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Resumen 
Synthesis and Electrophysiological Evaluation of 6,11-Dihydrodibenzo[c,f] 
[1,2,5]thiadiazepine-5,5-dioxide (DBTD): Non-Competitive GABAA Receptor 
Antagonists 

En este trabajo describimos un nuevo proceso para obtener 

dibenzo[c,f][1,2,5]tiadiazepinas (DBTDs o 2) y sus efectos como modulador de los 

receptores GABAA de neuronas mientéricas de cobayo. La síntesis de derivados 

de DBTDs inició con dos compuestos aromáticos comerciales. Un grupo azida fue 

obtenido después de dos reacciones secuenciales y posteriormente el anillo 

central fue cerrado vía nitrenos obteniendo sulfonamidas tricíclicas (DBTDs). Los 

resultados de experimentos de célula completa en neuronas mostraron que la 

aplicación de 2 no afecta la corriente neuronal basal pero inhiben las corrientes 

inducidas por GABA (IGABA), las cuales son mediadas por receptores GABAA. Los 

efectos de las DBTDs alcanzaron su máximo a los 3 min después de su aplicación 

y fueron: i) reversibles; ii) dependiente de la concentración (con un orden de 

potencia de 2c = 2d > 2b); iii) antagonismo no competitivo y; iv) solo se presenta 

cuando 2 fue aplicado extracelularmente. Picrotoxina y 2 no afectan sus efectos 

inhibitorios cuando ambos se aplican. Nuestros resultados indican que DBTD 

actúa en la región extracelular de los canales GABA distinto al poro, pero 

independiente del sitio de unión de la picrotoxina, benzodiazepina y sitios de unión 

a GABA. Las DBTDs descritas aquí pudieran ser empleadas como un modelo 

inicial para sintetizar nuevos inhibidores de los receptores GABAA con potencial 

para ser usados como antídotos en la intoxicación por moduladores positivos de 

estos receptores o inducir epilepsia experimental. 

 

PALABRAS CLAVE. 

Dibenzotiadiazepinas, Receptores GABAA, Neuroquímica, Actividad Biológica, 

Neuronas entéricas, Patch clamp, Antagonistas de los receptores GABAA, 

Electrofisiología. 
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Abstract 
Synthesis and Electrophysiological Evaluation of 6,11-Dihydrodibenzo[c,f] 
[1,2,5]thiadiazepine-5,5-dioxide (DBTD): Non-Competitive GABAA Receptor 
Antagonists 

A new process for obtaining dibenzo[c,f][1,2,5]thiadiazepines (DBTDs or 2) and 

their effects as modulators on GABAA receptors of guinea pig myenteric neurons 

are described. Synthesis of DBTD derivatives began with two commercial aromatic 

compounds. An azide group was obtained after two sequential reactions, and the 

central ring was closed via nitrene to obtain the tricyclic sulfonamides (DBTDs). 

Whole-cell neuronal recordings showed that 2 application did not affect the holding 

neuronal current but inhibited the currents induced by GABA (IGABA), which are 

mediated by GABAA receptors. These DBTDs effects reached their maximum 3 

min after application and were: i) reversible, ii) concentration-dependent (with a 

rank order of potency of 2c = 2d > 2b), iii) mediated by a non-competitive 

antagonism, and iv) only observed when applied extracellularly. Picrotoxin (which 

binds in the channel mouth) and DBTDs effects were not modified when both 

substances were simultaneous applied. Our results indicate that DBTD acted on 

the extracellular domain of GABAA channels but independent of the picrotoxin, 

benzodiazepine, and GABA binding sites. DBTDs used here could be the initial 

model for synthesizing new GABAA receptor inhibitors with a potential to be used 

as antidotes for positive modulators of these receptors or to induce experimental 

epilepsy. 

Keywords 

Dibenzothiadiazepines, GABAA receptors, neurochemistry, Biological activity, Enteric 

neurons, Patch clamp, GABAA receptor antagonists, Electrophysiology. 
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CHAPTER 1 BACKGROUND 

 

 

1.1 Ligand Gated Channels are Essential for Neuronal Communication 

Fast synaptic transmission is mediated by neurotransmitters, which activate ionic 

channels in the postsynaptic membrane. The opening of these Ligand Gated 

Channels (LGC) modifies the membrane potential of the postsynaptic cell, which 

results in excitatory or inhibitory postsynaptic potentials (EPSP and IPSP, 

respectively). There are different LGC in the neuronal tissue: i) the superfamily of 

the Cys-loop (p.e. nicotínicos), ii) those activated by nucleotides named purinergic 

(P2X), and iii) those activated by glutamate, cknown as glutamatergic. The 

properties of Cys-loop receptors, in particular those of GABAA receptors, activaed 

by γ-aminobutíric acid (GABA) will be revised here. 

 Cys-loop receptors are composed of five subunits that share several 

structural properties. Each subunit possesses certain structural properties that are 

well conserved for all members of this family. For instance, subunits are all 

composed of an extracellular amino terminus, four transmembranous domains 

(M1-M4), and an extracellular carboxyl terminus (Le Novere et al., 2002; Ortells 

and Lunt, 1995). Between transmembrane domains, M3 and M4 there is a long 

intracellular loop that allows for interaction with the proteins of the intracellular 

matrix. There are some important functional differences among Cys-loop receptors. 

Thus, some are permeable to cations (p.e. nACh receptors) and mediate EPSPs, 

and others (p.e. GABAA receptors) are permeable to cloride and mediate IPSPs 
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(Karanjia et al., 2006; Le Novere et al., 2002; Miranda-Morales et al., 2007; Ortells 

and Lunt, 1995). 

Thus far, there are twenty known GABAA subunits grouped into seven 

families based on their structural similarities (α1-6, β1-4, γ1-3, ρ1-3, ε, π, θ, δ).  

Each one of these subunits shows a particular localization to specific areas in the 

nervous system. The ρ subunit, for instance, was initially only found in the retina, 

are functionally distinct to other GABAA receptors, and was known as GABAC 

previously (Hanley et al., 1999). The most common native receptor stoichiometry is 

two α, two β and one of either γ, δ, or ε (Farrar et al., 1999).  

Different stoichiometry of GABAA receptors provides different 

pharmacological and functional properties, affecting the overall efficacy and affinity 

of agonists and antagonists, and the channels properties (Enna, 2012).  Thus, α 

subunits have been shown to impart different receptor efficacies for partial agonists 

like (RS)-dihydromuscimol, piperidine-4-sulfonic acid and 4,5,6,7-

tetrahydroisoxazolo [5,4-c] pyridin-3-ol (Ebert et al., 1994). Changing the β subunit 

has also been reported to affect the potency for GABA and the maximum current 

obtained (Ducic et al., 1995; Hadingham et al., 1993; Jensen et al., 2002). The β 

subunit has also been shown to impart the ion selectivity of the GABAA channel 

(Jensen et al., 2002).  Likewise, the presence of the γ subunit, specifically γ2, 

appears to be important for benzodiazepine potentiation of the GABA response 

(Kofuji et al., 1991; Sigel et al., 1990). Collectively, the characteristics of the GABA 

channels are dependent on the subunits present. 
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Additional subunit diversity can be obtained by splicing variations. The γ2 

subunit exist in two forms, a short γ2S and a long γ2L form (Kofuji et al., 1991; Sigel 

et al., 1990).  The addition of a twenty-four base-pair (eight amino acid) exon 

provides the γ2L isoform with a new regulatory region, a calcium dependent PKC 

phosphorylation site in the large cytoplasmic loop (Swope et al., 1999). 

