode
164 and provide useful information about the role of each moiety,
165 which could ultimately lead to a proposed binding mode.
166 Based on extensive exploration of the spirocylic moiety of
167 2027, a previous report26 concluded that any modification to
168 be detrimental for activity; hence, we focused on the N-
169 substituent in the present study.

170Assisted by molecular docking, we designed three series of
171analogs of 2027 and 018 (Figure 2). First, the extremely
172 s1simplified analogs 1a,b (Scheme 1) were designed to probe
173whether the spirocyclic tertiary amide alone could compensate
174the missing electrostatic interaction between α1-Arg 67 and the
175acidic moiety, known pharmacophoric elements for the
176majority of GABAAR ligands, but not for 2027 and 018.
177Second, the unsubstituted version of 2027 1c and its
178functionalized analogs 1d−r (Scheme 1) were designed.
179Upon identification of two compounds with submicromolar
180 s2affinity (1e and 1i), their two amine analogs 1 s−t (Scheme 2)
181were developed to address the joint effects of π−π stacking of
182the phenyl ring together with the H bonding of the spirocyclic
183amide. Last, compound 1u was designed and developed as an
184 s3amide-deficient methanolether analog of 018 (Scheme 3) to
185unravel the importance of the predicted H-bonding between
186the carboxamide of 018 and Arg 207.
187Synthesis of Target Compounds. Compounds 1a−r
188were synthesized according to Scheme 1. The commercially
189available building block N-Boc-3,9-diazaspiro[5,5]undecane
190(2) was acylated with acyl chlorides or anhydrides under basic
191conditions to obtain 3a−c, 3n−o, and 3r or with carboxylic
192acids via a HBTU-mediated condensation reaction under basic

Figure 2. (A, B) Preliminary binding mode of 018 (dark gray) at the β3/α1 interface (PDB ID: 6HUK). The receptor backbone is shown in gray
cartoons, while the carbons of relevant β3 and α1 residues are represented in light blue and orange, respectively. The inner surface of the receptor is
shown in faded gray. Black dotted lines indicate H-bonds, magenta dotted lines represent electrostatic interactions, and green and cyan dotted lines
respectively represent π−cation and π−π interactions. (C) Schematic overview of the design strategy: green dashed lines represent the
disconnection points exploited for the progressive deconstruction of 018, while moieties subjected to other modifications are highlighted in yellow.

Scheme 1. Synthesis of Amidated 3,9-Diazaspiro[5,5]undecane Analogs 1a−ra

aReagents and conditions. (a) RCOCl (for 3b−c and 3n−o) or (RCO)2O (for 3a and 3r), Et3N, CH2Cl2, rt; (b) RCOOH, HBTU, Et3N, CH2Cl2,
rt (for 3d−k); (c) H2, Pd/C, EtOH, rt; (d) 4N HCl 1,4-dioxane in MeOH (for 1a−f, 1 k−m, 1o, and 1q−r) or CH2Cl2 (for 1j, 1n, and 1p) or
TFA in CH2Cl2 (for 1g−i).
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193 conditions to afford 3d−k. Then, 3j−k and 3n−o were
194 converted by catalytic Pd/C hydrogenolysis and hydrogenation
195 to 3l−m and to 3p−q, respectively. The final compounds 1a−r
196 were achieved by deprotection of the Boc group under acidic
197 conditions.
198 To further explore the SAR, two compounds lacking the
199 carbonyl group, 1s and 1t, were prepared as illustrated in
200 Scheme 2. The compounds were synthesized by the N-
201 alkylation of 2 with the commercially available substituted
202 benzyl bromides, yielding 4a and 4b. Deprotection of the Boc
203 group under acidic conditions afforded 1s and 1t.
204 To further characterize the binding mode, a 018 analog
205 deficient of thienyl amide was obtained via the convergent
206 synthetic route depicted in Scheme 3. Intermediate 6 was
207 synthesized by treating 5 with SOCl2 to afford the alkyl
208 chloride, followed by alkylation of methyl 3-hydroxybenzoate
209 under basic conditions and subsequent deprotection of the
210 methyl ester. A protecting group swap afforded intermediate
211 10 by treating 2 with trifluoroacetic anhydride under basic
212 conditions and subsequent deprotection of the Boc group
213 under acidic conditions. Intermediates 6 and 7 were coupled
214 via HBTU-mediated condensation under basic conditions
215 followed by deprotection of trifluoro acetamide to afford the
216 final compound 1u.
217 Structure−Affinity Relationship of the Target Com-
218 pounds at the GABAARs. The binding affinities of

219compounds 1a−u at native GABAARs were measured by
220[3H]muscimol competition binding experiments to rat brain
221 t1membrane preparations (Table 1). This binding assay utilizes a
222low concentration (5 nM) of [3H]-muscimol and thus
223preferentially picks up binding to high-affinity extrasynaptic
224GABAARs.

33

225The chemical modularity of the lead structure of 2027
226prompted us to investigate the SAR by its progressive
227deconstruction into three different series of simplified analogs:
2281a−b, 1c−r,u and 1s,t. The extremely simplified N-acetyl 3,9-
229diazaspiro[5,5]undecane 1a and its closely related analog 1b
230displayed binding affinities in the mid−high micromolar range
231(37 and 100 μM, respectively), suggesting that the acetamide
232function alone is unable to compensate the absence of a
233carboxylic group. Compound 1a was selected for further
234modification, gradually building the structure of 2027:
235replacement of acetamide to benzamide provided compound
2361c, which exhibited more than 70 times improvement of
237binding affinity (Ki = 1.4 μM) compared to 1a. The increase
238may be ascribed to additional lipophilic interactions with the
239receptor established by the aromatic ring, which is seemingly a
240pharmacophoric element of this scaffold. Then, electron-
241withdrawing or electron-donating substituents were introduced
242at the o-, m-, and p- positions of 1c, providing the analogs 1d−
243r. Whereas introduction of a methyl or a bromine at the o-
244position did not improve binding affinity (4.2 μM and 2.7 μM,
245respectively, for 1d and 1g), the same substituents at the m-
246and p- positions afforded compounds with high nanomolar
247affinity, ranging from 0.180 μM of 1e (m-Me) to 0.52 μM of 1f
248(p-Me). Furthermore, the m- and p- positions were probed
249either with polar substituents acting as hydrogen bond
250acceptors and/or donors, such as hydroxyl and amino groups,
251or with more lipophilic substituents, such as benzyloxy, nitro,
252and trifluoromethyl. The only compounds with slightly
253improved and submicromolar binding affinity (2 to 4 times)
254carried a polar and electron-donating substituent in the m- or
255p- position (0.34, 0.86, and 0.71 μM respectively for 1l, 1m,
256and 1q). Conversely, none of the electron-withdrawing groups
257caused any affinity improvement and only provided similar or
258diminished binding affinities (9.4 μM for 1o) compared to the
259unsubstituted parent compound 1c (1.4 μM). Although no
260evident correlation between either the position or the nature of
261the substituent was detected, these two observations, taken
262together, could indicate a preference for compounds

Scheme 2. Synthesis of Carbonyl-Deficient 3,9-
Diazaspiro[5,5]undecane Analogs 1s and 1ta

aReagents and conditions. (a) RBnBr, Et3N, CH2Cl2, rt; (b) TFA in
CH2Cl2, rt (1s) or 4N HCl in 1,4 dioxane, CH2Cl2, rt (1t).

Scheme 3. Synthesis of Amide-Deficient 018 Analog 1ua

aReagents and conditions. (a) SOCl2 in CH2Cl2; (b) methyl 3-hydroxybenzoate, K2CO3, and DMF, 75 °C; (c) NaOH in THF:H2O, rt; (d) TFAA,
Et3N, and CH2Cl2, 0 °C to rt; (e) 4N HCl in 1,4-dioxane in MeOH, rt; (f) HBTU, Et3N, and CH2Cl2, rt; (g) 10% aq. NaOH in EtOH, rt.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c00290
J. Med. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00290?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


263 containing an electron-rich aromatic system. Whereas the N-
264 acetylation of 1p (1.2 μM) to the lead compound 2027 only
265 slightly lowered the Ki to 0.53 μM, a 67× increase of binding
266 affinity was observed through N-amidation to the 2-thienyl
267 carboxamide analog 018, suggesting the aromatic moiety to be
268 responsible for improved binding. However, when we
269 investigated the role of the amide group in the meta position
270 by developing the m-thienylmethanol ether derivative 1u, we
271 observed 55× lower affinity than 018, demonstrating that an
272 aromatic moiety alone is not enough to obtain nanomolar
273 binding affinity. This finding was confirmed by the micromolar
274 affinity 1j and 1k and the benzylated analogs of 1l and 1m,
275 respectively. Finally, we investigated the role of the tertiary
276 amide at the spirocyclic moiety by synthesizing the amines 1s
277 and 1t, which respectively showed 117× and more than 1000×
278 reduced binding affinity when compared to their amidic
279 analogs 1i and 1e. Altogether, the most high-affine analog
280 identified was 1e (Ki = 0.180 μM), albeit with 10× and 2×
281 reduced affinity compared to 018 (Ki = 0.020 μM) and to the

282classical GABAAR antagonist gabazine (Ki = 0.074 μM),
283respectively.35,36

284Structural Rationalization of Major SAR Observations
285at GABAARs. The most pronounced SAR effects are (1) a
286more than 70× increase in affinity by introducing a phenyl ring
287from 1a into 1c, (2) a more than 100× loss of affinity by
288replacing the spirocyclic tertiary amide of 1i and 1e to amine in
2891s and 1t, and (3) a 67× increase in affinity by amidation of 1p
290into the 2-thienyl carboxamide moiety of 018 compared to a
291modest 2× increase by acetylation, in opposition with a 55×
292decrease in affinity by replacing the primary amide of 018 with
293the hydroxymethyl of 1u. To elucidate the molecular
294determinants underlying the SARs of these new unorthodox
295GABAAR antagonists, we applied computational methods and
296performed a docking study of compounds 1a−u, 2027, and
297018 at the orthosteric binding site of the extracellular β/α
298interface of GABAAR. Most of the 3D structures of GABAARs
299available are complexed with small agonist GABA (i.e., 6D6T),
300and are therefore more suitable for docking studies of agonists
301or small partial agonists.30 Since antagonism is correlated with
302a more pronounced opening of the flexible loop C of the
303binding site, leading to more room for accommodating bulkier
304ligands,32,37,38 we chose to use the β3/α1 interface from the
305recently reported cryo-EM of the human full-length α1β3γ2L
306GABAAR in complex with BCC (6HUK)32 The BCC-bound
307orthosteric binding site represents a more realistic 3D model
308for docking of our novel spirocyclic antagonists, which share
309pharmacological activity (antagonists), size, and the lack of a
310carboxylic acid moiety with bicuculline (Figure S1). Since
311conventional GABAAR ligands are based on the GABA
312scaffold, they contain a positively charged ammonium head
313appropriately distanced from a carboxylate, two renowned and
314essential pharmacophoric elements for GABAAR recognition.
315Both at the β2/α1 and at the β3/α1 interfaces (PDB codes
3166D6T and 6HUO, respectively)30,32 the ammonium group of
317GABA (or its bioisosters) establishes an electrostatic
318interaction with β-Glu155 as well as π−π interactions with
319the aromatic box formed by β-Y205 and β-Y200, while the
320carboxylate (or its bioisosters) forms electrostatic interactions
321with α1-Arg 67 (Figure S2A).39−41 Due to the high degree of
322similarity among subunits within the orthosteric binding
323pocket, the corresponding residues at the other subunits are
324conserved (β1 compared to β2 and β3 and α2, α3, α4, α5, and α6
325compared to α1).

30,42 Although all the hereby reported
326compounds do not have any carboxylic function and therefore
327miss an interaction believed to be essential for high affinity
328GABAAR binding, some of them reach nM affinities, meaning
329that one or more of the other chemical features compensate for
330the lack of the carboxylic group.
331Aromatic Ring of 1a Enables Access to a Lipophilic
332 f3Subpocket. Comparing the binding poses of 1a and 1c (Figure
333 f33) provides a qualitative explanation of the 70-fold difference
334in affinity. Both ammonium groups establish electrostatic
335interactions with β3-Glu 155, H-bonds with the carbonyl
336backbones of β3-Ser 156 and β3-Tyr 157, and π−cation
337interactions with β3-Tyr 205 and β3-Tyr 157 of the aromatic
338cage. Whereas both amidic carbonyls of 1a and 1c are
339predicted to H-bond Arg 67, the phenyl ring of 1c is
340sandwiched between β3-Phe 200 (located on loop C) and α1-
341Phe 46, with which it establishes face-to-edge and face-to-face
342π−π stacking, respectively. A similar interaction pattern can be
343observed in the original cryo-EM complex 6HUK, where the
344benzodioxole moiety of bicuculline interacts with β3-Phe 200

Table 1. Pharmacological Data for 2027, 018, and the
Synthesized Compounds 1a−ta

compound R
[3H]-muscimol-binding Ki (μM)

(pKi ± SEM)b

bicucullinec 4.57
gabazined 0.074
2027e m-acetamide 0.56
018e m-(2-thienyl

carboxamide)
0.020

1a Me >100
1b MeO 37 [4.44 ± 0.06]
1c Ph 1.4 [5.85 ± 0.02]
1d o-Me-Ph 4.2 [5.38 ± 0.02]
1e m-Me-Ph 0.18 [6.76 ± 0.05]
1f p-Me-Ph 0.52 [6.30 ± 0.07]
1g o-Br-Ph 2.7 [5.57 ± 0.04]
1h m-Br-Ph 0.30 [6.55 ± 0.07]
1i p-Br-Ph 0.23 [6.64 ± 0.01]
1j m-BnO-Ph 1.0 [6.01 ± 0.09]
1k p-BnO-Ph 1.0 [5.99 ± 0.05]
1l m-OH-Ph 0.34 [6.49 ± 0.07]
1m p-OH-Ph 0.86 [6.08 ± 0.07]
1n m-NO2-Ph 1.5 [5.83 ± 0.04]
1o p-NO2-Ph 9.4 [5.03 ± 0.04]
1p m-NH2-Ph 1.2 [5.93 ± 0.07]
1q p-NH2-Ph 0.71 [6.16 ± 0.08]
1r p-CF3-Ph 2.2 [5.66 ± 0.04]
1u m-(2-thienyl methanol

ether)
1.0 [6.00 ± 0.07]