 The localization of the GABAA receptors in the postsynaptic membrane 

appears to be dependent on the presence of a tubulin binding protein called 

gephyrin (Kneussel et al., 1999). This protein was originally identified as being 

required for the localization of the glycine channels (Kirsch et al., 1991) and latter, 

it was shown to be required for the clustering of GABAA channels at GABAergic 

synapses (Kneussel et al., 1999). It is postulated that the interaction of GABAA 

channels is dependent on the association of the γ subunit with a protein called 

GABAA receptor associated protein (GABARAP) (Wang et al., 1999). GABARAP 

has protein homology with microtubule-associated proteins (MAPs) and has been 

postulated that GABARAP functions as a protein-cytoskeleton linker.  This is a 

similar function to what MAP1-B, which has been shown, to be associated with the 

anchoring of GABAC receptors (Hanley et al., 1999). At present, it is unclear 

whether the tubulin binding functions of gephyrin, GABARAP, MAP1-B and 

possibly other MAPs are essential for GABAA subunit anchoring. In either case 

there is strong evidence implicating gephyrin in the clustering of GABAA receptors 

(Kneussel et al., 1999). 
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1.2 Pharmacological Importance of GABAA Receptors 

GABAA are expressed in both central and peripheral nervous systems. These 

receptors mediate most of the effects of GABA in the brain. Its pharmacological 

importance is well recognized because they are the targets for therapeutic effects 

of benzodiazepines, phenobarbital, and various general anesthetics. In addition,  

GABAA receptors have been implicated in numerous pathological processes such 

as: epilepsia, han sido implicados en numerosos procesos patológicos tales como 

la epilepsy, anxiety, major depression, pain, and as target of psychotropic 

substances (Enna, 2012; Krivoshein and Hess, 2006; Mohler, 2011; Twyman et al., 

1989). The role of GABAA channels in the peripheral nervous system is unknown 

(Sokolova et al., 2001). However, their expression in primary sensory neurons 

suggests that they might be used as targets to control the sensory activity by 

synthetic substances. 

1.3 Enteric Neurons 

Synaptic communication in enteric neurons is not a simple matter, with some 

studies suggesting that the number of neurons and associated glia in the system 

rivals that of the spinal cord (Galligan, 2002). All three types of synaptic 

communication are present in the enteric nervous system and employ various 

channels and neurotransmitters (Galligan, 2002; Shen and Surprenant, 1993). The 

majority of the synapses in the enteric nervous system are located in two 

ganglionated plexuses, the myenteric and submucosal.  These plexus play distinct 

set of functions; namely, the myenteric plexus appears to be responsible for the 

control of gastrointestinal motility while the other mediates the gastrointestinal 
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epithelium functions, neuroimmune responses and local blood flow (Cooke, 1998; 

Galligan, 2002). 

There are two major classes of enteric neurons; S neurons and AH neurons 

(Nishi and North, 1973). Extensive characterizations of both S and AH neurons 

have been published (Brookes, 2001; Costa et al., 1996; Furness et al., 1998). 

Functionally, S type neurons appear to function as interneurons and motor 

neurons, and AH type neurons function as intrinsic sensory neurons (Brookes, 

2001; Costa et al., 1996; Furness et al., 1998). 

1.3.1 Enteric GABAA receptors  

The function of GABA in the enteric nervous system is unclear. GABAA channels 

have been shown to be present mainly in AH neurons in the myenteric plexus but 

are found on both S and AH neurons in the submucosal plexus (Cherubini and 

North, 1984). 

 Through the use of reverse transcriptase polymerase chain reaction (RT-

PCR) and in-situ hybridization it has been shown that α1, α3, α5, β2 and γ3 are 

expressed in both myenteric and submucosal plexuses. In addition the β3 and γ1 

subunits have been found in the myenteric but not submucosal plexus (Poulter et 

al., 1999). Furthermore, a number of putative intrinsic primary afferents and nitric 

oxide synthase (NOS) immunoreactive inhibitory motor neurons have been shown 

to express ρ subunits (Fletcher et al., 2001). Up to date, pharmacological studies 

have not identified the functional role of the ρ subunits in the gut. 
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The exogenous application of GABA is able to elicit a chloride mediated 

current and GABA has been found to mediate contraction in ex-vivo longitudinal 

muscle preparations (Karanjia et al., 2006; Miranda-Morales et al., 2007; Tsai et 

al., 1993; Zhou and Galligan, 2000). These effects have been pharmacologically 

identified as being mediated by either GABAA or GABAB. GABAA mediated 

synaptic responses have not been found in the enteric nervous system (Galligan, 

2002), yet the large number of GABAA channels suggests some role for GABA in 

the gut. Indeed GABA has been implicated as a mediator of intestinal motility and 

has been shown to affect the secretion of acetylcholine gastrin and somatostatin 

from the gut (Harty et al., 1991; Harty and Franklin, 1983; Poulter et al., 1999). 

Here, we used enteric GABAA channels as a model to investigate the effect of 

DBTDs on sensory primary neurons. 

1.4 Biological relevance of dibenzothiadiazepines 

Tricyclic compounds with a central thiadiazepine ring (Figure 1, 1 ring B) were first 

described in Weber’s 1966 publication of the synthesis of dibenzothiadiazepines 

(DBTDs) (Weber, 1966a), followed by a description of the compounds anti-

depressive effects (1a) (Weber, 1966b; Weber and Frossard, 1966). 

 In 1991, Giannotti et al. (Giannotti et al., 1991) prepared DBTD (1b) 

structural variants at nitrogen 11 (N-11) with the purpose of increasing the 

antidepressive effects previously observed by Weber while reducing possible side 

effects. In addition to the effects of DBTDs on the central nervous system, these 

substances were found to act as non-nucleosidic reverse transcriptase inhibitors of 

HIV-1 (1c) (Bellarosa et al., 1996) and to have anti-proliferative activity on 
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leukemia cell lines (1d) (Silvestri et al., 2006). Effects that increased the attention 

toward these tricyclic compounds. 

The central ring of DBTDs has been synthesized via the Goldberg method 

(Goldberg, 1906), which involves an Ullmann intra-molecular condensation 

reaction (N-C) (Figure 2, via a) (Goldberg, 1906). This reaction is limited by the fact 

that ortho-haloanilines significantly reduce number of possible substituents that 

may be included in the DBTDs. Only one report has described the use of this 

methodology for obtaining compounds 2a and 2d (Altamura et al., 2009). As an 

alternative approach, N-C bonds may be formed via intra-molecular reactions of 

aryl azides with benzene derivatives (Figure 2, via b), which has been described 

during the formation of carbazoles through thermolysis (Jian and Tour, 2003), 

photolysis (Tsao et al., 2003), and recently, via metal catalysis (Shou et al., 2009; 

Stokes et al., 2009). The advantage of using aryl azides is that C-N bonds form 

directly. Therefore, the use of monosubstituted anilines with diverse functional 

groups can lead us toward obtaining DBTDs with functional variations in the C ring. 

Known DBTDs and triheterocyclic analogous compounds include diverse 

substituents on the nitrogen of the thiadiazepine ring (Figure 1); however, no 

studies have examined the biological activities of the parent compound and 9-

substituted derivatives (Figure 2). This work is the first report to consider a 

biological study of DBTDs without substituents on nitrogens 6 and 11 of B ring, 

which were obtained through a distinct process than the Ullmann method. The 

presence of a hydrogen atom at N-6 and N-11 in a DBTD can determine the 
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compound’s affinity toward proteins via hydrogen bond interactions (Cherney et al., 

2003), as shown in Figure 3. 

 

Figure 1. General chemical structure of the dibenzo[c,f][1,2,5]thiadiazepines 1, and 

several DBTDs reported to have biological activity (1a, 1b, 1c, and 1d). 

 

Figure 2. Retrosynthetic analysis of the non-substituted DBTDs. a) Classical 

method for obtaining 2 by the Goldberg methodology; b) Obtaining 2 from an aryl 

azide. 
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The linear synthetic route to the DBTDs 2a–2g comprises four stages and 

proceeds as described in Scheme 1. The thiadiazepine ring is formed through 

direct amination of the C ring via intramolecular thermal cyclization of 4 (Figure 2, 

via b). This methodology provides an alternative to the classical amination of 

Goldberg approach, with respect the formation of ring B in the substituted DBTDs 

(Figure 2, via a) (Altamura et al., 2009; Bellarosa et al., 1996; Giannotti et al., 

1995; Giannotti et al., 1991; Weber and Frossard, 1966). 

DBTDs with a modified B ring were shown to have biological effects. 

Giannotti et al. synthesized a series of DBTDs with substituents in the 

thiadiazepine ring, and they showed that the compounds displayed a potential 

antidepressive effect using the apomorphine-induced hypothermia test (Giannotti 

et al., 1991). However, these authors found no binding of DBTDs with receptors to 

dopamine, serotonin, histamine, benzodiazepine, GABA, acetylcholine, and 

adrenaline, and reported that DBTDs lack effect on serotonin and noradrenaline 

uptake. However, such observations does not rule out that DBTDs might be 

modulating any of these receptor proteins through a different binding site than the 

one directly-activated by a given agonist or modulator. 

At least three observations indicated us that GABAA channels might be the 

target for DBTDs: i) the tricyclic sulfonamide 2 is structurally similar to the 1,4-

benzodiazepines, which are major positive modulators of these channels (Enna, 

2012); ii) DBTDs have antidepressive actions (Giannotti et al., 1991), and GABAA 
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channels have been implicated in mood disorders, including depression (Brickley 

and Mody, 2012; Krystal et al., 2002). Therefore, the aim of the present study was 

to further investigate the effects of DBTDs on GABAA channels and to report a new 

synthetic platform for obtaining DBTD compounds that do not include the 

thiadiazepine ring substitutions. We found that these compounds inhibit directly 

GABAA channels by a mechanism that is independent of the binding sites for 

GABA, picrotoxin, and benzodiazepine. 
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Figure 3. The dotted lines in 2 indicate probable interactions between hydrogen 

bonds and proteins. 
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RATIONALE 

A series of DBTDs with substituents in the thiadiazepine ring displayed a potential 

antidepressive. However, there is not binding of these compounds with receptors 

to dopamine, serotonin, histamine, benzodiazepine, GABA, acetylcholine, and 

adrenaline, and do not have any effect on serotonin and noradrenaline uptake. 

This lack of binding does not rule out that DBTDs might be modulating any of these 

receptor proteins through a different binding site than the one activated by a given 

agonist or modulator. For instance, GABAA channels have various binding sites 

that could be the target for DBTDs.  

 

HYPOTHESIS 

Since DBTDs does not bind to GABA receptors DBTDs regulate GABAA channels 

by binding to modulatory site. 

 

 

OBJECTIVES 

 

1) To report a new synthetic platform for obtaining DBTD compounds that do not 

include the thiadiazepine ring substitutions. 

 

2) To investigate the effects and possible mechanism of action of DBTDs on 

enteric GABAA channels. 
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CHAPTER 2 MATERIAL AND METHODS 

 

 

2.1 Chemical Methods 

2.1.1 General Procedures 

All reagents and solvents were reagent-grade and were used as received from 

Sigma-Aldrich Co. (St. Louis, MO, USA). Flash chromatography was performed 

using Merk Kiesegel 60 silica gel (230–400 mesh). Melting points are reported 

uncorrected. The FTIR spectra were recorded on a Thermo Nicolet Nexus 470 

FTIR as thin films on a KBr disk (for solids) or a germanium ATR crystal (for 

liquids). 1H NMR and 13C NMR spectra were obtained using an Eclipse Jeol 

(operating at 300 and 75 MHz, respectively) and a Varian-Gemini (operated at 200 

MHz and 50 MHz, respectively), and the signals are reported in ppm relative to 

TMS. All mass spectra (MS) were recorded on a Jeol AX505HA mass 

spectrometer. Elemental analyses were performed on a CE-440 Exeter Analytical 

Inc. 

2.1.2 General Procedures for Synthesizing N-(4-(R)phenyl)-2-
nitrobenzenesulfonamides (5a–5f) 

Anhydrous pyridine (1.10 mL, 13.6 mmol) and 4-R-aniline (1.24 mL, 13.6 mmol) in 

dry acetone were added, via cannula, to a stirred solution of 2-nitrobenzenesulfonyl 

chloride (3.01 g, 13.6 mmol) in dry acetone under nitrogen, and the reaction 

mixture was stirred at room temperature. After 24 h the mixture was neutralized 

with a saturated sodium bicarbonate solution, and the resulting solid was collected, 
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washed with water and ethanol, and dried under vacuum. The solid was purified by 

flash chromatography (silica gel, eluting with 90:10 hexane–ethyl acetate), then 

recrystallized from ethyl acetate–hexane (30:70) to obtain 5a as a white solid 

(11.97 mmol, 88%); mp: 118–119 °C. The same procedure was used for the 

synthesis of 5b–5f. 

Products 5, 6, and 4 (except for series f) were first reported by Saeed and N.H. 

Rama (Saeed and Rama, 1997). However, 5 and 6 not were characterized and 

compound 4 was only partially characterized by IR and MS spectroscopies. 

 

N-(phenyl)-2-nitrobenzenesulfonamide (5a): 1H NMR (300 MHz, 

CDCl3+[D6]DMSO): d = 7.08 (m, 1H), 7.21 (m, 4H), 7.63 (ddd, Jo= 7.5 Hz, Jm= 1.6 

Hz, 1H), 7.70 (ddd, Jo= 7.5 Hz, Jm= 1.6 Hz, 1H), 7.76 (dd, Jo= 8.0 Hz, Jm= 1.6 Hz, 

1H), 7.92 (dd, Jo= 7.9 Hz, Jm= 1.6 Hz, 1H), 9.9 ppm (s, 1H); IR (KBr): ν = 3324, 

1380, 1180 cm-1; MS (EI, 70 eV): m/z: 278 [M]+. 

N-(4-fluorophenyl)-2-nitrobenzenesulfonamide (5b): Yellow crystals. Yield 79%; 

mp: 106 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 7.13 (d, Jo= 6.8 Hz, 4H), 7.88 (m, 

4H), 10.7 ppm (s, 1H); IR (KBr): ν = 3293, 1360, 1160 cm-1; MS (EI, 70 eV): m/z: 

296 [M]+. 

N-(4-chlorophenyl)-2-nitrobenzenesulfonamide (5c): Yellow crystals. Yield 

66%; mp: 122 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 7.13 (d, Jo= 9.0 Hz, 2H), 

7.35 (d, Jo= 9.0 Hz, 2H), 7.89 (m, 4H), 10.9 ppm (s, 1H); IR (KBr): ν = 3309, 1334, 

1162 cm-1; MS (EI, 70 eV): m/z: 312 [M]+. 
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N-(4-bromophenyl)-2-nitrobenzenesulfonamide (5d): Colorless crystals. Yield 

79%; mp: 118 ºC; 1H NMR (200 MHz, [D6] DMSO): d = 7.06 (d, Jo= 9.0 Hz, 2H), 

7.47 (d, Jo= 8.8 Hz, 2H), 7.91 (m, 4H), 10.9 ppm (s, 1H); IR (KBr): ν = 3297, 1363, 

1164 cm-1. MS (EI, 70 eV): m/z: 358/356 [M]+. 

N-(4-methoxyphenyl)-2-nitrobenzenesulfonamide (5e): Yellow needle crystals. 

Yield 72%; mp: 90 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 3.67 (s, 3H), 6.83 (d, 

Jo= 9.0 Hz, 2H), 7.03 (d, Jo= 9.0 Hz, 2H), 7.87 (m, 4H), 10.4 ppm (s, 1H); IR (KBr): 

ν = 3259, 1361, 1172 cm-1; MS (EI, 70 eV): m/z: 308 [M]+. 

Ethyl-4-(2-nitrophenylsulfonamido)benzoate N (5f): brown solid. Yield 82%; mp: 

172 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 1.25 (t, Jo= 7.1 Hz, 3H), 4.22 (q, Jo= 

7.1 Hz, 2H), 7.13 (BB’, Jo= 8.7 Hz, 2H), 7.75 (ddd, Jo= 7.5 Hz, 1H), 7.78 (AA’, Jo= 

8.7 Hz, 2H), 7.79 (ddd, Jo= 7.5 Hz, 1H), 7.91 (dd, Jo= 6.6 Hz, 1H), 7.98 ppm (dd, 

Jo= 7.0 Hz, 1H); IR (KBr): ν = 3200, 1690, 1365, 1162 cm-1; MS (EI, 70 eV): m/z: 

350 [M]+. 

2.1.3 General Procedures for the Synthesis of 2-amino-N-(4-(R) 
phenyl)benzenesulfonamide (6a–6f) 

N-(4-(R) phenyl)-2-nitrobenzenesulfonamide 5 (4.3 g, 15.6 mmol) and tin (II) 

chloride dehydrate (14.82 g, 65.7 mmol) were heated in ethyl acetate under reflux 

for 4 h. The mixture was stirred, and a saturated sodium bicarbonate solution was 

added to a pH of 6. The solution was extracted with ethyl acetate. The solvent was 

removed, and the residue was purified by flash chromatography (eluting with a 

90:10 solution of hexane–ethyl acetate). 

15 
 



2-amino-N-phenylbenzenesulfonamide (6a): Yellow powder (14.04 mmol, 90%); 

mp: 123-124 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 5.99 (s, 2H), 6.54 (ddd, Jo= 

7.6 Hz, Jm= 1.2 Hz, 1H), 6.75 (dd, Jo= 8.1 Hz, Jm= 0.9 Hz, 1H), 6.97 (ddd, Jo= 8.2 

Hz, 1H), 7.04 (dd, Jo= 8.6 Hz, 2H), 7.2 (m, 3H), 7.49 (dd, Jo= 8.5 Hz, Jm= 1.4 Hz, 

1H), 10.2 ppm (s, 1H); IR (KBr): ν = 3457, 3368, 3240, 1360, 1180 cm-1; MS (EI, 

70 eV): m/z: 248 [M]+. 