1s p-Br 27 [4.58 ± 0.04]
1t m-Me >200

aGABAAR binding affinities at rat cortical synaptic membranes using
[3H]-muscimol. bIC50 values were extracted from the concentration−
inhibition curves and converted into Ki values using the Cheng−
Prusoff equation. The mean Ki values are given along with pKi ± SEM
values and are based on three independent experiments. cMeasured at
human α1β3γ2 GABAAR stably expressed at Ltk cells. Data from Ebert
et al.34 dData from Frølund et al.35 eData from Falk-Petersen et al.26
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345 by π−π stacking (Figure S1), and has been hypothesized to be
346 relevant for binding of bulky GABAAR antagonists based on
347 the scaffolds of 5-(4-piperidyl)-3-isoxazolol (4-PIOL) or 4-(4-
348 piperidyl)-1-hydroxypyrazole (4-PHP).43−47 By distancing the
349 loop C from the α1 subunit, the phenyl ring seems to grant
350 access to a lipophilic cavity lined by β3-Leu 99, α1-Thr 48, α1-
351 Ala 182, and β3-Arg 207 located toward the transmembrane
352 domain. The subpocket is normally not accessible in GABA-
353 bound 3D models because the flexible loop C is tightly closed
354 onto the agonist and keeps β3-Phe 200 in proximity with α1-
355 Phe 46 and α1-Phe 65, occluding access to the subpocket
356 (Figure S2A).30,32 The opening of a corresponding subpocket
357 has been observed in acetylcholine binding proteins (AChBP),
358 a soluble surrogate of Cys-loop receptors.37,48 Moreover, β-Leu
359 99 and β-Arg 207 have been reported to line the orthosteric
360 binding site and to be involved in channel gating.49,50

361 Compounds 1d−i and 1l−r are predicted to bind similarly
362 to 1c, with the exception of the substituent directionality:
363 whereas m- substituents of 1e, 1h, 1l, 1n, and 1p are projected
364 toward β3-Leu 99, with which apolar functional groups such as
365 methyl (1e) or bromine (1h) can establish lipophilic contacts,
366 p- substituents of 1f, 1i, 1m, 1o, 1q, and 1r are placed between
367 α1-Ala 182 and β3-Arg 207, pointing toward the outer region of
368 the binding pocket (Figure S3).
369 The Spirocyclic Benzamide Is Important for Affinity. Lack
370 of affinity of 1a and micromolar Ki of 1c would suggest that the
371 phenyl ring, but not the tertiary amide, is important for
372 binding. However, since the amide of all compounds is
373 predicted to hydrogen-bond to α1-Arg 67, we designed and
374 synthesized 1s and 1t as amine analogs of 1i and 1e,
375 respectively. They both turned out to be devoid of affinity,
376 suggesting that the carbonyl might interact with α1-Arg 67. In
377 addition, 1s and 1t are predicted to exist in their dicationic
378 protonation state at physiological pH. According to the
379 docking, the resulting tertiary ammonium group should be
380 unconventionally placed between two positively charged

381arginines, α1-Arg 67 and β3-Arg 207, and would therefore be
382 f4subjected to repulsive forces that impair binding (Figure 4).

383High Affinity of 018 Can Be Related to Additional
384Interactions in the Lipophilic Pocket. The binding poses of
3852027 and 018 provide an explanation for their improved
386binding affinities when compared to their common precursor
3871p. In both cases, the newly introduced secondary amide
388interacts through a bidentate H-bond with β3-Arg 207.
389Moreover, the lipophilic 2-thienyl group of 018 is placed in
390the abovementioned lipophilic subpocket and makes extensive
391Van der Waals contact with β3-Leu 99. To further investigate
392the role of the amide/β3-Arg 207 interaction, we designed the
393thienylmethanol ether analog 1t and its benzyloxy derivatives
3941j and 1k. Their 55-fold lower affinities suggest that the
395secondary amide is crucial for high affinity, either by H-
396bonding β3-Arg 207 or by keeping the structure planar and
397rigid, so that the thiophene faces the side chain of β3-Leu 99
398 f5(Figure 5).
399Antagonistic Potency and Subtype Profiling of 1e
400and 1f. To assess the effect on subtype selectivity of the
401structural modifications performed, the functional profile at
402selected GABAAR subtype combinations of the compound
403with highest binding affinity of the series 1e and its closely
404related analog 1f were explored using a fluorescence-based
405 t2FLIPR membrane potential (FMP) assay (Table 2). Reflecting
406the measured binding affinities, 1e displayed higher antagonist
407potency than 1f at all tested receptor subtypes. As reported for
4082027 and 018,26 the potencies of 1e and 1f were highly
409dependent on the specific α subunit. As depicted in Table 2,
410both 1e and 1f showed preference for the α3−5-containing
411receptors with potencies in the high nanomolar range (195−
412560 nM), whereas the potency at α1,2,6-containing receptors
413were in the low micromolar range (1.95−7.56 μM), confirming
414the trend observed for 2027 and 018. Overall, a similar trend
415for potency ranking based on α-subunit, α4 > α5 = α3 > α6 > α1
416> α2, was seen for 1e and 1f as reported for 2027 and 018,26

417indicating a preference for the extrasynaptic GABAARs, often

Figure 3. Binding mode of 1a (green) and 1c (cyan) as representative
of carboxylic-deficient GABAAR ligands by docking at the β3/α1
interface (PDB ID: 6HUK). Receptor backbone is shown in gray
cartoons, while the carbons of relevant β3 and α1 residues are
represented in light blue and orange, respectively. Black dotted lines
indicate H-bonds, magenta dotted lines represent electrostatic
interactions, and green and cyan dotted lines respectively represent
π−cation and π−π interactions. The more potent 1c establishes
additional π−π interactions with Phe 200 and Phe 46 as compared to
1a.

Figure 4. Comparison between the binding modes of 1e (pink) and 1
t (yellow), predicted by docking at the β3/α1 interface (PDB ID:
6HUK). The red dashed lines represent unfavorable ligand-residue
distances due to electrostatic repulsions between the positively
charged tertiary amine of 1t and the positively charged Arg 207 and
Arg 67. For sake of clarity, the H-bond between the amidic carbonyl
of 1e and Arg 67 is not shown.
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418 containing α4 but not limited hereto, in contrast to the classical
419 nonselective antagonist gabazine (IC50s = 0.11, 0.24, and 0.24
420 μM at α4β1γ2, α4β1δ, and α1β2γ2 respectively).

26,35,36

421 Of utmost importance, 1e was not only five times more
422 potent than 2027 but also markedly more selective than both
423 2027 and 018 for the α4β1δ subtype versus the α1- (67 times)
424 and α2- containing (129 times) subtypes (vs 2−10 times for
425 the lead compounds).
426 Functional Selectivity and Dissociation Kinetics of
427 1e. In order to confirm the selectivity of 1e for α4β1δ receptors
428 over α1β2δ receptors observed in the FMP assay and to obtain
429 kinetic information about the interaction of 1e with these
430 receptors, we performed whole-cell patch-clamp experiments
431 with the same kind of transfected cells as used in the FMP

f6 432 assay. The results of this are summarized in Figure 6 and
433 detailed in Figure S4.
434 Application of GABA at a concentration eliciting a near
435 maximal response (EC90−100) gave rise to a fast-activating
436 outward current with a time constant for activation of τ = 43
437 ms [35; 52] and τ = 38 ms [33;52] (median and interquartile
438 interval) for the α4β1δ (100 μM GABA) and α1β2δ receptors
439 (1 mM GABA), respectively. With α4β1δ receptors, preappli-
440 cation of the antagonist 1e in increasing concentrations gave
441 rise to a gradual replacement of this fast component of
442 activation with a slow component (Figure 6A and Figure S4A)
443 and, thus, a decrease of the fractional amplitude of the fast

444component (%Afast) from 100 to 0% (Figure 6B and Figure
445S4B), as observed previously for the slowly dissociating
446GABAA antagonist 018 on these receptors.26 In line with
447(and as detailed in) that study, we interpret the fast and slow

Figure 5. Binding mode of 1t (purple), 2027 (yellow), and 018
(black) by docking at the β3/α1 interface (PDB ID: 6HUK). Black
dashed lines represent bidentate H-bonds, while the inner surface
receptor is depicted in faded gray.

Table 2. Antagonist Activity of 1e, 1f, 2027, and 018 at Selected Subtypesa

IC50 (uM) (pIC50 ± SEM; n = 3)b

1e 1f 2027c 018c

α1β2δ 4.95 (5.31 ± 0.037) 13.2 (4.88 ± 0.019) 6.68 (5.17 ± 0.10) 0.24 (6.61 ± 0.050)
α4β1δ 0.195 (6.74 ± 0.11) 1.28 (5.90 ± 0.052) 1.03 (5.99 ± 0.028) 0.088 (5.99 ± 0.028)
α4β2δ 0.250 (6.60 ± 0.023) 2.15 (5.67 ± 0.031) 0.36 (6.44 ± 0.12) 0.068 (7.17 ± 0.080)
α6β2δ 1.95 (5.72 ± 0.058) 8.87 (5.06 ± 0.092) 4.13 (5.38 ± 0.05) 0.33 (6.48 ± 0.082)
α1β2γ2 2.18 (5.66 ± 0.026) 10.0 (5.00 ± 0.018) 4.96 (5.30 ± 0.17) 0.79 (6.10 ± 0.11)
α2β2γ2 7.56 (5.13 ± 0.047) 25.3 (4.60 ± 0.052) 2.96 (5.53 ± 0.19) 0.32 (6.49 ± 0.13)
α3β2γ2 0.56 (6.30 ± 0.13) 3.57 (5.49 ± 0.12) 0.29 (6.54 ± 0.17) 0.079 (7.10 ± 0.18)
α5β2γ2 0.54 (6.27 ± 0.052) 1.50 (5.84 ± 0.074) 0.59 (6.23 ± 0.19) 0.051 (7.29 ± 0.19)

aFunctional characterization at selected human GABAAR receptors transiently expressed in HEK293 cells using the FMP assay. bThe mean IC50
values are given along with pIC50 ± SEM values and are based on at least three independent experiments using GABA EC80 as agonist
concentration. cData from Falk-Petersen et al.26

Figure 6. (A) Activation time constants, τ, for currents induced by
GABA (EC90−100) with preapplication of varying concentrations of 1e
on α1β2δ and α4β1δ receptors measured by whole-cell patch-clamp
recording. τ values were determined by monoexponential curve fitting
except for 0.03 and 0.1 μM 1e on α4β1δ receptors, where a slow and
fast phase of receptor activation could be resolved by biexponential
curve fitting resulting in τfast and τslow, respectively (open symbols).
For the α4β1δ receptor, a weighted τ value (τw) is shown. This is a
weighted average of the τfast and τslow values, weighted by their
fractional contribution to the total current amplitude. For the
concentrations where monoexponential fitting was used, τw is just the
single τ values obtained. Data are shown as median ± interquartile
range for 4−12 cells. (B) The fractional contribution of the fast
components of receptor activation to the total current amplitude (%
Afast) decreases as a function of the concentration of 1e on α4β1δ
receptors. %Afast represents the fraction of receptors not occupied by
1e at the end of the 20 s preapplication just before GABA is applied.
Data are shown as mean ± SEM or 4−12 cells. The concentration of
1e corresponding to 50%Afast was estimated by curve fitting to 71 nM
(pIC50 ± SEM = 7.152 ± 0.029).
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448 components as GABA interacting with two “populations” of

449 receptors: those that are initially vacant (and therefore

450 immediately available for GABA to bind to and activate) and

451 those that are initially occupied with antagonist, where GABA
452 activation has to await 1e to dissociate from the receptor,

453which is the rate-limiting step. Accordingly, the time constant

454of the slow component of activation, τslow, is interpreted as

455reflecting the antagonist dissociation rate, and %Afast as the

456proportion of receptors not occupied by antagonist at the
457onset of GABA application. Provided that the antagonist

Figure 7. 1e rescues inhibition of proliferation induced by alprazolam in both human PBMC (A, B) and mouse splenocytes (C, D) populations
with minimal cell toxicity (E, F). Cells were stained with CFSE (5 μM) and stimulated with soluble α-CD3 antibody (33 ng/mL for splenocytes
and 100 pg/mL for PBMC) in order to induce T cell proliferation (PBS control). Alprazolam (33 μM for PBMC and 100 μM for splenocytes)
inhibits α-CD3-induced proliferation, while BMI (100 μM) and 1e (50 μM) recover inhibition of proliferation induced by alprazolam. As methanol
is used to reconstitute alprazolam and DMSO used to reconstitute 1e, these were included as controls. Data shown is a combination of at least six
independent experiments, and error bars show standard error of the mean (SEM). Statistical significance was determined by one-way ANOVA with
Tukey’s multiple comparison test. **P < 0.01. ***P < 0.001. ****P < 0.0001.
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458 binding has reached equilibrium at the end of the
459 preapplication, the concentration dependence of %Afast allows
460 us to estimate the antagonist concentration resulting in 50%
461 Afast, corresponding to 50% equilibrium receptor occupation by
462 1e, i.e., a “functional” KB. This was found to be 71 nM (7.152
463 ± 0.029), which is approximatey 10-fold higher than the KB as
464 previously obtained for 018 in a similar way (6.9 nM).26