2-amino-N-(4-fluorophenyl) benzenesulfonamide (6b): Brown liquid. Yield 99%; 

1H NMR (200 MHz, [D6]DMSO): d = 5.98 (s, 2H), 6.53 (ddd, Jo= 7.05 Hz, Jm= 1.2 

Hz, 1H), 6.74 (dd, Jo= 8.3 Hz, Jm= 1.2 Hz, 1H), 7.05 (d, Jo= 6.4 Hz, 4H), 7.21 (ddd, 

Jo= 7.0 Hz, Jm= 1.6 Hz, 1H), 7.43 (dd, Jo= 8.2 Hz, Jm= 1.6 Hz, 1H), 10.2 ppm (s, 

1H); IR (KBr): ν = 3469, 3382, 3284, 1313, 1147 cm-1; MS (EI, 70 eV): m/z: 266 

[M]+. 

2-amino-N-(4-chlorophenyl) benzenesulfonamide (6c): Brown liquid. Yield 99%; 

1H NMR (200 MHz, [D6]DMSO): d = 6.0 (s, 2H), 6.53 (ddd, Jo= 8.0 Hz, Jm= 1.1, 

1H), 6.73 (dd, Jo= 8.3 Hz, Jm= 0.9 Hz, 1H), 7.03 (d, Jo= 8.8 Hz, 2H), 7.2 (ddd, Jo= 

8.5 Hz, Jm= 1.6, 1H), 7.26 (d, Jo= 8.8 Hz, 2H), 7.47 (dd, Jo= 8.0 Hz, Jm= 1.6, 1H), 

10.4 ppm (s, 1H); IR (KBr): ν = 3467, 3378, 3245, 1313, 1135 cm-1; MS (EI, 70 eV): 

m/z: 282 [M]+. 

2-amino-N-(4-bromophenyl) benzenesulfonamide (6d): Brown liquid. Yield 99%; 

1H NMR (200 MHz, [D6]DMSO): d = 6.0 (s, 2H), 6.55 (ddd, Jo= 7.8 Hz, 1H), 6.76 

(dd, Jo= 8.3 Hz, Jm= 0.9 Hz, 1H), 7.0 (d, Jo= 8.8 Hz, 2H), 7.21 (ddd, Jo= 7.0 Hz, Jm= 

1.6 Hz, 1H), 7.39 (d, Jo= 8.8 Hz, 2H), 7.49 (dd, Jo= 7.9 Hz, Jm= 1.5 Hz, 1H), 10.4 
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ppm (s, 1H); IR (KBr): ν = 3482, 3384, 3268, 1319, 1139 cm-1; MS (EI, 70 eV): m/z: 

328/326 [M]+. 

2-amino-N-(4-methoxyphenyl) benzenesulfonamide (6e): Brown liquid. Yield 

99%; 1H NMR (200 MHz, [D6]DMSO): d = 3.65 (s, 3H), 5.9 (s, 2H), 6.5 (ddd, Jo= 

7.7 Hz, Jm= 1.2 Hz, 1H), 6.72 (dd, Jo= 8.7 Hz, 1H), 6.77 (d, Jo= 9.0 Hz, 2H), 6.95 

(d, Jo= 9.0 Hz, 2H), 7.19 (ddd, Jo= 8.2 Hz, Jm= 1.6 Hz, 1H), 7.36 (dd, Jo= 8.1 Hz, 

Jm= 1.6 Hz, 1H), 9.84 ppm (s, 1H); IR (KBr): ν = 3480, 3380, 3266, 1321, 1147 cm-

1; MS (EI, 70 eV): m/z: 278 [M]+. 

Ethyl-4-(2-aminophenylsulfonamido)benzoate (6f): Yellow crystals. Yield 88%; 

mp: 163 °C; 1H NMR (200 MHz, [D6]DMSO): d = 1.25 (t, Jo= 6.3 Hz, 3H), 4.22 (q, 

Jo= 7.0 Hz, 2H), 6.0 (s, 2H), 6.56 (ddd, Jo= 7.6 Hz, 1H), 6.73 (dd, Jo= 7.8 Hz, 1H), 

7.14 (BB’, Jo= 8.8 Hz, 2H), 7.22 (ddd, Jo= 7.7 Hz, 1H), 7.57 (dd, Jo= 8.1 Hz, Jm= 

1.6 Hz, 1H), 7.79 (AA’, Jo= 8.8 Hz, 2H), 10.8 ppm (s, 1H); IR (KBr): ν = 3470, 3380, 

3230, 1690, 1322, 1144 cm-1; MS (EI, 70 eV): m/z: 320 [M]+. 

2.1.4 General Procedures for Synthesizing 2-azido-N-(4-
(R)phenyl)benzenesulfonamide (4a–4f) 

An aqueous solution of sodium nitrite (3.6 g, 51.8 mmol) was added to 2-amino-N-

(4-(R)phenyl)benzenesulfonamide 6 (2.86 g, 11.5 mmol) in trifluoroacetic acid, and 

the reaction mixture was stirred for 1 h. Sodium azide (1.9 g, 28.8 mmol) was 

added, and the solution was stirred for an additional 1 h. The mixture was 

neutralized with saturated sodium bicarbonate solution and extracted with ethyl 

acetate. The reaction mixture was concentrated and purified by flash 
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chromatography (70:30, hexane–ethyl acetate). The obtained solid was 

recrystallized in ethyl acetate–hexane (30:70). 

2-azido-N-phenylbenzenesulfonamide (4a): Brown powder (9.78 mmol, 85%); 

mp: 139 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 6.97 (ddd, Jo= 7.0 Hz, 1H), 7.1 

(dd, Jo= 7.4 Hz, 2H), 7.2 (ddd, Jo= 7.4 Hz, 2H), 7.28 (ddd, Jo= 7.6 Hz, 1H), 7.5 (dd, 

Jo= 8.1 Hz, 1H), 7.64 (ddd, Jo= 7.8 Hz, 1H), 7.86 (dd, Jo= 7.8 Hz, 1H), 10.4 ppm (s, 

1H); IR (KBr): ν = 3253, 2133, 1340, 1190 cm-1; MS (EI, 70 eV): m/z: 274 [M]+. 

2-azido-N-(4-fluorophenyl) benzenesulfonamide (4b): White solid. Yield 83%; 

mp: 129 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 7.09 (m, 4H), 7.27 (ddd, Jo= 7.3 

Hz, Jm= 1.4 Hz, 1H), 7.52 (dd, Jo= 8.0 Hz, Jm= 1.0 Hz, 1H), 7.62 (ddd, Jo= 8.4 Hz, 

Jm= 1.6 Hz, 1H), 7.8 (dd, Jo= 7.8 Hz, Jm= 1.6 Hz, 1H), 10.2 ppm (s, 1H); IR (KBr): ν 

= 3249, 2140, 1334, 1166 cm-1; MS (EI, 70 eV): m/z: 292 [M]+. 

2-azido-N-(4-chlorophenyl) benzenesulfonamide (4c): White crystals. Yield 

80%; mp: 134 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 7.11 (d, Jo= 8.8 Hz, 2H), 

7.27 (d, Jo= 8.8 Hz, 2H), 7.31 (ddd, Jm= 1.1 Hz, 1H), 7.51 (dd, Jo= 8.0 Hz, Jm= 1.4 

Hz, 1H), 7.66 (ddd, Jo= 7.7 Hz, Jm= 1.6 Hz, 1H), 7.86 (dd, Jo= 7.8 Hz, Jm= 1.4 Hz, 

1H), 10.5 ppm (s, 1H); IR (KBr): ν = 3345, 2132, 1338, 1164 cm-1; MS (EI, 70 eV): 

m/z: 308 [M]+. 

2-azido-N-(4-bromophenyl) benzenesulfonamide (4d): Yellow powder. Yield 

87%; mp: 124 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 7.05 (d, Jo= 8.8 Hz, 2H), 

7.29 (ddd, Jo= 7.0 Hz, Jm= 1.2 Hz, 1H), 7.4 (d, Jo= 8.8 Hz, 2H), 7.52 (dd, Jo= 8.0 

Hz, Jm= 1.2 Hz, 1H), 7.67 (ddd, Jo= 6.8 Hz, Jm= 1.4 Hz, 1H), 7.86 (dd, Jo= 7.8 Hz, 
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Jm= 1.6 Hz, 1H), 10.5 ppm (s, 1H); IR (KBr): ν = 3338, 2132, 1338, 1164 cm-1; MS 

(EI, 70 eV): m/z: 354/352 [M]+. 