465 The τ obtained with 0.3 μM 1e on α4β1δ receptors (where %
466 Afast = 0) represents the situation where all receptors are
467 occupied by 1e at the time where GABA is applied, and thus,
468 the corresponding τ value (1.12 s [0.81; 1.18]) reflects the
469 dissociation rate of 1e from the receptors. This value is
470 appoximately 3-fold faster than the corresponding τ previously
471 obtained for 018 (3.7 s [2.7;4.3])26 and suggests that the
472 decrease in potency from 018 to 1e is partly due to the
473 increased dissociation rate constant (=1/τ).
474 With α1β2δ, receptors the results were less clear-cut. It was
475 not possible to resolve the fast and slow components of
476 receptor activation at any concentration. This is likely due to
477 the τ value for dissociation of 1e from the α1β2δ receptor being
478 faster and therefore closer to the τfast for GABA activation of
479 the vacant receptor. The τ values for 1e from the α1β2δ
480 receptor obtained from monoexponantial curve fitting are thus
481 hybrids of the underlying τfast and τslow, where the contribution
482 of τfast decreases with increasing concentration of 1e and the
483 hybrid τ value increases accordingly with higher concentrations
484 of 1e (in a similar way as the weighted time constant τw for
485 α4β1δ receptors). It is apparent from Figure 6A and Figure S4A
486 that at the α1β2δ receptor, considerably higher concentrations
487 of 1e are required to associate to the receptor and increase the
488 τ value over the value from GABA activation of the vacant
489 receptor, confirming the lower potency of 1e on α1β2δ
490 receptors that was observed in the FMP assay. Furthermore,
491 the τ value obtained with highest concentration of 1e (189 ms
492 [176; 235]) is (approximately 6-fold) faster than for the α4β1δ
493 receptor. Thus, the lower potency observed on α1β2δ receptors
494 , which correlates well with the results from the FMP assay, is
495 partly due to a faster dissociation rate constant from the
496 receptor.
497 Membrane Transport Characteristics of 1e. The
498 membrane transport characteristics of 1e were examined in
499 vitro across cell monolayers of MDCK-MDR1 cells. The
500 bidirectional transport was measured following addition of the
501 test compound (0.5 μM) to the apical or basal side of the cell
502 layer. 1e was found to have low apparent apical to basal
503 permeability (1.3 ± 0.19 × 10−6 cm/s), whereas the basal to
504 apical transport rate was substantially higher (15 ± 1.0 × 10−6

505 cm/s). The resultant efflux ratio of 11.5 indicates that 1e is a
506 strong P-gp substrate and thus has a low likelihood of being
507 distributed to the central nervous system following systemic
508 dosing in vivo.
509 The pharmacological profile, combined with a simplified
510 structure compared to 018 and the low likelihood of reaching
511 the CNS, prompted us to further investigate 1e as a potential
512 immunomodulatory agent.
513 Rescue of T Cell Proliferation. As discussed above, it has
514 been shown that stimulation of GABAARs leads to inhibition of
515 many T cell functions, including proliferation.14 With this in
516 mind, we investigated the ability of 1e (50 μM) to rescue
517 proliferation inhibited by GABAergic signaling and compared
518 this with the rescue seen on treatment with the classical
519 GABAAR antagonist bicuculline methiode (BMI). We tested

5201e on both human PBMC and mouse splenocytes in a
521proliferation assay format.
522Cells were stimulated with anti-CD3 antibody in order to
523induce T cell proliferation used as a positive control.
524Benzodiazepine alprazolam was used as a positive allosteric
525modulator of GABAARs, inducing decrease of proliferation,
526and 1e or BMI was added to alprazolam-treated cells in order
527to observe rescue of proliferation. Flow cytometry was used to
528determine the percentage of CD8+ and CD4+ T cells
529proliferating under each experimental condition (Figure S5).
530Treatment of human CD8+ T cells with anti-CD3 antibody
531resulted in an average of 78.9 ± 13.5% proliferation after 96 h
532 f7of culturing (Figure 7A). CD4+ T cell populations proliferated
533slightly less efficiently, with an average proliferation of 59.8 ±
53419.6% (Figure 7B). However, in both cell populations, the
535addition of alprazolam led to a statistically significant decrease
536in proliferation, which was similar in both cell populations
537tested (34.8 and 35.7% for CD8+ and CD4+ T cells,
538respectively). Addition of BMI was able to partially rescue
539proliferation by approximately 20% in both cell populations.
540The addition of 1e to cells treated with alprazolam also led to a
54120% significant recovery of proliferation in both CD8+ and
542CD4+ T cell populations. Interestingly, however, this amount
543of rescue was achieved at a lower concentration of 50 μM 1e as
544compared to 100 μM BMI, suggesting that 1e is able to inhibit
545GABAARs more efficiently.
546We also determined the ability of 1e to rescue proliferation
547in mouse CD8+ and CD4+ T cell populations (Figure 7C,D).
548We observed a similar trend to that seen in human T cell
549populations. In both cell populations, there was a substantial
550reduction in proliferation in response to alprazolam treatment,
551which was determined to be statistically significant. As with
552human T cell populations, we were able to observe a marked
553increase in proliferation when alprazolam-treated cells were
554additionally treated with either BMI or 1e. Again, 1e appeared
555to be the more efficient GABAAR antagonist and was in fact
556able to rescue proliferation in slightly more cells in both
557populations with minimal cell toxicity (Figure 7E,F) despite
558the lower concentration used compared to BMI.
559To exploit potential off-target mediated effects in the T cell
560proliferation assay, 1e (50 μM) was subjected to a screening
561campaign against a selection of targets, including enzymes and
562transporters involved in the catabolism and reuptake of GABA,
563ion channels belonging to the class of Cys-loop receptors, and
564GPCRs expressed in T-cells.
5651e was shown to be inactive at human GABA transporters
566(GAT1, GAT2, BGT1, GAT3) at the GABA transaminase, and
567no significant binding to 5HT1B, 5HT2B and 5HT7 receptors
568was detected (Figure S6). Although at the high concentration
569tested, 1e moderately binds to the α7 nACh and to the 5-HT3
570receptors, these are only faintly expressed in T cells according
571to various databases (https://immgen.org, http://biogps.org,
572http://proteinatlas.org).51 This information, combined with
573the high expression levels of GABAARs in T cells,52 the high
574GABAAR potency of 1e, and a very specific antiproliferative
575effect induced by benzodiazepine alprazolam reverted by two
576chemically diverse GABAARs antagonists 1e and BMI, strongly
577suggests a GABAAR-mediated effect of 1e.

578■ CONCLUSIONS
579In summary, we have expanded the pool of GABAAR ligands
580based on the unconventional GABAAR antagonists 2027 and
581018, all characterized by the spirocyclic scaffold and the lack of
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582 an acidic moiety. The combination of the analysis of the
583 structure affinity relationships, together with molecular
584 docking, allowed us to propose a binding mode for 2027
585 and analogs that well interprets the affinity data, offering a
586 platform to exploit the spirocyclic scaffold for exploring the
587 chemical space. Micromolar affinity can only be achieved by
588 benzamidation of the spirocyclic scaffold, probably to provide
589 an appropriate H-bonding partner for Arg 67 and productive
590 π−π interactions with Phe 200 and Phe 46. Further increases
591 in affinity by m-amidation of the phenyl ring can be ascribed to
592 H-bonding to Arg 207 accompanied by additional lipophilic
593 contact with a rather inaccessible lipophilic cavity. The
594 compound with highest binding affinity (1e) displayed
595 antagonist functional activity in the FMP assay and patch-
596 clamp electrophysiology, with preference for α3−5 containing
597 receptors and reaching the highest potency at the α4-
598 containing receptors. Functional activity of 1e as an
599 immunomodulatory agent was evaluated, and it was found to
600 be superior to the known commercial GABAAR antagonist
601 BMI in rescuing proliferation of T cells pretreated with
602 alprazolam, a GABAAR-positive allosteric modulator that
603 inhibits T cell proliferation.
604 All in all, these results, together with the low apparent
605 membrane permeability, high potency, and overall selectivity of
606 1e and preference for α3−5-containing GABAARs, provide the
607 tools for rational design and development of further peripheral
608 unconventional GABAAR antagonists with immunomodulatory
609 activity.

610 ■ EXPERIMENTAL SECTION
611 Chemistry. General Procedures. All reagents and materials were
612 purchased from commercial suppliers and used without further
613 purification. The solvents used were of standard HPLC-grade quality.
614 Anhydrous THF, CH2Cl2, and DMF were obtained from a Glass
615 Contour Solvent System (SG Water USA).
616 Anhydrous MeOH was obtained by storage over activated 3 Å
617 molecular sieves for a minimum of 24 h (according to standard
618 protocols). Et3N and pyridine were kept dry by storage over KOH
619 pellets. For thin-layer chromatography (TLC), Merck aluminum
620 sheets covered with silica gel C-60 F254 were used and visualized using
621 UV light (254 nm) or KMnO4. Flash chromatography was performed
622 using glass columns packed with Merck Geduran Si 60 (0.040−0.063
623 mm) as a stationary phase. Eluent systems are specified for each Rf
624 value and reported as volume ratios. The eluent systems for flash
625 chromatography is specified under each protocol.
626 1D and 2D NMR spectra were acquired using a Bruker Avance II
627 equipped with a 5 mm broad band probe (BBFO) operating at 400
628 MHz for 1H NMR and 101 MHz for 13C NMR or a Bruker Avance III
629 HD equipped with a cryogenically cooled 5 mm dual probe optimized
630 for 13C and 1H NMR operating at 600 MHz for 1H NMR and 151
631 MHz for 13C NMR. HSQC, HMBC, H2BC, NOESY, and HSQC-
632 TOCSY experiments were used to support analyses when 1H NMR,
633

13C NMR, and COSY were inadequate. Chemical shifts (δ) are
634 reported in ppm downfield from TMS (δ = 0) using solvent
635 resonance as the internal standard (chloroform-d, 1H: 7.26 ppm, 13C:
636 77.16 ppm; dimethylsulfoxide-d6 , 1H: 2.50 ppm, 13C: 39.52 ppm;
637 methanol-d1,

1H: 3.31 ppm, 13C: 49.00 ppm; D2O,
1H: 4.79 ppm).

638 Coupling constants (J) are reported in Hz, and the field is reported in
639 each case. Multiplicities are reported as singlet (s), broad singlet (br.
640 s), doublet (d), doublet of doublets (dd), doublet of triplets (dt),
641 doublet of doublet of doublets (ddd), doublet of doublet of triplets
642 (ddt), triplet (t), triplet of doublets (td), quartet (q), pentet (p),
643 septet (sep), and multiplet (m).
644 Mass spectrometric data was recorded using either a LC-MS system
645 built from an Agilent 1200 series solvent delivery system equipped
646 with an autoinjector coupled to a DAD and an Agilent 6130A series