2-azido-N-(4-methoxyphenyl) benzenesulfonamide (4e): Brown crystals. Yield 

78%; mp: 130 °C; 1H NMR (200 MHz, [D6]DMSO): d = 3.63 (s, 3H), 6.76 (d, Jo= 9.3 

Hz, 2H), 7.01 (d, Jo= 8.7 Hz, 2H), 7.23 (ddd, Jo= 7.4, Jm= 1.1 Hz, 1H), 7.51 (dd, Jo= 

7.9 Hz, Jm= 1.1 Hz, 1H), 7.62 (ddd, Jo= 7.8 Hz, Jm= 1.6 Hz, 1H), 7.73 (dd, Jo= 7.9 

Hz, Jm= 1.2 Hz, 1H), 9.87 ppm (s, 1H); IR (KBr): ν = 3274, 2138, 1336, 1164 cm-1; 

MS (EI, 70 eV): m/z: 304 [M]+. 

Ethyl-4-(2-azidophenylsulfonamido) benzoate (4f): Brown crystals. Yield 78%; 

mp: 182-184 ºC; 1H NMR (200 MHz, [D6]DMSO): d = 1.23 (t, Jo= 7.0 Hz, 3H), 4.20 

(q, Jo= 7.1 Hz, 2H), 7.19 (BB’, Jo= 8.7 Hz, 2H), 7.30 (ddd, Jo= 7.8 Hz, 1H), 7.48 

(dd, Jo= 8.1 Hz, 1H), 7.65 (ddd, Jo= 7.8 Hz, 1H), 7.77 (AA’, Jo= 8.7 Hz, 2H), 7.94 

(dd, Jo= 7.8 Hz, 1H), 10.9 ppm (s, 1H); IR (KBr): ν = 3230, 2110, 1690, 1300, 1165 

cm-1; MS (EI, 70 eV): m/z: 346 [M]+. 

2.1.5 General Procedures for Synthesizing 9-(R)-6,11-
dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2a–2f) 

2-azido-N-(4-(R)phenyl) benzenesulfonamide 4 (0.2 g, 0.73 mmol) was added to a 

solution of diphenyl ether (10 mL, 63 mmol) at 208 °C. The solution was stirred for 

5 min then cooled to room temperature. The reaction mixture was purified by flash 

chromatography (70:30, ethyl acetate–hexane). The resulting residue was 

recrystallized in ethyl acetate–hexane (30:70). 
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Compounds 2a and 2d were previously reported by Altamura et al. (Altamura et 

al., 2009), and spectroscopic data are in agreement with those reported here. 

 

6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2a): Brown crystals 

(0.50 mmol, 69%); mp: 198 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 6.82 (ddd, Jo= 

7.8 Hz, Jm= 0.9 Hz, 1H), 6.88 (dd, Jo= 7.4 Hz, Jm= 1.5 Hz, 1H), 7.03 (ddd, Jo= 7.7 

Hz, Jm= 1.5 Hz, 1H), 7.07 (dd, Jo= 8.1 Hz, Jm= 1.5 Hz, 1H), 7.14 (ddd, Jo= 7.5 Hz, 

Jm= 1.5 Hz, 1H), 7.18 (dd, Jo= 8.2 Hz, Jm= 1.0 Hz, 1H), 7.37 (ddd, Jo= 7.7 Hz, Jm= 

1.6 Hz, 1H), 7.61 (dd, Jo= 8.0 Hz, Jm= 1.6 Hz, 1H), 8.98 (s, 1H), 9.80 ppm (s, 1H); 

13C NMR (75 MHz, [D6]DMSO): d = 117.5, 119.5, 119.6, 121.1, 125.2, 125.9, 

127.3, 128.4, 128.8, 132.9, 139.5, 139.9 ppm; IR (KBr): ν = 3380, 3301, 1313, 

1160 cm-1; MS (EI, 70 eV): m/z: 246 [M]+; Anal. calculated for C12H10N2O2S: C 

58.52%, H 4.09%, N 11.37%, found: C 58.11%, H 4.11%, N 11.13%. 

9-fluoro-6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2b): 

Colorless needle crystals. Yield 70%; mp: 202 ºC; 1H NMR (300 MHz, [D6]DMSO): 

d = 6.69 (ddd, Jo= 8.2 Hz, JmH-F = 3.0 Hz, 1H), 6.86 (dd, Jo= 7.2 Hz, 1H), 6.89 (d, 

Jm= 2.7 Hz, 1H), 7.05 (dd, Jo= 7.5 Hz, 1H), 7.16 (dd, Jo= 8.1 Hz, Jm= 0.6 Hz, 1H), 

7.41 (ddd, Jo= 7.6 Hz, Jm= 1.5 Hz, 1H), 7.63 (dd, Jo= 8.0 Hz, Jm= 1.8 Hz, 1H), 9.14 

(s, 1H), 9.78 ppm (s, 1H); 13C NMR (75 MHz, [D6]DMSO): d = 105.6, 107.6, 119.0, 

121.4, 126.1, 129.3, 130.4, 133.1, 139.2, 141.3, 159.2, 162.5 ppm; IR (KBr): ν = 

3365, 3226, 1295, 1159 cm-1; MS (EI, 70 eV): m/z: 264 [M]+; Anal. calculated for 

C12H9N2O2SF: C 54.54%, H 3.43%, N 10.60%, found: C 54.05%, H 3.32%, N 

10.34%. 
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9-chloro-6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2c): White 

powder. Yield 79%; mp: 248 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 6.87 (ddd, Jo= 

7.8 Hz, Jm= 1.2 Hz, 1H), 6.88 (dd, Jo= 8.4 Hz, Jm= 2.1 Hz, 1H), 7.01 (d, Jo= 8.4 Hz, 

1H), 7.13 (d, Jm= 2.1 Hz, 1H), 7.15 (dd, Jo= 8.1 Hz, Jm= 0.6 Hz, 1H), 7.41 (ddd, Jo= 

7.7 Hz, Jm= 1.5 Hz, 1H), 7.62 (dd, Jo= 8.0 Hz, Jm= 1.6 Hz, 1H), 9.11 (s, 1H), 9.95 

ppm (s, 1H); 13C NMR (75 MHz, [D6]DMSO): d = 118.3, 118.7, 119.7, 120.4, 124.2, 

125.8, 129.2, 129.5, 131.1, 133.3, 139.2, 140.5 ppm; IR (KBr): ν = 3369, 3269, 

1304, 1156 cm-1; MS (EI, 70 eV): m/z: 280 [M]+; Anal. calculated for C12H9N2O2SCl: 

C 51.34%, H 3.23%, N 9.98%, found: C 51.03%, H 3.22%, N 9.81%. 

9-bromo-6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2d): Brown 

powder. Yield 85%; mp: 250 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 6.87 (ddd, Jo= 

7.4 Hz, 1H), 6.94 (d, Jo= 8.4 Hz, 1H), 7.01 (dd, Jo= 8.2 Hz, Jm= 2.0 Hz, 1H), 7.15 

(d, Jo= 8.4 Hz, 1H), 7.28 (d, Jm= 1.8 Hz, 1H), 7.41 (ddd, Jo= 7.8 Hz, 1H), 7.62 (dd, 

Jo= 7.8 Hz, Jm= 1.2 Hz, 1H), 9.10 (s, 1H), 9.96 ppm (s, 1H); 13C NMR (75 MHz, 

[D6]DMSO): d = 118.3, 119.2, 119.7, 121.6, 123.3, 124.6, 125.8, 129.2, 129.7, 

133.3, 139.2, 140.7 ppm; IR (KBr): ν = 3371, 3268, 1308, 1160 cm-1; MS (EI, 70 

eV): m/z: 326/324 [M]+; Anal. calculated for C12H9N2O2SBr: C 44.32%, H 2.79%, N 

8.61%, found: C 44.09%, H 2.81%, N 8.74%. 