647quadrupole electrospray ionization detector or a Waters Aquity
648UPLC-MS equipped with a dual-wavelength PDA (214 and 254 nm)
649combined with electrospray ionization. Gradients of H2O/MeCN/
650HCOOH (95:5:0.1) (solvent A) and MeCN/HCOOH (100:0.1)
651(solvent B) were employed.
652Purity was assessed by analytical HPLC on an UltiMate HPLC
653system (Thermo Scientific) consisting of an LPG-3400A pump (1
654mL/min), a WPS-3000SL autosampler, and a DAD-3000D diode
655array detector using a Gemini-NX C18 column (4.6 × 250 mm, 3 μm,
656110 Å); gradient elution was 0 to 100% B (MeCN/H2O/TFA,
65790:10:0.1) in solvent A (H2O/TFA, 100:0.1) over 15−20 min. Data
658were acquired and processed using Chromeleon Software v. 6.80.
659Analytical purity is ≥95% unless stated otherwise; retention times (tR)
660are indicated.
661Preparative HPLC purification was carried out on a Dionex
662Ultimate 3000 HLPC system consisting of an LPG-3200BX pump (20
663mL/min), a Rheodyne 9725i injector, a 10 mL loop, an MWD-
6643000SD detector (200, 210, 254, and 281 nm), and an AFC-3000SD
665automated fraction collector using a Gemini-NX C18 column (21.2 ×
666250 mm, 5 μm, 110 Å); gradient elution was 0 to 80% B (MeCN/
667H2O/TFA, 90:10:0.1) in solvent A (H2O/TFA, 100:0.1) over 12
668min. Data were acquired and processed using Chromeleon Software v.
6696.80.
670Method A: Preparation of Compounds 3a−c, 3n−o, and 3r. In a
671Schlenk dry round-bottomed flask equipped with a magnetic stirring
672bar, tert-butyl 3,9-diazaspiro[5.5]undecane-3-carboxylate 2 (1.2
673mmol, 1 eq) and dry Et3N (2 or 3 eq) were dissolved in dry
674CH2Cl2 (20 mL), and the solution was cooled at 0 °C before
675dropwise addition of the appropriate acyl anhydride or acyl chloride
676(from 1.2 to 1.5 eq). The reaction was stirred at rt for 2 h, quenched
677by addition of aqueous HCl (1N, 30 mL) and transferred to a
678separatory funnel with CH2Cl2 (25 mL). The organic layer was
679separated and washed with saturated aqueous NaHCO3 (2 × 20 mL)
680and brine (20 mL), dried over MgSO4, filtered, concentrated in vacuo,
681and purified by flash chromatography (when specified) to afford the
682desired compound in excellent yield (85−95%).
683Method B: Preparation of Compounds 3d−k. tert-Butyl 3,9-
684diazaspiro[5.5]undecane-3-carboxylate 2 (0.34 mmol, 1 eq) and the
685appropriate carboxylic acid (1.2 eq) were dissolved in dry CH2Cl2 (5
686mL). HBTU (1.2 eq), and dry Et3N (3 eq) were added, and the
687mixture was stirred at rt overnight. Upon completion, the mixture was
688diluted with CH2Cl2 (30 mL) and washed with saturated aqueous
689NaHCO3 (3 × 30 mL). The organic layer was dried over Na2SO4,
690filtered, and concentrated in vacuo. Purification by silica gel flash
691column chromatography provided 3d−k in very good yields (72−
69294%).
693Method C: Preparation of Compounds 3l−m and 3p−q.
694Intermediates 3j−k and 3n−o (0.32 mmol, 1.0 eq) were dissolved
695in dry EtOH (10 mL), and 10% Pd/C (0.1 or 0.6 eq) was added. The
696reaction mixture was stirred at rt overnight under an H2 atmosphere.
697After completion, the mixture was filtered through celite, concen-
698trated in vacuo, and purified by flash silica gel chromatography (when
699specified) to provide 3l−m and 3p−q in varying yields (30−100%).
700Method D: Preparation of Compounds 1a−f and 1j−r. In a
701round-bottomed flask equipped with a magnetic stirring bar,
702compound 3a−f or 3j−r (1.18 mmol, 1.0 eq) was dissolved in dry
703MeOH (12 mL) unless stated otherwise, and a solution of HCl in
704dioxane (4N, 2 mL) was added in a dropwise manner. The reaction
705was stirred for 3 h and then concentrated in vacuo to afford 1a−f and
7061j−r as hydrochloride salt in very good yields (82−100%).
707Method E: Preparation of Compounds 1g−i. Intermediates 3g−i
708(0.24 mmol, 1.0 eq) was dissolved in a TFA:CH2Cl2 mixture(1:10, 11
709mL) and stirred at rt for 3 h. Upon completion, the mixture was
710cooled to 0 °C and washed with saturated aqueous NaHCO3 (10
711mL). The organic layer was dried over MgSO4, filtered, and
712concentrated in vacuo to afford 1g−i as white solids in very good
713yields (80−85%).
714Method F: Preparation of Compounds 4a and 4b. tert-Butyl 3,9-
715diazaspiro[5.5]undecane-3-carboxylate (0.39 mmol, 1.0 eq) and the
716appropriately substituted benzylbromide (2.0 eq) were dissolved in
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717 dry CH2Cl2 (10 mL). Dry Et3N (2 eq) was added, and the reaction
718 mixture was allowed to stir at rt overnight. Upon completion, the
719 mixture was washed with saturated aqueous NaHCO3 (3 × 20). The
720 organic phase was dried over Na2SO4, filtered, and concentrated in
721 vacuo. Purification by silica gel flash column chromatography
722 (EtOAc:n-heptane, 1:1) afforded the desired compounds 4a or 4b
723 in good yields (75−98%).
724 tert-Butyl 9-Acetyl-3,9-diazaspiro[5.5]undecane-3-carboxylate
725 (3a). Obtained from 305 mg of tert-butyl 3,9-diazaspiro[5.5]-
726 undecane-3-carboxylate 2 with acetic anhydride (1.5 eq) and Et3N
727 (3.0 eq) according to method A. The desired product 3a was isolated
728 as a transparent oil in 95% yield. Rt (HPLC) = 11.86 min; 1H NMR
729 (600 MHz, CDCl3) δ 3.62−3.49 (m, 2H), 3.49−3.30 (m, 6H), 2.07
730 (s, 3H), 1.51−1.45 (m, 6H), 1.44 (s, 9H); 13C NMR (151 MHz,
731 CDCl3) δ 169.0, 155.1, 79.6, 42.3, 39.4, 37.3, 36.2, 35.3, 34.7, 30.3,
732 28.6, 21.6.
733 3-(tert-Butyl) 9-Methyl 3,9-Diazaspiro[5.5]undecane-3,9-dicar-
734 boxylate (3b). Obtained from 305 mg of tert-butyl 3,9-
735 diazaspiro[5.5]undecane-3-carboxylate 2 with methyl chloroformate
736 (1.5 eq) and Et3N (3.0 eq) according to method A. The desired
737 product 3b was isolated as a transparent oil in 95% yield. Rt (HPLC)
738 = 13.24 min; 1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.46−3.38
739 (m, 4H), 3.38−3.33 (m, 4H), 1.50−1.38 (m, 17H); 13C NMR (101
740 MHz, CDCl3) δ 156.1, 155.0, 79.5, 52.6, 39.6, 35.2, 30.1, 28.6.
741 tert-Butyl 9-Benzoyl-3,9-diazaspiro[5.5]undecane-3-carboxylate
742 (3c). Obtained from 305 mg of tert-butyl 3,9-diazaspiro[5.5]-
743 undecane-3-carboxylate 2 with benzoyl chloride (1.5 eq) and Et3N
744 (3.0 eq) according to method A. The desired product 3c was obtained
745 as a white solid in 92% yield after purification by silica gel flash
746 chromatography. Rf (EtOAc:n-heptane 1:1) = 0.35; Rt (HPLC) =
747 13.58 min; 1H NMR (400 MHz, CDCl3) δ 7.41−7.35 (m, 5H),
748 3.80−3.63 (m, 2H), 3.46−3.28 (m, 6H), 1.50−1.40 (m, 17H); 13C
749 NMR (101 MHz, CDCl3) δ 170.52, 155.05, 136.32, 129.66, 128.58,
750 126.96, 79.62, 30.55, 28.58, 21.16.
751 tert-Butyl 9-(2-Methylbenzoyl)-3,9-diazaspiro[5.5]undecane-3-
752 carboxylate (3d). Obtained from 100 mg of tert-butyl 3,9-
753 diazaspiro[5.5]undecane-3-carboxylate 2 with 2-methylbenzoic acid
754 according to method B. The desired product 3d was obtained as a
755 white solid in 94% yield after purification by silica gel flash
756 chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.18; 1H NMR (400
757 MHz, CDCl3) δ 7.30−7.23 (m, 2H), 7.22−7.16 (m, 2H), 7.16−7.12
758 (m, 1H), 3.95−3.55 (m, 2H), 3.44−3.29 (m, 4H), 3.28−3.10 (m,
759 2H), 2.30 (s, 3H), 1.70−1.55 (m, 2H), 1.55−1.41 (m, 13H), 1.41−
760 1.31 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 169.9, 154.9, 136.5,
761 134.1, 130.4, 128.7, 125.9, 125.6, 79.5, 42.6, 39.2, 37.1, 36.1, 35.5,
762 35.0, 34.8, 30.4, 28.5, 19.0.
763 tert-Butyl 9-(3-Methylbenzoyl)-3,9-diazaspiro[5.5]undecane-3-
764 carboxylate (3e). Obtained from 100 mg of tert-butyl 3,9-
765 diazaspiro[5.5]undecane-3-carboxylate 2 with 3-methylbenzoic acid
766 according to method B. The desired product 3e was obtained as a
767 colorless oil in 79% yield after purification by silica gel flash
768 chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.18; 1H NMR (400
769 MHz, CDCl3) δ 7.30−7.24 (m, 2H), 7.24−7.18 (m, 2H), 7.16 (d, J =
770 7.4 Hz, 1H), 3.87−3.55 (m, 2H), 3.39 (t, J = 5.8 Hz, 6H), 2.37 (s,
771 3H), 1.58 (s, 17H). 13C NMR (101 MHz, CDCl3) δ 170.7, 155.1,
772 138.5, 136.3, 130.4, 128.4, 127.6, 123.9, 79.6, 35.4, 30.6, 28.6, 21.5.
773 tert-Butyl 9-(4-Methylbenzoyl)-3,9-diazaspiro[5.5]undecane-3-
774 carboxylate (3f). Obtained from 100 mg of tert-butyl 3,9-
775 diazaspiro[5.5]undecane-3-carboxylate 2 with 4-methylbenzoic acid
776 according to method B. The desired product 3f was obtained as a
777 colorless oil in 72% yield after purification by silica gel flash
778 chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.18; LC/MS (ESI):
779 m/z calcd for C22H32N2O3 [M + H]+ = 373.2, found 373.1; 1H NMR
780 (400 MHz, CDCl3) δ 7.29 (d, J = 7.9 Hz, 2H), 7.19 (d, J = 7.9 Hz,
781 2H), 3.76−3.42 (m, 4H), 3.42−3.35 (m, 4H), 2.37 (s, 3H), 1.45 (s,
782 17H). 13C NMR (101 MHz, CDCl3) δ 170.6, 154.9, 139.6, 133.2,
783 129.0, 127.0, 79.5 39.3, 35.2, 30.4, 28.5, 21.4.
784 tert-Butyl 9-(2-Bromobenzoyl)-3,9-diazaspiro[5.5]undecane-3-
785 carboxylate (3g). Obtained from 100 mg of tert-butyl 3,9-
786 diazaspiro[5.5]undecane-3-carboxylate 2 with 2-bromobenzoic acid

787according to method B. The desired product 3g was obtained as a
788colorless oil in 77% yield after purification by silica gel flash
789chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.29; LC/MS (ESI):
790m/z calcd for C21H30BrN2O3 [M + H]+ = 437.1, 439.1 found 437.0;
791

1H NMR (400 MHz, CDCl3) δ 7.56 (dd, J = 8.3, 1.2 Hz, 1H), 7.34
792(ddd, J = 8.3, 7.3, 1.1 Hz, 1H), 7.25−7.19 (m, 2H), 3.88−3.62 (m,
7932H), 3.49−3.29 (m, 4H), 3.24 (ddd, J = 13.8, 8.0, 4.0 Hz, 1H), 3.14
794(ddd, J = 13.8, 7.4, 4.0 Hz, 1H), 1.73−1.31 (m, 17H); 13C NMR (101
795MHz, CDCl3) δ 167.7, 155.0, 138.5, 132.9, 130.3, 127.8, 127.7, 119.3,
79679.6, 42.8, 39.4, 37.4, 35.8, 35.4, 35.0, 34.9, 30.6, 28.6.
797tert-Butyl 9-(3-Bromobenzoyl)-3,9-diazaspiro[5.5]undecane-3-
798carboxylate (3h). Obtained from 100 mg of tert-butyl 3,9-
799diazaspiro[5.5]undecane-3-carboxylate 2 with 3-bromobenzoic acid
800according to method B. The desired product 3h was obtained as a
801white solid in 82% yield after purification by silica gel flash
802chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.32; LC/MS (ESI):
803m/z calcd for C21H30BrN2O3 [M + H]+ = 437.1, 439.1 found 437.0;
8041H-NMR (400 MHz, CDCl3) = δ 7.56−7.51 (m, 2H), δ 7.34−7.24
805(m, 2H), δ 3.82−3.61 (m, 2H), δ 3.46−3.30 (m, 6H), δ 1.73−1.37
806(m, 8H), δ 1.46 (s, 9H); 13C-NMR (101 MHz, CDCl3) δ 168.6,
807154.8, 138.1, 132.6, 130.1, 129.3, 125.4, 122.6, 79.5, 39.3, 35.2, 30.4,
80828.5.
809tert-Butyl 9-(4-bromobenzoyl)-3,9-diazaspiro[5.5]undecane-3-
810carboxylate (3i). Obtained from 100 mg of tert-butyl 3,9-
811diazaspiro[5.5]undecane-3-carboxylate 2 with 4-bromobenzoic acid
812according to method B. The desired product 3i was obtained as a
813white solid in 84% yield after purification by silica gel flash
814chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.29; LC/MS (ESI):
815m/z calcd for C21H30BrN2O3 [M + H]+ = 437.1, 439.1 found 437.0;
816

1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.4 Hz, 2H), 7.27 (d, J =
8178.4 Hz, 2H), 3.86−3.59 (m, 2H), 3.51−3.28 (m, 6H), 1.73−1.31 (m,
81817H); 13C-NMR (101 MHz, CDCl3) δ 169.3, 154.9, 135.0, 131.7,
819128.6, 123.8, 79.5, 39.3, 35.1, 30.4, 28.4.
820tert-Butyl 9-(3-(Benzyloxy)benzoyl)-3,9-diazaspiro[5.5]-
821undecane-3-carboxylate (3j). Obtained from 200 mg of tert-butyl
8223,9-diazaspiro[5.5]undecane-3-carboxylate 2 with 3-(benzyloxy)-
823benzoic acid according to method B. The desired product 3j was
824obtained as a white solid in 86% yield after purification by silica gel
825flash chromatography. Rf (EtOAc:n-heptane, 1:1) = 0.29; LC/MS
826(ESI): m/z calcd for C28H36N2O4 [M + H]+ = 465.3 found 465.3; 1H
827NMR (400 MHz, MeOD) δ 7.43 (d, J = 7.1 Hz, 2H), 7.40−7.34 (m,
8283H), 7.33−7.27 (m, 1H), 7.16−7.07 (m, 1H), 7.00−6.91 (m, 2H),
8295.14 (s, 2H), 3.80−3.60 (m, 2H), 3.48−3.32 (m, 6H), 1.45 (s, 17H).
830

13C NMR (101 MHz, MeOD) δ 172.0, 160.2, 156.6, 138.5, 138.4,
831131.0, 129.58, 129.0, 128.5, 120.1, 117.7, 114.1, 81.0, 71.1, 44.7, 39.1,
83236.7, 36.1, 31.6, 28.7.
833tert-Butyl 9-(4-(Benzyloxy)benzoyl)-3,9-diazaspiro[5.5]-
834undecane-3-carboxylate (3k). Obtained from 200 mg of tert-butyl
8353,9-diazaspiro[5.5]undecane-3-carboxylate 2 with 4-(benzyloxy)-
836benzoic acid according to method B. The desired product 3k was
837obtained as a white solid in 86% yield after purification by silica gel
838flash chromatography. Rf (EtOAc:n-heptane, 6:4) = 0.30; LC/MS
839(ESI): m/z calcd for C28H36N2O4 [M + H]+ = 465.3 found 465.2; 1H
840NMR (400 MHz, CDCl3) δ 7.45−7.30 (m, 7H), 6.97 (d, J = 8.7 Hz,
8412H), 5.09 (s, 2H), 3.78−3.42 (m, 4H), 3.42−3.35 (m, 4H), 1.58−
8421.42 (m, 17H). 13C NMR (101 MHz, CDCl3) δ 170.5, 160.0, 155.1,
843136.7, 129.1, 128.8, 128.6, 128.2, 127.6, 114.8, 79.6, 70.2, 39.4, 35.4,
84435.4, 30.6, 28.6, 22.8, 14.3.
845tert-Butyl 9-(3-Hydroxybenzoyl)-3,9-diazaspiro[5.5]undecane-3-
846carboxylate (3l). Obtained from 150 mg of 3j using 10% Pd/C (0.6
847eq) in EtOH, according to method C. The desired product 3l was
848obtained as a white solid in 76% yield. Rf (EtOAc:n-heptane, 1:1) =
8490.10; LC/MS (ESI): m/z calcd for C21H30N2O4 [M + H]+ = 375.5
850found 375.5; 1H NMR (400 MHz, MeOD) δ 7.25 (t, J = 7.8 Hz, 1H),
8516.90−6.82 (m, 1H), 6.83−6.75 (m, 2H), 3.84−3.68 (m, 2H), 3.51−
8523.36 (m, 6H), 1.72−1.36 (m, 17H); 13C NMR (101 MHz, MeOD) δ
853172.5, 130.9, 118.2, 118.0, 114.6, 81.0, 49.6, 49.4, 49.2, 49.0, 48.8,
85448.6, 48.4, 44.8, 39.0, 36.2, 31.6, 28.7.
855tert-Butyl 9-(4-Hydroxybenzoyl)-3,9-diazaspiro[5.5]undecane-3-
856carboxylate (3m). Obtained from 150 mg of 3k using 10% Pd/C (0.1
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857 eq) in EtOH according to method C. The desired product 3m was
858 obtained as a white solid in 95% yield. Rf (EtOAc:n-heptane, 1:1) =
859 0.18; LC/MS (ESI): m/z calcd for C21H30N2O4 [M + H]+ = 375.5
860 found 375.5; 1H NMR (400 MHz, MeOD) δ 7.18 (d, J = 8.6 Hz,
861 2H), 6.73 (d, J = 8.6 Hz, 2H), 3.73−3.38 (m, 4H), 3.32 (s, 4H),
862 1.67−1.21 (m, 17H). 13C NMR (101 MHz, MeOD) δ 172.9, 160.6,
863 156.6, 130.1, 127.6, 116.2, 81.0, 36.3, 31.6, 28.7.
864 tert-Butyl 9-(3-Nitrobenzoyl)-3,9-diazaspiro[5.5]undecane-3-car-
865 boxylate (3n). Obtained from 150 mg of tert-butyl 3,9-
866 diazaspiro[5.5]undecane-3-carboxylate 2 with 3-nitrobenzoyl chloride
867 (1.2 eq) and Et3N (2.0 eq) according to method A. The desired
868 product 3n was obtained as a white solid in 95% yield after
869 purification by silica gel flash chromatography. Rf (EtOAc:n-heptane,
870 6:4) = 0.29; LC/MS (ESI): m/z calcd for C21H30N3O5 [M + H]+ =
871 404.2 found 404.1; 1H NMR (400 MHz, MeOD) δ 8.34 (ddd, J = 8.2,
872 2.4, 1.1 Hz, 1H), 8.27 (t, J = 1.9 Hz, 1H), 7.81 (dt, J = 7.6, 1.3 Hz,
873 1H), 7.72 (t, J = 7.9 Hz, 1H), 3.86−3.69 (m, 2H), 3.50−3.36 (m,
874 6H), 1.73−1.48 (m, 9H), 1.45 (s, 9H); 13C NMR (101 MHz,
875 MeOD) δ 169.7, 156.6, 149.6, 138.9, 133.9, 131.3, 125.5, 122.9,
876 81.00, 44.9, 39.3, 36.7, 36.1, 35.8, 31.6, 28.7.
877 tert-Butyl 9-(4-Nitrobenzoyl)-3,9-diazaspiro[5.5]undecane-3-car-
878 boxylate (3o). Obtained from 145 mg of tert-butyl 3,9-
879 diazaspiro[5.5]undecane-3-carboxylate 2 with 4-nitrobenzoyl chloride
880 (1.3 eq) and Et3N (2.0 eq) according to method A. The desired
881 product 3o was obtained as a white solid in 95% yield after
882 purification by silica gel flash chromatography. Rf (EtOAc:n-heptane,
883 6:4) = 0.18; 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 8.7 Hz, 2H),
884 7.56 (d, J = 8.7 Hz, 2H), 3.92−3.61 (m, 2H), 3.40 (t, J = 5.8 Hz, 4H),
885 3.36−3.23 (m, 2H), 1.74−1.35 (m, 17H). 13C NMR (101 MHz,
886 CDCl3) δ 169.9, 156.9, 150.3, 144.3, 129.8, 125.9, 81.6, 45.5, 41.2,
887 41.2, 40.0, 38.1, 37.1, 36.7, 32.5, 30.4.
888 tert-Butyl 9-(3-Aminobenzoyl)-3,9-diazaspiro[5.5]undecane-3-
889 carboxylate (3p). Obtained from 150 mg of 3n using 10% Pd/C
890 (0.6 eq) in EtOH according to method C. The desired product 3p
891 was obtained as a white solid in 76% yield after purification by silica
892 gel flash chromatography. Rf (EtOAc:n-heptane, 3:1) = 0.13; LC/MS
893 (ESI): m/z calcd for C21H32N3O3 [M + H]+ = 375.2 found 375.0; 1H
894 NMR (400 MHz, MeOD) δ 7.14 (t, J = 7.8 Hz, 1H), 6.76 (ddd, J =
895 8.1, 2.3, 1.0 Hz, 1H), 6.68 (t, J = 1.9 Hz, 1H), 6.63 (dt, J = 7.5, 1.2
896 Hz, 1H), 3.79−3.63 (m, 2H), 3.51−3.35 (m, 6H), 1.65−1.56 (m,
897 2H), 1.56−1.47 (m, 6H), 1.45 (s, 9H); 13C NMR (101 MHz,
898 MeOD) δ 173.0, 156.6, 149.6, 137.9, 130.4, 117.4, 116.4, 113.8, 81.0,
899 44.8, 39.0, 36.9, 36.2, 36.0, 31.6, 28.7.
900 tert-Butyl 9-(4-Aminobenzoyl)-3,9-dazaspiro[5.5]undecane-3-
901 carboxylate (3q). Obtained from 70 mg of 3o using 10% Pd/C
902 (0.1 eq.) in EtOH according to method C. The desired product 3q
903 was obtained as a white solid in 30% yield after purification by silica
904 gel flash chromatography. Rf (EtOAc:n-heptane, 3:1) = 0.11; LC/MS
905 (ESI): m/z calcd for C21H32N3O3 [M + H]+ = 375.2 found 375.0; 1H
906 NMR (400 MHz, MeOD) δ 7.18 (d, J = 8.5 Hz, 2H), 6.69 (d, J = 8.5
907 Hz, 2H), 3.70−3.53 (m, 4H), 3.47−3.35 (m, 4H), 1.60−1.48 (m,
908 8H), 1.45 (s, 9H); 13C NMR (101 MHz, MeOD) δ 172.03, 155.22,
909 150.29, 128.59, 123.18, 113.58, 79.54, 34.87, 30.17, 27.29.
910 tert-Butyl 9-(4-(Trifluoromethyl)benzoyl)-3,9-diazaspiro[5.5]-
911 undecane-3-carboxylate (3r). Obtained from 305 mg of tert-butyl
912 3,9-diazaspiro[5.5]undecane-3-carboxylate 2 with 4-trifluoromethyl-
913 benzoyl chloride (1.5 eq) and Et3N (3.0 eq) according to method A.
914 The desired product 3r was obtained as a white solid in 85% yield
915 after purification by silica gel flash chromatography. Rf (EtOAc:n-
916 heptane, 1:1) = 0.36; Rt (HPLC) = 14.55 min; 1H NMR (400 MHz,
917 DMSO) δ 7.80 (d, J = 8.0 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 3.68−
918 3.56 (m, 2H), 3.33−3.26 (m, 4H), 3.22 (m, 2H), 1.38 (m, 17H); 13C
919 NMR (101 MHz, DMSO) δ 167.4, 153.9, 140.5, 127.4, 125.4, 78.4,
920 42.9, 37.2, 34.9, 34.6, 34.4, 34.3, 30.1, 28.1; 19F NMR (376 MHz,
921 DMSO) δ −61.26.
922 1-(3,9-Diazaspiro[5.5]undecan-3-yl)ethan-1-one Hydrochloride
923 (1a). Obtained as a white solid from 349 mg of 3a according to
924 method D in quantitative yield (100%); Rt (HPLC) = 5.70 min;
925 UPLC/MS (ESI): m/z calcd for C11H21N2O [M + H]+ = 197.2,
926 found 197.2; 1H NMR (400 MHz, DMSO-d6) δ 9.02 (bs, 2H), 3.44−