9-methoxy-6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2e): 

Yellow crystals. Yield 67%; mp: 171 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 3.73 

(s, 3H), 6.49 (dd, Jo= 8.7 Hz, Jm= 2.7 Hz, 1H), 6.66 (d, Jm= 2.7 Hz, 1H), 6.83 (ddd, 

Jo= 7.5 Hz, Jm= 0.9 Hz, 1H), 6.96 (d, Jo= 8.7 Hz, 1H), 7.17 (d, Jo= 7.8 Hz, 1H), 7.37 

(ddd, Jo= 7.7 Hz, Jm= 1.5 Hz, 1H,), 7.62 (dd, Jo= 7.8 Hz, Jm= 1.5 Hz, 1H), 8.99 (s, 
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1H), 9.51 ppm (s, 1H); 13C NMR (75 MHz, [D6]DMSO): d = 55.2, 104.2, 107.4, 

117.7, 118.1, 119.5, 126.3, 129.0, 130.4, 132.8, 139.7, 141.2, 158.6 ppm; IR (KBr): 

ν = 3374, 3228, 1322, 1149 cm-1; MS (EI, 70 eV): m/z: 276 [M]+; Anal. calculated 

for C13H12N2O3S: C 56.51%, H 4.38%, N 10.14%, found: C 56.56%, H 4.40%, N 

9.89%. 

Ethyl 6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-9-carboxylate-5,5-dioxide 

(2f): Brown crystals. Yield 12%; mp: 227 ºC; 1H NMR (300 MHz, [D6]DMSO): d = 

1.31 (t, Jo= 7.0 Hz, 3H), 4.30 (q, Jo= 7.2 Hz, 2H), 6.85 (ddd, Jo= 7.5 Hz, 1H), 7.07 

(d, Jo= 8.1 Hz, 1H), 7.19 (d, Jo= 7.8 Hz, 1H), 7.40 (dd, Jo= 8.1 Hz, 1H), 7.40 (ddd, 

Jo= 7.6 Hz, 1H), 7.61 (dd, Jo= 7.8 Hz, Jm= 1.5 Hz, 1H), 7.73 (d, Jm= 1.8 Hz, 1H), 

9.20 (s, 1H), 10.3 ppm (s, 1H); 13C NMR (75 MHz, [D6]DMSO): d = 14.2, 60.7, 

118.1, 119.6, 120.4, 121.3, 125.3, 126.8, 128.2, 128.9, 129.6, 133.4, 138.3, 139.6, 

165.1 ppm; IR (KBr): ν = 3360, 3234, 1700, 1328, 1170 cm-1; MS (EI, 70 eV): m/z: 

318 [M]+; Anal. calculated for C15H14N2O4S: C 56.59%, H 4.43%, N 8.80%, found: 

C 56.67%, H 4.44%, N 8.64%. 

Procedures for Synthesizing 6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-9-

carboxylic acid 5,5-dioxide (2g) 

A solution of potassium hydroxide 10% (w/v) was added to ethyl 6,11-

dihydrodibenzo[c,f][1,2,5]thiadiazepine-9-carboxylate-5,5-dioxide 2f (0.5 g, 1.57 

mmol). The reaction mixture was heated under reflux and stirred for 60 min, after 

which a chloride acid solution was added to a pH of 6. The resulting solid was 

collected, washed with water, and dried under vacuum. The resulting yellow solid 

residue was obtained in a quantitative yield; mp: 350 °C; 1H NMR (300 MHz, 
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[D6]DMSO): d = 6.84 (ddd, Jo= 7.6 Hz, Jm= 1.0 Hz, 1H), 7.05 (d, Jo= 8.1 Hz, 1H), 

7.18 (d, Jo= 8.1 Hz, 1H), 7.39 (dd, Jo= 8.1 Hz, Jm= 1.8 Hz, 1H), 7.39 (ddd, Jo= 7.6 

Hz, Jm= 1.8 Hz, 1H), 7.61 (dd, Jo= 8.0 Hz, Jm= 1.6 Hz, 1H), 7.72 (d, Jm= 1.8 Hz, 

1H), 9.15 (s, 1H), 10.7 ppm (s, 2H); 13C NMR (75 MHz, [D6]DMSO): d = 118.0, 

119.6, 120.7, 121.6, 125.4, 126.8, 128.9, 129.3, 129.4, 133.4, 138.3, 139.7, 166.7 

ppm; IR (KBr): ν = 3360, 3234, 1700, 1328 cm-1; MS (EI, 70 eV): m/z: 290 [M]+; 

Anal. calculated for C13H10N2O4S: C 53.79%, H 3.47%, N 9.65%, found: C 53.73%, 

H 3.47%, N 9.28%. 

2.2 Biological Methods 

2.2.1 Primary Cultures of the Myenteric Neurons 

Guinea pigs (100–200 g; either male or female) were sacrificed by cervical 

dislocation and carotid exsanguination. These methods have been approved by the 

Animal Care Committee of the IPICYT and are in agreement with the published 

Guiding Principles in the Care and Use of Animals, approved by the American 

Physiological Society. A segment of ~10 cm of the jejunum was removed and 

placed in a modified Krebs solution (in mM: NaCl, 126; NaH2PO4, 1.2; MgCl2, 1.2; 

CaCl2, 2.5; KCl, 5; NaH2CO3, 25; glucose, 11. The sample was gassed under 95% 

O2 and 5% CO2) and opened longitudinally. A dissecting microscope was used to 

dissect the mucosa and submucosa layers prior to removing most of the circular 

muscle layer, leaving the myenteric plexus embedded in a longitudinal layer. 

 The cell isolation procedure has been described elsewhere (Barajas-Lopez 

et al., 1996). The myenteric preparation was dissociated by sequential treatment 
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with two enzymatic solutions: the first solution contained papain (0.01 mL mL–1 

activated with 0.4 mg mL–1 L-cysteine), and the second solution contained 

collagenase (1 mg mL–1) and dispase (4 mg mL–1). The enzymes were removed by 

washing the neurons with L15 medium, and the neurons were placed on round 

coverslips coated with sterile rat-tail collagen. The culture medium was varied from 

minimal medium to essential medium 97.5% containing 2.5% guinea pig serum, 2 

mM L-glutamine, 10 U·mL–1 penicillin, 10 µg·mL–1 streptomycin, and 15 mM 

glucose. 

2.2.2 Whole-Cell Recordings of the Membrane Currents Induced by 
GABA 

To reduce the effects of the membrane currents other than those mediated by the 

activation of LGIC, experiments were conducted in the presence of Cs+ (a 

potassium channel blocker). This was important because GABA modulates the 

membrane ion channels of the central neurons (enteric neurons) via G-protein 

linked receptors (Cherubini and North, 1984; Krantis, 2000; Wellendorph and 

Brauner-Osborne, 2009). Membrane currents induced by GABA were recorded 

using a Gene Clamp 500B amplifier (Axon Instruments, Inc.). The holding potential 

was −60 mV (unless otherwise stated), and the short-term (4–50 h) primary 

cultures of the myenteric neurons were used to prevent space-clamp problems due 

to neurite growth. Glass pipettes with a resistance of 2–5 MΩ were prepared as 

described previously (Barajas-Lopez et al., 1996). This low resistance and slight 

suction inside the pipette during the recordings maintained a low series resistance 

(around 6 MΩ). 
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 All experiments were conducted using standard solutions with the following 

compositions (in mM); inside the pipette: CsCl, 160; EGTA, 10; HEPES, 5; NaCl, 

10; ATPMg, 3 and GTP, 0.1; external solution: NaCl, 160; CaCl2, 2; glucose, 11; 

HEPES, 5 and CsCl, 3. The pH of all solutions was adjusted to 7.3–7.4 using either 

CsOH (pipette solution) or NaOH (external solution). The seal resistance in the 

whole-cell mode ranged from 1 to 10 GW. The whole-cell current data were 

recorded on a PC using the AxoScope software (Axon Instruments, Inc.) and were 

analyzed using the AXOGRAPH software (Molecular devices). The recording 

chamber was superfused with an external solution at ~2 mL min–1. The solution 

around the neuron was quickly exchanged during recordings using an eight-tube 

device. Each tube was connected to a syringe (10 mL) containing either the control 

or the experimental solution. A control tube was positioned ~300 µm in front of the 

recorded neuron, and substances were applied externally by abruptly 

interchanging the tube for another tube containing the control solution plus the 

drug(s). Desensitization of the GABAA receptors was prevented by applying GABA 

at intervals of at least 5 min, in between cells were continuously superfused with 

extracellular solution. Experimental substances were removed by returning to the 

control solution. External solutions were applied by gravity, and the height of the 

syringes was continuously adjusted to minimize changes in the flow rate. The 

experiments were performed at room temperature (24 ± 1 °C). 