9273.31 (m, 4H), 3.06−2.94 (m, 4H), 1.97 (s, 3H), 1.68−1.59 (m, 4H),
9281.45 (t, J = 5.8 Hz, 2H), 1.37 (t, J = 5.8 Hz, 2H); 13C NMR (101
929MHz, DMSO-d6) δ 168.0, 41.4, 38.8, 36.4, 35.0, 34.1, 31.2, 29.2, 21.3.
930Methyl 3,9-diazaspiro[5.5]undecane-3-carboxylate Hydrochlor-
931ide (1b). Obtained as a white solid from 435 mg of 3b according to
932method D in quantitative yield (100%). Rt (HPLC) = 6.29 min;
933UPLC/MS (ESI): m/z calcd for C11H21N2O2 [M + H]+ = 213.2,
934found 213.1; 1H NMR (400 MHz, DMSO-d6) δ 8.85 (s, 2H), 3.57 (s,
9353H), 3.41−3.30 (m, 4H), 3.06−2.96 (m, 4H), 1.61 (t, J = 5.9 Hz,
9364H), 1.46−1.37 (m, 4H); 13C NMR (101 MHz, DMSO-d6) δ 155.0,
93752.2, 39.0, 38.9, 34.2, 31.2, 28.9.
938Phenyl(3,9-diazaspiro[5.5]undecan-3-yl)methanone Hydro-
939chloride (1c). Obtained as a white solid from 394 mg of 3c according
940to method D in quantitative yield (100%). Rt (HPLC) = 7.15 min;
941UPLC/MS (ESI): m/z calcd for C16H23N2O [M + H]+ = 259.2,
942found 259.1; 1H NMR (400 MHz, DMSO-d6) δ 9.01 (s, 2H), 7.47−
9437.40 (m, 3H), 7.40−7.32 (m, 2H), 3.66−3.52 (m, 2H), 3.37−3.21
944(m, 2H), 3.08−2.94 (m, 4H), 1.76−1.62 (m, 4H), 1.57−1.34 (m,
9454H); 13C NMR (101 MHz, DMSO-d6) δ 168.9, 136.4, 129.3, 128.4,
946126.6, 40.0, 38.8, 34.1, 31.2, 29.4.
947(2-Methylphenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
948Hydrochloride (1d). Obtained as a white solid from 111 mg of 3d
949according to method D in 97% yield. LC/MS (ESI): m/z calcd for
950C17H25N2O [M + H]+ = 273.19, found 273.1; 1H NMR (400 MHz,
951MeOD) δ 7.37−7.23 (m, 3H), 7.19 (dd, J = 7.6, 1.5 Hz, 1H), 3.97−
9523.82 (m, 1H), 3.82−3.62 (m, 1H), 3.28 (t, J = 5.8 Hz, 2H), 3.19 (q, J
953= 5.8 Hz, 4H), 2.29 (s, 3H), 1.88−1.74 (m, 4H), 1.73−1.65 (m, 2H),
9541.57−1.46 (m, 2H); 13C NMR (101 MHz, MeOD) δ 172.2, 136.9,
955135.4, 131.6, 130.4, 127.2, 126.7, 43.9, 41.00, 38.4, 36.4, 35.6, 33.3,
95632.3, 30.8, 19.0.
957(3,9-Diazaspiro[5.5]undecan-3-yl)(m-tolyl)methanone Hydro-
958chloride (1e). Obtained as a white solid from 90 mg of 3e according
959to method D in 96% yield. Rt (HPLC) = 8.10 min (Figure S7); LC/
960MS (ESI): m/z calcd for C17H25N2O [M + H]+ = 273.19, found
961273.1; 1H NMR (400 MHz, CDCl3) δ 9.47 (bs, 2H), 7.39−6.94 (m,
9624H), 3.91−3.21 (m, 4H), 3.22−2.89 (m, 4H), 2.30 (s, 3H), 2.15−
9631.26 (m, 8H). 13C-NMR (101 MHz, CDCl3) δ 170.7, 138.5, 135.7,
964130.6, 128.3, 127.4, 123.8, 39.7, 31.8, 29.8, 21.4.
965(4-Methylphenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
966Hydrochloride (1f). Obtained as a white solid from 92 mg of 3f
967according to method D in quantitative yield. Rt (HPLC) = 8.22 min;
968LC/MS (ESI): m/z calcd for C17H25N2O [M + H]+ = 273.19, found
969273.1; 1H NMR (400 MHz, MeOD) δ 7.39−7.17 (m, 4H), 3.84−
9703.68 (m, 2H), 3.57−3.38 (m, 2H), 3.25−3.08 (m, 4H), 2.39 (s, 3H),
9711.87−1.75 (m, 4H), 1.75−1.48 (m, 4H); 13C NMR (101 MHz,
972CDCl3) δ 170.9, 140.2, 132.7, 129.3, 127.1, 39.7, 31.9, 29.9, 21.5.
973(2-Bromophenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
974(1g). Obtained as a white solid from 105 mg of 3 g according to
975method E in 80% yield. Rt (HPLC) = 7.91 min; LC/MS (ESI): m/z
976calcd for C16H22BrN2O [M + H]+ = 337.1, 339.1, found 337.1; 1H
977NMR (400 MHz, CDCl3) δ 7.70−7.51 (m, 1H), 7.44−7.30 (m, 1H),
9787.31−7.13 (m, 2H), 6.04 (bs, 2H), 3.76 (t, J = 5.7 Hz, 2H), 3.40−
9792.91 (m, 5H), 2.45 (t, J = 5.7 Hz, 1H), 1.93−1.12 (m, 8H); 13C NMR
980(101 MHz, CDCl3) δ 167.6, 138.1, 132.9, 130.3, 127.8, 127.5, 119.1,
98147.4, 42.8, 42.42, 40.2, 37.4, 37.0, 35.8, 35.6, 35.0, 34.5, 33.2, 33.0,
98230.4, 30.0.
983(3-Bromophenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
984(1h). Obtained as a white solid from 102 mg of 3i according to
985method E in 85% yield. Rt (HPLC) = 8.60 min; LC/MS (ESI): m/z
986calcd for C16H22BrN2O [M + H]+ = 337.1, 339.1, found 337.0; 1H
987NMR (400 MHz, MeOD) δ 7.69−7.60 (m, 1H), 7.61−7.55 (m, 1H),
9887.48−7.30 (m, 2H), 3.85−3.63 (m, 2H), 3.55−3.36 (m, 2H), 3.19 (q,
989J = 5.0 Hz, 4H), 1.79 (t, J = 5.5 Hz, 4H), 1.72−1.51 (m, 4H); 13C
990NMR (101 MHz, MeOD) δ 169.9, 138.6, 133.4, 131.0, 130.1, 125.9,
991122.9, 44.0, 40.3, 38.3, 35.6, 34.8, 32.2, 30.1.
992(4-Bromophenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
993(1i). Obtained as a pale yellow solid from 106 mg of 3i according to
994method E in 85% yield. Rt (HPLC) = 8.79 min; LC/MS (ESI): m/z
995calcd for C16H22BrN2O [M + H]+ = 337.1, 339.1, found 337.0; 1H
996NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.4
997Hz, 2H), 3.83−3.45 (m, 2H), 3.45−3.17 (m, 2H), 2.83 (t, J = 5.7 Hz,
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998 4H), 2.70 (bs, 2H), 1.85−1.27 (m, 8H); 13C NMR (101 MHz,
999 CDCl3) δ 169.5, 135.0, 131.9, 128.8, 124.1, 41.1, 34.9, 30.4.
1000 (3-(Benzyloxy)phenyl)(3,9-diazaspiro[5.5]undecan-3-yl)-
1001 methanone Hydrochloride (1j). Obtained as a white solid from 47
1002 mg of 3j according to method D using DCM (5 mL) as solvent in
1003 93% yield. Rt (HPLC) = 10.05 min; LC/MS (ESI): m/z calcd for
1004 C23H29N2O2 [M + H]+ = 365.22, found 365.1; 1H NMR (400 MHz,
1005 MeOD) δ 7.43 (d, J = 7.1 Hz, 2H), 7.41−7.34 (m, 3H), 7.34−7.28
1006 (m, 1H), 7.11 (dd, J = 8.3, 2.6 Hz, 1H), 7.00−6.94 (m, 2H), 5.14 (s,
1007 2H), 3.81−3.68 (m, 2H), 3.45−3.33 (m, 2H), 3.19 (q, J = 5.4 Hz,
1008 4H), 1.85−1.73 (m, 4H), 1.73−1.57 (m, 2H), 1.57−1.42 (m, 2H);
1009

13C NMR (101 MHz, MeOD) δ 172.1, 160.2, 138.4, 138.3, 131.1,
1010 129.6, 129.0, 128.5, 120.1, 117.7, 114.3, 71.11, 44.53, 40.99, 38.84,
1011 36.36, 32.92, 30.77.
1012 (4-(Benzyloxy)phenyl)(3,9-diazaspiro[5.5]undecan-3-yl)-
1013 methanone Hydrochloride (1k). Obtained as a white solid from 100
1014 mg of 3k according to method D in quantitative yield. Rt (HPLC) =
1015 9.95 min; LC/MS (ESI): m/z calcd for C23H29N2O2 [M + H]+ =
1016 365.22, found 365.1; 1H NMR (400 MHz, MeOD) δ 7.44 (d, J = 6.8
1017 Hz, 2H), 7.41−7.34 (m, 4H), 7.34−7.28 (m, 1H), 7.07 (d, J = 8.6 Hz,
1018 2H), 5.14 (s, 2H), 3.82−3.40 (m, 4H), 3.26−3.12 (m, 4H), 1.79 (t, J
1019 = 5.7 Hz, 4H), 1.72−1.49 (m, 4H); 13C NMR (101 MHz, MeOD) δ
1020 172.5, 161.7, 138.3, 130.0, 129.6, 129.0, 129.0, 128.6, 115.9, 71.1,
1021 41.0, 32.9, 30.8.
1022 (3-Hydroxyphenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
1023 Hydrochloride (1l). Obtained as a white solid from 85 mg of 3l
1024 according to method D in quantitative yield. Rt (HPLC) = 6.46 min;
1025 LC/MS (ESI): m/z calcd for C16H23N2O2 [M + H]+ = 275.4, found
1026 275.3; 1H NMR (400 MHz, MeOD) δ 7.16 (t, J = 7.9 Hz, 1H), 6.78
1027 (ddd, J = 7.9, 2.5, 1.1 Hz, 1H), 6.73 (dt, J = 7.9, 1.1 Hz, 1H), 6.71−
1028 6.68 (m, 1H), 3.70−3.52 (m, 2H), 3.42−3.27 (m, 2H), 3.15−3.03
1029 (m, 4H), 1.78−1.61 (m, 4H), 1.61−1.50 (m, 2H), 1.47−1.43 (m,
1030 2H). 13C NMR (151 MHz, MeOD) δ 171.0, 157.6, 136.8, 129.5,
1031 117.1, 116.5, 113.1, 43.1, 39.6, 37.4, 35.0, 34.0, 31.5, 29.4.
1032 (4-Hydroxyphenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
1033 Hydrochloride (1m). Obtained as a white solid from 50 mg of 3m
1034 according to method D, in 99% yield. Rt (HPLC) = 6.31 min; LC/MS
1035 (ESI): m/z calcd for C16H23N2O2 [M + H]+ = 275.4, found 275.3; 1H
1036 NMR (400 MHz, MeOD) δ 7.32 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6
1037 Hz, 2H), 3.85−3.47 (m, 4H), 3.26−3.12 (m, 4H), 1.85−1.75 (m,
1038 4H), 1.75−1.48 (m, 4H). 13C NMR (101 MHz, MeOD) δ 173.0,
1039 161.1, 130.3, 126.3, 116.3, 49.6, 49.4, 49.2, 49.0, 48.8, 48.6, 48.4, 41.0,
1040 32.9, 30.7.
1041 (3-Nitrophenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
1042 Hydrochloride (1n). Obtained as a white solid from 50 mg of 3n
1043 according to method D using DCM (5 mL) as solvent and stirred at
1044 room temperature overnight in quantitative yield. Rt (HPLC) = 7.43
1045 min; LC/MS (ESI): m/z calcd for C16H22N3O3 [M + H] + = 304.4,
1046 found 304.3; 1H NMR (400 MHz, MeOD) δ 8.35 (ddd, J = 8.3, 2.4,
1047 1.2 Hz, 1H), 8.28 (t, J = 1.9 Hz, 1H), 7.83 (dt, J = 7.6, 1.4 Hz, 1H),
1048 7.74 (t, J = 7.9 Hz, 1H), 3.94−3.68 (m, 2H), 3.56−3.36 (m, 2H),
1049 3.28−3.10 (m, 4H), 1.93−1.76 (m, 4H), 1.76−1.65 (m, 2H), 1.65−
1050 1.53 (m, 2H); 13C NMR (101 MHz, MeOD) δ 169.8, 149.6, 138.7,
1051 134.0, 131.3, 125.6, 123.0, 49.6, 49.4, 49.2, 49.0, 48.8, 48.6, 48.4, 44.7,
1052 41.0, 39.1, 35.3, 32.9, 30.8.
1053 (4-Nitrophenyl)(3,9-diazaspiro[5.5]undecan-3-Yl)methanone
1054 Hydrochloride (1o). Obtained as a white solid from 40 mg of 3o
1055 according to method D in quantitative yield. Rt (HPLC) = 7.57 min;
1056 LC/MS (ESI): m/z calcd for C16H22N3O3 [M + H]+ = 304.2, found
1057 304.3; 1H NMR (400 MHz, MeOD) δ 8.33 (d, J = 8.7 Hz, 2H), 7.66
1058 (d, J = 8.7 Hz, 2H), 3.79 (t, J = 5.8 Hz, 2H), 3.39 (t, J = 5.8 Hz, 2H),
1059 3.27−3.14 (m, 4H), 1.80 (q, J = 5.2 Hz, 4H), 1.75−1.65 (m, 2H),
1060 1.64−1.49 (m, 2H). 13C NMR (101 MHz, MeOD) δ 142.6, 128.5,
1061 124.3, 43.9, 40.4, 38.3, 35.7, 35.6, 34.7, 32.3, 30.2.
1062 (3-Aminophenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
1063 Hydrochloride (1p). Obtained as a white solid from 59 mg of 3p
1064 according to method D, using DCM (5 mL) as solvent, in quantitative
1065 yield. Rt (HPLC) = 5.01 min; LC/MS (ESI): m/z calcd for
1066 C16H24N3O [M + H]+ = 274.2, found 274.2; 1H NMR (400 MHz,
1067 MeOD) δ 7.64 (t, J = 7.8 Hz, 1H), 7.59−7.48 (m, 2H), 7.46 (t, J =

10681.9 Hz, 1H), 3.91−3.70 (m, 2H), 3.55−3.37 (m, 2H), 3.28−3.10 (m,
10694H), 1.82 (q, J = 4.4 Hz, 4H), 1.76−1.49 (m, 4H); 13C NMR (101
1070MHz, MeOD) δ 170.3, 139.1, 133.0, 131.7, 128.2, 125.4, 122.7, 49.6,
107149.4, 49.2, 49.0, 48.8, 48.6, 48.4, 44.7, 41.0, 39.0, 35.4, 32.9, 30.8.
1072(4-Aminophenyl)(3,9-diazaspiro[5.5]undecan-3-yl)methanone
1073Hydrochloride (1q). Obtained as a white solid from 19 mg of 3q
1074according to method D, in 83% yield. Rt (HPLC) = 4.92 min; LC/MS
1075(ESI): m/z calcd for C16H24N3O [M + H]+ = 274.2, found 274.2; 1H
1076NMR (400 MHz, MeOD) δ 7.60 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.3
1077Hz, 2H), 3.87−3.70 (m, 2H), 3.48−3.37 (m, 2H), 3.27−3.13 (m,
10784H), 1.81 (m, 4H), 1.75−1.50 (m, 4H). 13C NMR (101 MHz,
1079MeOD) δ 169.39, 136.38, 132.30, 128.51, 123.12, 43.36, 39.63, 37.64,
108031.47, 29.39.
1081(3,9-Diazaspiro[5.5]undecan-3-yl)(4-(trifluoromethyl)phenyl)-
1082methanone Hydrochloride (1r). Obtained as a white solid from 435
1083mg of 3r according to METHOD D, in 90% yield. Rt (HPLC) = 8.85
1084min; UPLC/MS (ESI): m/z calcd for C17H22F3N2O2 [M + H]+ =
1085327.2, found 327.2; 1H NMR (400 MHz, DMSO-d6) δ 8.90 (s, 2H),
10867.81 (d, J = 8.0 Hz, 2H), 7.60 (d, J = 8.0 Hz, 2H), 3.67−3.58 (m,
10872H), 3.28−3.17 (m, 2H), 3.07−2.93 (m, 4H), 1.73−1.61 (m, 4H),
10881.58−1.50 (m, 2H), 1.49−1.38 (m, 2H); 13C NMR (101 MHz,
1089DMSO) δ 167.5, 140.4, 127.4, 125.5, 125.5, 66.3, 31.19, 29.34; 19F
1090NMR (376 MHz, DMSO) δ −61.25.
1091tert-Butyl 9-(4-Bromobenzyl)-3,9-diazaspiro[5.5]undecane-3-
1092carboxylate (4a). The compound was obtained from 100 mg of
1093tert-butyl 3,9-diazaspiro[5.5]undecane-3-carboxylate and 4-bromo-
1094benzylbromide according to method F. Purification by silica gel
1095flash column chromatography (EtOAc:n-Heptane, 1:1) yielded 4a as a
1096light brown solid in 75% yield. Rf (EtOAc:n-Heptane, 1:1) = 0.30; 1H
1097NMR (600 MHz, CDCl3) δ 7.42 (d, J = 8.3 Hz, 2H), 7.18 (d, J = 8.3
1098Hz, 2H), 3.44 (s, 2H), 3.40−3.30 (m, 4H), 2.37 (t, J = 5.6 Hz, 4H),
10991.50 (t, J = 5.6 Hz, 4H), 1.44 (s, 9H), 1.41 (t, J = 5.7 Hz, 4H). 13C
1100NMR (151 MHz, CDCl3) δ 156.99, 139.55, 133.25, 132.74, 122.71,
110181.21, 64.67, 51.00, 41.69, 40.94, 37.38, 31.53, 30.46, 17.26.
1102tert-Butyl 9-(3-methylbenzyl)-3,9-diazaspiro[5.5]undecane-3-
1103carboxylate (4b). The compound was obtained from 200 mg of
1104tert-butyl 3,9-diazaspiro[5.5]undecane-3-carboxylate and 3-methyl-
1105benzylbromide according to method F. Purification by silica gel flash
1106column chromatography (EtOAc:n-heptane, 1:1) yielded 4b as a
1107colorless oil in 95%. Rf (EtOAc:n-heptane, 1:1) = 0.28; LC/MS
1108(ESI): m/z calcd for C22H35N2O2 [M + H]+ = 359.5, found 359.3; 1H
1109NMR (600 MHz, CDCl3) δ 7.20 (t, J = 7.5 Hz, 1H), 7.16−7.12 (m,
11101H), 7.12−7.08 (m, 1H), 7.08−7.05 (m, 1H), 3.47 (s, 2H), 3.41−
11113.28 (m, 4H), 2.51−2.35 (m, 4H), 2.34 (s, 3H), 1.56−1.48 (m, 4H),
11121.45 (s, 9H), 1.44−1.34 (m, 4H). 13C-NMR (151 MHz, CDCl3) δ
1113157.0, 139.8, 133.8, 132.0, 130.1, 129.8, 128.4, 81.2, 65.4, 51.0, 37.3,
111431.5, 30.5, 23.4.
11153-(4-Bromobenzyl)-3,9-diazaspiro[5.5]undecane TFA (1s). Ob-
1116tained as a white solid from 101 mg of 4a according to method E in
111719% yield after purification by preparative HPLC. Rt (HPLC) = 6.89
1118min; LC/MS (ESI): m/z calcd for C16H24BrN2 [M + H]+ = 323.1,
1119325.1 found 323.0, 325.0; 1H NMR (400 MHz, MeOD) δ 7.66 (d, J =
11208.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 4.32 (s, 2H), 3.42−3.33 (m,
11212H), 3.25−3.06 (m, 6H), 2.08−1.85 (m, 4H), 1.79−1.59 (m, 4H).
1122

13C NMR (101 MHz, MeOD) δ 161.6, 134.2, 133.6, 129.8, 129.5,
1123125.6, 121.2, 74.7, 60.5, 48.0, 40.8, 36.2, 32.9, 29.4, 28.5.
11243-(3-Methylbenzyl)-3,9-diazaspiro[5.5]undecane Hydrochloride
1125(1t). Obtained as a white solid from 222 mg of 4b according to
1126method D using dry CH2Cl2 (10 mL) as a solvent in 95% yield. Rt
1127(HPLC) = 6.13 min; LC/MS (ESI): m/z calcd for C17H27N2 [M +
1128H]+ = 259.4 found 259.3; 1H NMR (400 MHz, MeOD) δ 7.43−7.38
1129(m, 1H), 7.38−7.29 (m, 3H), 4.32 (s, 2H), 3.35 (dt, J = 12.5, 2.6 Hz,
11302H), 3.28−3.10 (m, 6H), 2.39 (s, 3H), 2.11−1.90 (m, 4H), 1.83−
11311.67 (m, 4H); 13C NMR (101 MHz, MeOD) δ 140.5, 132.9, 131.9,
1132130.3, 130.2, 129.4, 61.4, 41.0, 40.8, 36.1, 32.9, 29.5, 28.5, 21.3.
11332-(Chloromethyl)thiophene (6). In a Schlenk dry round-bottomed
1134flask equipped with a magnetic stirring bar and under a N2
1135atmosphere, to a solution of thien-2-ylmethanol 5 (5.00 g, 43.8
1136mmol, 4.17 mL, 1 eq) in dry CH2Cl2 (50 mL) was added SOCl2
1137(10.42 g, 87.6 mmol, 6.36 mL, 2 eq) in a dropwise manner. The
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1138 solution was left at room temperature for 4 h, quenched with
1139 saturated NaHCO3 (20 mL) and extracted with CH2Cl2 (2 × 30 mL),
1140 dried over MgSO4, filtered, and concentrated in vacuo to afford 6 in
1141 quantitative yield (5.81 g, 100%). 1H NMR (600 MHz, CDCl3) δ
1142 7.33 (dd, J = 5.1, 1.2 Hz, 1H), 7.10 (dd, J = 3.5, 1.2 Hz, 1H), 6.98
1143 (dd, J = 5.1, 3.5 Hz, 1H), 4.83 (s, 2H); 13C NMR (151 MHz, CDCl3)
1144 δ 140.20, 127.78, 127.01, 126.99, 40.47.
1145 Methyl 3-(Thiophen-2-ylmethoxy)benzoate (7). In a Schlenk dry
1146 round-bottomed flask equipped with a magnetic stirring bar and
1147 under a N2 atmosphere, methyl-3-hydroxy benzoate (456.6 mg, 3.00
1148 mmol, 1 eq) and K2CO3 (829.3 mg, 6.00 mmol, 2 eq) were
1149 suspended in dry DMF (30 mL) followed by addition of 6 (437.6 mg,
1150 3.30 mmol, 1.1 eq). The reaction was heated to 75 °C and left for 2 h,
1151 quenched with H2O (30 mL), and transferred to a separatory funnel
1152 and extracted with EtOAc (2 × 50 mL). The combined organic layer
1153 was washed with H2O (5 × 30 mL) and brine (30 mL), dried over
1154 MgSO4, filtered, and concentrated in vacuo to afford 7 as a brown
1155 liquid (750 mg, 100%). 1H NMR (400 MHz, CDCl3) δ 7.59−7.53
1156 (m, 2H), 7.27−7.20 (m, 2H), 7.06 (dd, J = 8.3, 2.7 Hz, 1H), 7.02 (dd,
1157 J = 3.5, 1.0 Hz, 1H), 6.90 (dd, J = 5.1, 3.5 Hz, 1H), 5.15 (s, 2H), 3.80
1158 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.9, 158.3, 138.9, 131.6,
1159 129.6, 127.13, 126.9, 126.5, 122.6, 120.5, 115.3, 65.2, 52.3.
1160 3-(Thiophen-2-ylmethoxy)benzoic Acid (8). Compound 7 (750
1161 mg, 3.00 mmol, 1 eq) was dissolved in a mixture of H2O and THF
1162 (1:2, 15 mL) followed by addition of NaOH (298.5 mg, 6.00 mmol, 2
1163 eq) and stirred overnight. The reaction mixture was transferred with
1164 aqueous HCl (4 N, 20 mL) and extracted with EtOAc (3 × 20 mL).
1165 The combined organic layer was dried over MgSO4, filtered, and
1166 concentrated in vacuo to afford 7 as a white solid (619.4 mg, 88.1%).
1167

1H NMR (600 MHz, CDCl3) δ 7.75 (dt, J = 7.9, 1.1 Hz, 1H), 7.73
1168 (dd, J = 2.7, 1.1 Hz, 1H), 7.40 (t, J = 7.9 Hz, 1H), 7.35 (dd, J = 5.1,
1169 1.1 Hz, 1H), 7.24 (ddd, J = 7.9, 2.7, 1.1 Hz, 1H), 7.14 (dd, J = 3.5, 1.1
1170 Hz, 1H), 7.02 (dd, J = 5.1, 3.5 Hz, 1H), 5.29 (s, 2H); 13C NMR (151
1171 MHz, CDCl3) δ 171.8, 158.4, 138.8, 130.7, 129.8, 127.3, 127.0, 126.6,
1172 123.4, 121.6, 115.7, 65.3.
1173 tert-Butyl 9-(2,2,2-Trifluoroacetyl)-3,9-diazaspiro[5.5]undecane-
1174 3-carboxylate (9). In a Schlenk flame-dried round-bottomed flask
1175 equipped with a magnetic stirring bar, tert-butyl 3,9-diazaspiro[5.5]-
1176 undecane-3-carboxylate 2 (2.0 g, 7.86 mmol, 1 eq) and dry Et3N
1177 (2.39 g, 23.59 mmol, 3.29 mL, 3 eq) were dissolved in dry CH2Cl2
1178 (40 mL) under a N2 atmosphere. The reaction mixture was cooled to
1179 0 °C in an ice water bath following dropwise addition of
1180 trifluoroacetic anhydride (2.48 g, 11.79 mmol, 1.64 mL, 1.5. eq).
1181 The reaction mixture was left overnight. After quenching with
1182 saturated aqueous NaHCO3 (40 mL), the aqueous layer was extracted
1183 with CH2Cl2 (3 × 30 mL). The combined organic layer was washed
1184 with saturated aqueous NaHCO3 (30 mL) and brine (30 mL), dried
1185 over MgSO4, filtered, and concentrated in vacuo to afford 9 as a white
1186 crystalline solid (2.73 g, >95%); 1H NMR (400 MHz, CDCl3) δ 3.63
1187 (m, 2H), 3.54 (t, J = 5.8 Hz, 2H), 3.39 (t, J = 5.9 Hz, 4H), 1.56 (t, J =
1188 5.9 Hz, 4H), 1.49 (t, J = 5.8 Hz, 4H), 1.45 (s, 9H); 13C NMR (101
1189 MHz, CDCl3) δ 155.4, 155.0, 118.1, 79.7, 46.2, 41.7, 41.6, 39.4, 35.9,
1190 34.7, 30.4, 28.6; 19F NMR (376 MHz, CDCl3) δ −68.93.
1191 2,2,2-Trifluoro-1-(3,9-diazaspiro[5.5]undecan-3-yl)ethan-1-one
1192 (10). In a round-bottomed flask equipped with a magnetic stirring bar,
1193 compound 9 (2.73 g, 7.86 mmol, 1.0 eq) was dissolved in dry MeOH
1194 (50 mL), and a solution of HCl in dioxane (4N, 10 mL) was added
1195 dropwise. The reaction was left for 2 h before concentration in vacuo
1196 to afford 10 as a hydrochloride salt in quantitative yield (2.26 g,
1197 >95%); UPLC/MS (ESI): m/z calcd for C11H18F3N2O [M + H]+ =
1198 251.3, found 251.1; 1H NMR (400 MHz, MeOD) δ 3.72−3.60 (m,
1199 4H), 3.26−3.16 (m, 4H), 1.89−1.75 (m, 4H), 1.72−1.58 (m, 4H);
1200

13C NMR (101 MHz, MeOD) δ 157.00, 156.65, 156.29, 155.94
1201 (quartet splitting from F), 122.33, 119.48, 116.62, 113.77 (quartet
1202 splitting from F), 47.89, 42.60, 42.57, 40.93, 40.80, 40.23, 36.26,
1203 35.21, 32.70, 32.52, 30.65, 9.22.; 19F NMR (376 MHz, MeOD) δ
1204 −70.45.
1205 2,2,2-Trifluoro-1-(9-(3-(thiophen-2-ylmethoxy)benzoyl)-3,9-
1206 diazaspiro[5.5]undecan-3-yl)ethan-1-one (3u). In a round-bot-
1207 tomed flask equipped with a magnetic stirring bar, 8 (337.03 mg,