2.2.3 Solutions and Reagents 

L15 medium, minimum essential medium, Hanks solution, penicillin-streptomycin, 

and L-glutamine were purchased from GIBCO. Collagenase and papain were 
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purchased from Worthington, and dispase was purchased from Roche. Cesium 

chloride, sodium chloride, ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetra-

acetic acid (EGTA), HEPES, adenosine-5'-triphosphate magnesium salt (ATP 

magnesium salt), guanosine-5'-triphosphate sodium salt (GTP sodium salt), cesium 

hydroxide, flumazenil, GABA, picrotoxin, and dimethyl sulfoxide were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Picrotoxin and the DBTD stock solutions, 

which were prepared in ethanol (50% v/v) and DMSO, respectively. The desired 

final drug concentration was obtained by diluting the stock solutions in an external 

solution prior to application. 

2.2.4 Data Analysis 

The concentration–response data were fit to a logistic model: I = Imax/[1+ 

(EC50/[A])nH], where [A] is the agonist concentration, I is the current, and Imax is the 

maximum current. EC50 is the concentration of drug that elicits a half-maximum 

response, and nH is the Hill coefficient. Experimental data were reported as ± 

SEM, and n represents the number of cells used. The unpaired Student’s t-test 

was applied to data obtained from two different groups of cells. One-way ANOVA 

and the Bonferroni tests were used to compare multiple means. The two-tailed P 

values of 0.05 or less were considered to be statistically significant. 

2.2.5 Theoretical calculations 

Quantum chemical calculations of the DBTDs structures 2a–2g in the gas phase 

were performed using GAUSSIAN 03 (Frisch et al., 2004) in conjunction with 

density functional theory (DFT) calculations. Geometry optimization of the DBTDs 
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was followed by frequency calculations performed at the B3LYP/6-311 ++G(d,p) 

level. Table 1 reports the cLog P, generated using HyperChem, of each optimized 

structure obtained from Gaussian V03. 
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CHAPTER 3 RESULTS AND DISCUSSION 

 

 

3.1 Synthesis of DBTDs 

The synthetic route begins with the reaction of 4-substituted-anilines with 2-

nitrobenzenesulfonyl chloride under reflux using pyridine as the base and acetone 

as solvent. The 2-nitrosulfonamides 5a–5f were obtained in good yields (66–88%). 

The subsequent catalytic hydrogenation of the nitro group using dehydrated tin(II) 

chloride under reflux with ethyl acetate yielded the amines 6a–6f in yields above 

88%. The amino compounds were transformed to the corresponding 2-

azidobenzensulfonamides through their diazotization with sodium nitrite in 

trifluoroacetic acid. (Note that the transformation of 6e was accomplished using 

hydrochloric acid). The in situ substitution of the diazo group with sodium azide 

induced conversion to 4a–4f with a 78–87% yield. In the final step, the 

thiadiazepine formation reaction proceeded via thermolysis above 208 °C in 

diphenyl ether, this temperature favored the formation of an intermediate nitrene 

reagent (Jian and Tour, 2003). A direct N-C-type amination of the C ring provided 

the DBTDs 2a–2f with yields of 67–85%, except for compound 2f, which was 

isolated with a yield of 12%. Compound 2g was obtained by basic hydrolysis of 2f 

after a hydrochloride acid treatment. 
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Scheme 1. Reagents and conditions: a) Anhydrous pyridine, dry acetone, N2(g), 24 

h; b) SnCl2.2H2O, ethyl acetate, 4 h; c) first step: NaNO2, F3CCO2H, 1 h; second 

step: NaN3, 1 h; d) (C6H5)2O, 208 °C, 5 min. 2g was obtained from 2f: first step: 

KOH 10%, 1 h; second step: HCl 10%. 
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3.2 Pharmacological Analysis on GABAA Receptors 

The inhibitory effects of DBTDs on the native GABAA receptors of guinea pig 

myenteric neurons were studied here for the first time. The Cl– concentrations 

outside and inside the neurons were similar, and a holding potential was −60 mV. 

At this potential, GABA (0.03–3 mM) induced inward currents (IGABA) in 86% of 

myenteric neurons. The amplitude of the currents was concentration-dependent 

(EC50 = 115 ± 10 µM) and varied among the different neurons with an amplitude 

range of 0.1–6 nA in response to 300 µM GABA. Most neurons maintained a stable 

value of IGABA during repeated GABA applications. Otherwise, the data were 

rejected. In order to test that these GABA currents are mediated by GABAA 

channels bicuculline (0.1–100 μM) and picrotoxin (3–1000 μM) were used, 

inhibitors of these receptors (Karanjia et al., 2006; Miranda-Morales et al., 2007; 

Zhou and Galligan, 2000). Both substances inhibited IGABA in a concentration-

dependent manner (data not shown) with an IC50 of 10±2 and 6±1 μM, 

respectively. Maximal concentrations used for both antagonists virtually abolished 

IGABA, as it was previously reported (Karanjia et al., 2006; Miranda-Morales et al., 

2007; Zhou and Galligan, 2000). 

 Figure 4 shows that the DBTDs (100 μM) inhibited the currents induced by 

GABA (300 μM) in a time-dependent manner (3–180 s) with time constants (t) of 

4.9, 2.6, and 29.3 s for 2b, 2c, and 2d, respectively. These constants were 

calculated by fitting the data using the Michaelis–Menten equation (R2 = 0.98, 0.88, 

and 0.99, respectively). The maximum inhibition induced by 2b and 2c (100 µM) 

was reached 3 min after initial exposure. For 2d, the time required to reach the 
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maximum inhibition was calculated to be 17 min; however, the experimental 

maximum inhibition observed after a 3 min treatment was 74.2 ± 2.4% (n=10), 

similar to the calculated maximum inhibition, 87.0 ± 3.0%. In all subsequent 

experiments, a DBTD treatment time of 3 min was used. The current inhibition 

induced by 2b, 2c, and 2d was fully reversed within five minutes of washing. The 

holding current remained constant in the presence of the compounds at all 

concentrations tested, indicating that the compounds could not open the GABAA 

receptors or any other neuronal ion channel under the experimental conditions. 

 Control experiments were conducted using DMSO, the solvent used for all 

DBTDs, demonstrating that DMSO did not modify the properties of IGABA alone at 

the maximum concentration used here, 0.33% V/V (data not shown). The inhibitory 

activities of the DBTDs were likely to be use-independent because the compounds 

effects did not require active GABAA receptors and the inhibitory activity increased 

over time, despite the absence of the agonist (GABA) (Krehan et al., 2006). This 

indicates that DBTDs bind to the closed stage of these channels. 

 The inhibitory effects of seven DBTDs at a 100 µM concentration are listed 

in Table 1. The data indicate that the rank order of potency for these inhibitors was 

2c = 2d > 2b = 2f = 2e > 2a > 2g. Figure 5 shows the concentration–response 

curves for the inhibitory effects of three DBTDs (3–1000 µM) on the currents 

induced by GABA (300 µM). The maximum effect of 2b was achieved at 1 mM, 

yielding complete inhibition of the GABA-activated inward currents; with an IC50 

value (104 ± 9.2 µM). We did not reach the maximum inhibition for 2c and 2d 

because the compounds were insoluble at concentrations exceeding 300 µM under 
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our experimental conditions. Curve fits were obtained in both cases with IC50 

values of 50.4 ± 6.4 µM and 47.6 ± 30.3 µM for 2c and 2d, respectively. 

Table 1. Percent inhibition in the presence of 100 µM compounds on GABA-

induced inward currents, p IC50, log P, and physical data. 

No. Percentage of 

inhibition[a] 

p IC50 / M log P[b] Yield / % mp / °C 

2a 28.4 ± 1.4 (5) ND 2.18 69 198 

2b 50.8 ± 2.1 (12) 3.98 1.50 70 202 

2c 74.2 ± 3.6 (6) 4.30 2.69 79 248 

2d 74.2 ± 2.4 (10) 4.32 2.97 85 250 

2e 43.7 ± 3.8 (3) ND 1.92 67 171 

2f 47.1 ± 3.7 (7) ND 2.25 12 227 

2g 16.0 ± 2.4 (6) ND 1.87 100 350 

 [a] Values are given as the mean ± SEM, with the number of experiments in 

parentheses. [b] Data generated using HyperChem. 
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Figure 4. Halogenated DBTDs inhibited the IGABA in a time-depended manner. A) 

IGABA was recorded before, during application of 100 μM 2b, and after removal of 

the inhibitor of a given myenteric neuron for various lengths of time. The horizontal 

bars above the traces indicate the application profiles of the indicated substances. 

B) Time course of IGABA (induced by 300 μM GABA) inhibition induced by 2 over 3–

180 s. Michaelis–Menten fits. Each data point represents the mean value from 3–

12 different experiments. The lines represent the SEM. 
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Figure 5. DBTDs inhibited IGABA in a concentration-dependent manner. A) 

Representative IGABA recordings from a myenteric neuron in the presence of 

various concentrations of 2b, which was added 3 min before GABA application. B) 

Concentration–response curves for the effects of the DBTDs on the amplitude of 

IGABA. The lines indicate fits to the experimental data using a two-parameter logistic 

function (Kenakin, 1993), assuming an inhibition of 100%. Each data point 

represents the mean ± SEM from 3–12 individual experiments. 
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 We considered the possibility that because these novel substances were 

highly lipophilic (log P ~ 2.0 for all compounds, Table 1), the DBTDs could 

permeate the neuron membrane and interact with the inner part of the GABAA 

channel, thereby inhibiting IGABA. To investigate this possibility, we added 100 µM 

2b to the pipette solution (internal) and monitored IGABA, and we applied 2b to the 

outside of the cells and monitored the inhibitory effects (Figure 6). Experiments 

were performed using 2b, even though cLog P was less than 2, because 2c and 

2d were insoluble under the conditions employed. The amplitude of IGABA (300 µM) 

for neurons with 2b (100 µM) applied inside (−1408 ± 344 pA; n=4) and measured 

2 to 3 min after obtaining the whole cell configuration did not differ from the 

amplitude of the control IGABA (−1510 ± 333 pA; n=12) of experiments in which 2b 

was tested extracellularly. Consistent with these findings, in recordings with 2b in 

the pipette, the amplitude of IGABA was the same 5 min (−1536 ± 379 pA) and 10 

min (−1604 ± 409 pA; n=4) after obtaining the whole-cell configuration. In addition, 

the presence of 2b inside the neurons did not affect the magnitude of the inhibition 

induced by the extracellular application of 2b (100 µM). Thus, such an inhibition 

was as large as that observed without 2b inside the cells (Figure 6B). Altogether, 

these data rule out that DBTDs inhibitory effect on GABAA channels are mediated 

by an intracellular target and they must be binding to an extracellular region of the 

channels. 
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Figure 6. The inhibitory effects of 2b on GABAA receptors were mediated by an 

extracellular binding site. A) IGABA for a 100 µM concentration of 2b in the pipette 

(2b-/i), 10 min after obtaining the whole cell. IGABA was recorded before (-/i) and in 

presence of extracellular (o/i) 2b (100 µM for 3 min). B) Bars indicate the average 

amplitude of IGABA, and the lines above indicate the SEM. IGABA amplitude or the 

inhibitory effect of 2b did not differ significantly (NS) by the presence of 2b inside 

the pipette. Statistical comparison of the data was done using the unpaired 

Student’s t-test. 
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Figure 7 shows two concentration-response curves for the effects of GABA, one in 

the absence and the other in the presence of 100 µM 2b. As shown, the 

antagonistic effect of 2b is not surmounted by increasing the GABA concentration. 

Indeed, the EC50 values for these curves were 126.7 ± 16 and 123.4 ± 84 µM in the 

absence and in the presence of 2b, whereas, the maximum inhibition clearly 

decreased in the presence of 2b (~50%) across the full GABA concentration–

response curve. Our data demonstrate that the pharmacological antagonism by 

which 2b inhibits the GABAA receptors is non-competitive and therefore, it is 

unlikely acting at the GABA binding site. 

 The tricyclic sulfonamide 2 is also structurally similar to the 1,4-

benzodiazepines, hence, DBTD inhibitory actions may be related to the 

benzodiazepine modulator sites. The inhibitory effects of 2b, 2c, and 2d remained 

constant in the absence and presence of flumazenil, a known antagonist of the 

benzodiazepine site on the GABAA receptors (Figure 8). Inhibition by 100 µM 2b, 

2c, and 2d without flumazenil (50.8 ± 2.1%, 74.2 ± 3.6%, 74.2 ± 2.4%, 

respectively) was not blocked by the co-application of 10 µM flumazenil (47.8 ± 

5.8%, 69.6 ± 5.2%, 68.4 ± 6.8%, respectively). The same concentration of 

flumazenil, applied for 3 min, did not induce changes in the holding current or IGABA 

in experiments carried out using five different neurons (Data not shown). We 

showed that 2b did not act through the benzodiazepine binding site, which is in 

agreement with the lack of binding with receptors to benzodiazepine, previously 

reported (Giannotti et al., 1991). 
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  We further investigated if the inhibitory effect of DBTD on IGABA was voltage 

dependent by conducting experiments at two holding membrane potentials, −60 

mV and +40 mV in the same neurons. IGABA (300 µM) was recorded in the absence 

or presence of 100 µM 2b, 2c, and 2d. As shown in Figure 9, the inhibitory effects 

induced by any of the three substances were identical for an inward IGABA (recorded 

at −60 mV) than for the outward IGABA (recorded at +40 mV). These results 

suggested that the DBTDs affected the IGABA via a voltage-independent 

mechanism. 
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Figure 7. 2b inhibits IGABA in a non-competitive manner. A) Concentration–

response curves for GABA in the absence (Control) and in the presence of 2b. 

Responses were normalized with respect to the curves obtained in the presence of 

3 mM GABA in each cell and in the absence of 2b. Each point represents the 

mean ± SEM for 5–12 neurons. The lines indicate fits of experimental data to a 

three-parameter logistic function. 
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Figure 8. The inhibitory effects of compounds 2 on the GABAA channels were 

independent of the benzodiazepine binding site. A) First and last traces represent 

control currents induced by GABA (300 µM). The two middle traces were recorded 

in 2d (100 μM) alone or plus flumazenil (10 μM), all traces are from the same 

neuron. B) Each pair of bars represents the mean inhibition of IGABA induced by 

DBTDs, before (Control) and in the presence of flumazenil. Lines over the bars 

indicate the SEM. 
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Figure 9. The inhibitory effects of compounds 2 on GABAA channels were voltage 

independent. A) IGABA induced by 300 µM GABA without (Control) or in presence of 

2c (100 μM) at −60 mV (upper traces) and +40 mV (lower traces) from the same 

neuron. IGABA was recorded at 5 min intervals, and 2c was applied 3 min before the 

second GABA application. B) The average (bars) inhibitory effect of 2b, 2c, and 2d 

was the same at both membrane potentials. Lines over the bars indicate the SEM. 
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 The fact that binding of compounds 2 on GABAA channels can occur during 

the close stage and is voltage independent suggests that its binding site is not 

within the channel pore. In order to further study this, we investigate if picrotoxin 

interacts with the binding of 2c. Picrotoxin is known to bind into a site within the 

channel formed by the second transmembrane domains of the five subunits 

constituting the GABAA receptors (Olsen, 2006; Sieghart et al., 2012). We found 

that neither picrotoxin effect was modified by 2c nor the inhibitory effect of 2c was 

affected by picrotoxin (Figure 10), which would indicate that 2c does not bind into 

the picrotoxin binding site.  
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Figure 10. The inhibitory effects of compounds 2 on the GABAA channels were 

independent of the benzodiazepine binding site. A) First and last traces represent 

control currents induced by GABA (300 µM). The two middle traces were recorded 

in 2d (100 μM) alone or plus flumazenil (10 μM), all traces are from the same 

neuron. B) Each pair of bars represents the mean inhibition of IGABA induced by 

DBTDs, before (Control) and in the presence of flumazenil.  Lines over the bars 

indicate the SEM. 
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CONCLUSIONS 

 

 

We described the preparation of novel DBTDs via a nitrene radical that inserted 

into the C on the aromatic ring. Seven derivatives were generated (2a–g), and their 

effects on GABAA neuronal receptors were tested. The DBTDs inhibited IGABA in a 

time- and concentration-dependent manner. 

The DBTDs displayed an inhibitory effect on the GABAA channel of myenteric 

neurons, and this antagonism was non-competitive indicating that it does not bind 

to the GABA receptor and their effect is likely allosteric. Inhibition was mediated by 

an extracellular binding site that was most likely not in the mouth of the channel 

and therefore, it is unlikely that this effect is mediated by channel blockage. Their 

effect was also independent of the benzodiazepine binding site. The DBTDs 

described here could be used as a model to explore new GABAA receptor inhibitors 

with a potential to be used as antidotes for substances known to positively 

modulate GABAA channel activity or as a new drugs to induce experimental 

epilepsy. These compounds appear to bind on a different site than picrotoxin; 

therefore, they could be used alone or in combination with picrotoxin. Future 

experiments will be aimed to molecularly identify DBTDs binding sites on GABAA 

receptors. 
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