12081.44 mmol, 1.2 eq) and compound 10 (300 mg, 1.20 mmol, 1 eq)
1209were dissolved in dry CH2Cl2 (25 mL), followed by the addition of
1210HBTU (545.5 mg, 1.44 mmol, 1.2 eq) and dry Et3N (363.9 mg, 0.50
1211mL, 3 eq). The reaction was stirred at rt overnight, diluted with
1212CH2Cl2 (25 mL), and washed with saturated NaHCO3 (3 × 50 mL).
1213The organic layer was then dried over MgSO4, filtered, and
1214concentrated in vacuo. The crude brown oil was purified by silica
1215gel flash column chromatography using a gradient (EtOAc:n-heptane
12161:1 to EtOAc) to afford 3u as a viscous oil (403.6 mg, 73%). Rf = 0.15
1217(EtOAc:n-heptane 1:1); UPLC/MS (ESI): m/z calcd for
1218C23H25F3N2O3S [M + H]+ = 467.2, found 467.2; 1H NMR (400
1219MHz, DMSO) δ 7.55 (dd, J = 5.1, 1.2 Hz, 1H), 7.35 (dd, J = 8.2, 7.5
1220Hz, 1H), 7.21 (dd, J = 3.5, 1.2 Hz, 1H), 7.08 (ddd, J = 8.2, 2.7, 1.1
1221Hz, 1H), 7.04 (dd, J = 5.1, 3.5 Hz, 1H), 6.99 (dd, J = 2.7, 1.3 Hz,
12221H), 6.94 (dt, J = 7.5, 1.3 Hz, 1H), 5.32 (s, 2H), 3.68−3.43 (m, 6H),
12233.29−3.18 (m, 2H), 1.67−1.38 (m, 8H); 13C NMR (101 MHz,
1224DMSO) δ 168.41, 157.64, 138.99, 137.79, 129.65, 127.56, 126.83,
1225119.08, 115.98, 112.94, 64.33, 38.97, 35.00, 33.98, 30.43, 22.07,
122614.05; 19F NMR (376 MHz, DMSO) δ −68.07.
1227(3,9-Diazaspiro[5.5]undecan-3-yl)(3-(thiophen-2-ylmethoxy)-
1228phenyl)methanone (1u). In a round-bottomed flask equipped with a
1229magnetic stirring bar, compound 3u (403.6 mg, 0.87 mmol, 1 eq) was
1230dissolved in a solvent mixture consisting of EtOH (5 mL) and 10%
1231aqueous NaOH (2.5 mL). The reaction was left for 2 h before being
1232diluted with H2O (25 mL) and extracted with CH2Cl2 (3 × 25 mL).
1233The combined organic layers were dried over MgSO4, filtered, and
1234concentrated in vacuo to afford 1u as a viscous oil (250.3 mg, 78.0%);
1235Rt (HPLC) = 14.22 min; UPLC/MS (ESI): m/z calcd for
1236C21H27N2O2S [M + H]+ = 371.2, found 371.2; 1H NMR (400
1237MHz, DMSO) δ 7.55 (dd, J = 5.1, 1.2 Hz, 1H), 7.34 (t, J = 7.9 Hz,
12381H), 7.21 (dd, J = 3.5, 1.2 Hz, 1H), 7.07 (ddd, J = 7.9, 2.6, 1.2 Hz,
12391H), 7.03 (dd, J = 5.1, 3.5 Hz, 1H), 6.97 (dd, J = 2.6, 1.2 Hz, 1H),
12406.92 (dt, J = 7.9, 1.2 Hz, 1H), 5.32 (s, 2H), 3.67−3.49 (m, 2H),
12413.33−3.12 (m, 4H), 2.68−2.59 (m, 2H), 1.50−1.32 (m, 8H); 13C
1242NMR (101 MHz, DMSO) δ 205.99, 195.26, 176.65, 175.53, 167.27,
1243165.19, 164.47, 164.45, 156.72, 153.57, 150.54, 101.96, 78.74, 75.86,
124473.49, 67.88.
1245[3H]-Muscimol Binding Assay. The [3H]-muscimol binding
1246assays were performed using cortical synaptic membranes prepared as
1247previously described.26 On the day of the experiment, the membrane
1248preparation was quickly thawed, homogenized in 40 volumes of 50
1249mM Tris−HCl buffer (pH 7.4), and centrifuged at 20,000 rpm for 10
1250min at 4 °C. The washing step was repeated four consecutive times.
1251The final pellet was resuspended in buffer.
1252Incubation of membranes in 96-well plates (70−80 μg protein) in
1253200 μL of buffer, 25 μL of [3H]-muscimol (5 nM final concentration),
1254and 25 μL of test compounds in various concentrations for at 0 °C.
1255The reaction was terminated by rapid filtration through Whatman
1256GF/C filters (PerkinElmer Life Sciences) using a 96-well Packard
1257FilterMate cell-harvester followed by washing with 3 × 250 μL of ice-
1258cold buffer. Upon drying the filters overnight at 50 °C, 30 μL of
1259Microscint scintillation fluid (PerkinElmer Life Sciences) was added,
1260and the amount of filter-bound radioactivity was quantified in cpm.
1261The experiments were performed in triplicate at least three times per
1262compound. Nonspecific binding was determined using 1.0 mM GABA
1263and total binding was determined using buffer solution. The binding
1264data were analyzed by a nonlinear regression curve-fitting procedure
1265using GraphPad Prism 7.02 (GraphPad Software Inc., San Diego, CA,
1266USA).
1267FLIPR Membrane Potential Assay. Cell line origin has been
1268previously described in detail.26,53 A HEK293 Flp-In cell line stably
1269expressing the human δ-GABAA receptor subunit (δ-HEK), a
1270HEK293 Flp-In background cell line stably expressing the G-
1271protein-coupled receptor NPBWR2, and the HEK293 cell line stably
1272expressing the human α1β2γ2 receptors were maintained in DMEM
1273containing GlutaMAX-I supplemented with 10% fetal bovine serum
1274(FBS) and 1% penicillin−streptomycin and kept in an incubator at 37
1275°C with a humidity of 5% CO2. HEK Flp-In cell lines were positively
1276selected using 200 μg/mL hygromycin B. All cell media and additives
1277were from Life Technologies (Paisley, UK).
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1278 Transfection of δ-HEK cells and HEK background cells was
1279 attained using half amounts of Polyfect transfection reagent (Qiagen,
1280 West Sussex, UK) with α and β-subunits in a 1:1 ratio or α, β, and γ in
1281 a 1:1:2 ratio to express αβδ or αβγ receptors, respectively. The cells
1282 were transfected with human GABAA receptor subunits α1, α2, α3, α5,
1283 α6, β2, γ2 (pcDNA3.1/Zeo), α4, and β1 (pUNIV) to obtain the
1284 respective subtypes.
1285 The FMP assay was performed as described previously.26 GABA
1286 EC80 concentrations applied to test the antagonist activities of the
1287 compounds were determined from full GABA concentration−
1288 response curves at the respective receptor subtypes. The obtained
1289 relative changes in fluorescence units (ΔRFU) are the difference
1290 between the baseline fluorescent signal measured before compound
1291 addition and the peak/top plateau in the fluorescent signal obtained
1292 after buffer/compound addition. Signal artifacts due to compound/
1293 buffer addition was removed from the data based on manual
1294 inspection of the raw data traces. Concentration−inhibition curves
1295 used to determine antagonist potency were fitted using the four-
1296 parameter concentration−response model:

= +
−

+ [ − · ]response bottom
top bottom

1 10 n(logIC A)50 H

1297 where IC50 is the concentration of the compound A resulting in the
1298 half-maxium response (reponse halftway between top and bottom)
1299 and nH is the Hill coefficient. Data analysis was performed using
1300 GraphPad Prism v.8 (GraphPad Software Inc., San Diego, CA, USA).
1301 Whole-Cell Patch-Clamp Electrophysiology. Whole-cell
1302 patch-clamp experiments were performed essentially as described
1303 previously26 with the following modifications.
1304 δ-HEK cells transiently expressing human α4β1δ or α1β2δ receptors
1305 were seeded in 35 mm Petri dishes 1 day after transfection and 1−2
1306 days before the experiments. Initially, in GABA concentration−
1307 response experiments, for each receptor, a GABA concentration
1308 (EC90−100) eliciting a close to maximum peak response was
1309 established in order to ensure fast activation of the receptors.
1310 GABA concentrations of 100 μM and 1 mM for the α4β1δ and α1β2δ
1311 receptors, respectively, were found to be suitable.
1312 For the kinetic studies, various concentrations of 1e were applied
1313 for 20 s, immediately followed by application of GABA (EC90−100)
1314 alone for 5 s or until a peak or plateau current response was reached.
1315 The cells were allowed to recover so that GABA applications were at
1316 least 1 min apart.
1317 The preapplication of 1e concentration-dependently protracted the
1318 subsequent receptor activation by GABA. In order to describe this
1319 effect, the activation phase was fitted with two exponential
1320 components (biexponantial fitting), where applicable, or otherwise
1321 with one exponential component using a Simplex optimization
1322 algorithm (PulseFit; HEKA, Germany).26 This procedure lead to two
1323 (τfast, τslow) or one (τ) time constants, respectively. When
1324 biexponential fitting was applied, the fractional amplitude of the fast
1325 component %Afast = (Afast/(Aslow + Afast)) was also calculated. For
1326 comparison with τ values from monoexponantial fitting, a weighted
1327 time constant (τw) was calculated.

τ
τ τ

=
· + · −A A% (1 % )

100%w
fast fast slow fast

1328 τ values are reported as medians with interquartile (25−75%)
1329 intervals and compared using Kruskal−Wallis ANOVA followed by
1330 Dunn’s multiple comparison.
1331 In order to estimate the concentration resulting in 50% receptor
1332 occupation by 1e, corresponding to a “functional” KB, the following
1333 concentration−inhibition model was fitted to the concentration−%
1334 Afast data (GraphPad Prism v.7, GraphPad Software Inc., San Diego,
1335 CA, USA).

=
+ [ −[ ] · ]%A

100%
1 10

fast 1e(logIC ) n50 H

1336 Membrane Permeability. Bidirectional permeability was tested
1337 for 1e in the Madin−Darby canine kidney (MDCK) cell line

1338expressing human multidrug resistance protein (MDR1, P-glyco-
1339protein) (referred to as MDR1-MDCK cells) as described
1340previously.54 To calculate efflux ratio, the permeability in the basal-
1341to-apical direction was divided by the permeability in the apical-to-
1342basal direction. The obtained data is from triplicate measurements.
1343Molecular Modeling. Ligand Preparation. Compounds 2027,
1344018, and 1a−u were prepared with the 2D sketch editor of Maestro,
1345and their protonation state was assigned with Ligprep using default
1346settings.55

1347Receptor Preparation and Docking. The extracellular β3/α1
1348interface, complexed with bicuculline (BCC), was extracted from
1349the cryo-EM of α1β3γ2L GABAAR (PDB code: 6HUK)32 and prepared
1350with the Protein Preparation Wizard with default settings.56 Then, the
1351shape and size of the binding pocket was adapted to the shape and
1352size of our ligands by docking the compound with the highest binding
1353affinity in the [3H]-muscimol assay (018) using the Induced Fit
1354Docking Protocol.57 The docking center was defined by the
1355complexed BCC, a scaling factor of 0.8 was used to avoid excessive
1356deformation of the binding site, and default settings were used
1357elsewhere. Compounds 2027, 018, and 1a−u were then docked using
1358Glide XP Ligand Docking Protocol with default settings on a grid
1359centered on the present ligand.58 The best scoring output pose
1360according to the XP GScore was selected for each ligand. In all cases,
1361the selected pose also maintained the conserved electrostatic
1362interaction between the ammonium group and Glu 155. The inner
1363surface of the receptor was calculated with SiteMap.59

1364T Cell Proliferation Assay. PBMC Isolation. Anonymized
1365leukocyte cones were obtained with consent from the National
1366Blood Service (Southampton, UK) and were used within 4 h for
1367preparation of peripheral blood mononuclear cells (PBMC) by
1368density gradient centrifugation (Lymphoprep; Stemcell Technologies,
1369Cambridge, UK). Residual red blood cells were removed through the
1370addition of ammonium−chloride−potassium lysing buffer (Thermo-
1371Fisher Scientific, Massachusetts, USA), and contaminating platelets
1372were eliminated by three slow-speed centrifugations (200g, 10 min),
1373in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma-
1374Aldrich, Dorset, UK). Finally, PBMCs were resuspended in freezing
1375medium (composed of 90% (v/v) fetal calf serum (FCS) and 10% (v/
1376v) DMSO (Sigma-Aldrich)), initially frozen at −80 °C, and then
1377subsequently transferred to liquid nitrogen for extended storage.
1378Splenocyte Isolation. Spleens were harvested from female wild-
1379type BALB/c mice. Splenocytes were isolated through processing the
1380spleen into a single-cell suspension using a cell strainer and
1381subsequent collection of the cells in phosphate buffered saline
1382(PBS). Residual red blood cells were removed through the addition of
1383ammonium−chloride−potassium lysing buffer before the remaining
1384splenocytes were resuspended in RPMI 1640 medium containing 10%
1385FCS, L-glutamine, pyruvate, antibiotics penicillin and streptomycin,
1386and 2 μM 2-betamercaptoethanol (Sigma-Aldrich).
1387Proliferation Assay Experimental Setup. PBMC and spleno-
1388cytes were isolated as described above and resuspended in PBS at a
1389density of 1 × 107 cells/ml. Cells were then stained with 5 μM CFSE
1390(BioLegend, San Diego, USA) and incubated at room temperature for
139110 min protected from light. RPMI medium containing 10% FCS, L-
1392glutamine, pyruvate, and antibiotics penicillin and streptomycin was
1393added to cells to quench the CFSE, and the cells were centrifuged for
13945 min at 300g before being resuspended in RPMI medium containing
139510% FCS, L-glutamine, pyruvate, and antibiotics penicillin and
1396streptomycin. PBMCs were subjected to high-density incubation
1397overnight (at a concentration of 1 × 107 cells/ml) prior to
1398commencement of the proliferation assay as previously described.60

1399Cells were activated with soluble anti-CD3 antibody (anti-human
1400CD3: clone OKT3 and anti-mouse CD3: clone 145.2C11, both made
1401in-house, and < 10 EU/mg endotoxin) at concentrations indicated in
1402the individual figure legends. In addition, alprazolam, BMI (both from
1403Sigma-Aldrich), and 1e were used as activating or inhibitory reagents
1404within the assay. The concentrations of each reagent used within
1405individual experiments are indicated in the individual figure legends.
1406PBMC were incubated for 96 h, while splenocytes were incubated
1407for 48 h. Cells were then harvested, and the percentage of
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1408 proliferating cells in each condition were determined through flow
1409 cytometry as described below.
1410 Flow Cytometry. The following antibodies were used for flow
1411 cytometry: mouse anti-human APC-CD8(SK1), mouse anti-human
1412 PE-CD4(OKT4), rat anti-mouse PE-CD4(GK1.5), and rat anti-
1413 mouse APC-CD8(53−6.7), in addition to the appropriate isotype
1414 controls (all from BioLegend). Cells were harvested and washed in
1415 flow cytometry buffer (PBS supplemented with 1% (w/v) BSA, 0.1%
1416 (w/v) sodium azide, and 0.5 mM EDTA (all from Sigma-Aldrich))
1417 before being stained with fluorochrome-conjugated antibodies
1418 according to the manufacturer’s instructions. Following staining,
1419 cells were washed three times in flow cytometry buffer before being
1420 fixed with 1% (w/v) paraformaldehyde (BD Biosciences, Oxford,
1421 UK).
1422 Flow cytometry was performed on a FACSCalibur using BD
1423 Cellquest software or on a FACSCanto-II using BD FACSDiva
1424 software. Further analysis and figure preparation were carried out
1425 using FlowJo software.
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