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Abstract

Broad-spectrum anticonvulsants are of considerable interest as antiepileptic drugs, especially

because of their potential for treating refractory patients. Such “neurostabilizers” have also been

used to treat other neurological disorders, including migraine, bipolar disorder, and neuropathic

pain. We synthesized a series of sulfamide derivatives (4–9, 10a–i, 11a, 11b, 12) and evaluated

their anticonvulsant activity. Thus, we identified promising sulfamide 4 (JNJ-26489112) and

explored its pharmacological properties. Compound 4 exhibited excellent anticonvulsant activity

in rodents against audiogenic, electrically-induced, and chemically-induced seizures.

Mechanistically, 4 inhibited voltage-gated Na+ channels and N-type Ca2+ channels, and was

effective as a K+ channel opener. The anticonvulsant profile of 4 suggests that it may be useful for

treating multiple forms of epilepsy (generalized tonic-clonic, complex partial, absence seizures),

including refractory (or pharmacoresistant) epilepsy, at dose levels that confer a good safety

margin. On the basis of its pharmacology and other favorable characteristics, 4 was advanced into

human clinical studies.

INTRODUCTION

Epilepsy is a chronic neurological condition that affects at least 50 million people

worldwide.1 However, with current medications up to 30% of epileptic patients are not

adequately treated and 20% suffer from intractable seizures.1 In the search for next-
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generation antiepileptic drugs, an important factor has been broad-spectrum anticonvulsant

activity, so as to treat multiple seizure types effectively. Besides improved efficacy against

refractory epilepsy, an important requirement for new drugs in this area is good safety and

tolerability. Interestingly, broad-spectrum anticonvulsant drugs have also proven to be

useful for treating other neurological disorders, including neuropathic pain, bipolar disorder/

depression, migraine headache, and substance abuse.2

The broad-spectrum anticonvulsant topiramate (1)2f,3 is available worldwide for treating

epilepsy and migraine,4 and has several other therapeutic applications (Chart 1).5 Since our

discovery of topiramate (1),2f,3 we have been keenly interested in identifying next-

generation anticonvulsant drugs with a broad-spectrum pharmacological profile. Some time

ago, we reported on cyclic sulfate analogue 2 (RWJ-37947),6 and more recently we

described sulfamide-based anticonvulsant 3 (JNJ-26990990), which advanced into human

clinical studies (Chart 1).7 Preclinically, 3 demonstrated broad-spectrum anticonvulsant

activity in rodents vs. audiogenic, electrically-induced, and chemically-induced seizures.

Because of its ability to limit seizure spread and elevate seizure threshold, 3 has an

enhanced, preclinical antiepileptic profile relative to topiramate. Therefore, 3 showed

promise for treating multiple forms of epilepsy, as well as refractory epilepsy, in humans.

We have continued to investigate sulfamide compounds to find additional anticonvulsants of

merit, as potential development candidates. From this research, we identified JNJ-26489112

(4) as a broad-spectrum anticonvulsant and advanced it into human clinical studies (Chart

1). In this paper, we present details on our studies with this novel sulfamide series, focusing

on the preclinical pharmacology of 4.8,9 The anticonvulsant profile of 4 suggests that it may

be useful for treating multiple forms of epilepsy (generalized tonic-clonic, complex partial,

and absence seizures), including refractory (or pharmacoresistant) epilepsy, with a favorable

margin of safety.

RESULTS AND DISCUSSION

A specific biological testing protocol was employed to evaluate newly prepared sulfamides,

as described previously.7 New compounds (4–9, 10a–i, 11a, 11b, 12) were examined for the

virtual absence of carbonic anhydrase-II (CA-II) inhibition (CO2 hydration assay), and

compounds with IC50 values of greater than 10 μM were then tested for central nervous

system (CNS) behavioral effects in mice and anticonvulsant activity in the mouse maximal

electroshock seizure (MES) test. This sequence of events supported the discovery of broad-

spectrum anticonvulsants without inhibition of CA-II and with good CNS tolerability. For

notable sulfamide compounds, we followed up with advanced anticonvulsant tests to see if

the compounds possessed a pharmacological profile superior to that of currently known

antiepileptic drugs, including topiramate. This process was assisted by the National Institute

of Neurological Disorders and Stroke (NINDS) at the National Institutes of Health (NIH) via

their expertise with in vivo models relating to pharmacology and neurotoxicity. Work on the

synthesis and testing of various sulfamide derivatives (Table 1) ultimately led to the

selection of anticonvulsant 4 for human clinical development.
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Chemical Synthesis

Synthetic routes to sulfamides were reported in our previous papers.10 Several target

compounds were obtained from the corresponding alcohol by forming a reactive sulfonate

ester,11 displacing the sulfonate with potassium phthalimide, deprotecting the phthalimide

with hydrazine, and heating the primary amine with sulfamide (Method A; Scheme 1).10a

Derivatives of type 10 were prepared by this route, which is exemplified for the synthesis of

4 in Scheme 1.12 In the case of 5, commercially available racemic (2,3-dihydro-1,4-

benzodioxin-2-yl)methylamine was reacted with sulfamide. However, the enantiomers (S)-5
and (R)-5 were synthesized independently as above11 from the known chiral alcohol

intermediates (Method A).12 For some derivatives of type 10 a regioselective synthesis was

employed,13 possibly with procedural modifications, to afford the single regioisomeric

alcohol intermediates required. Some target compounds, such as 8, 11a, and 11b,10a were

obtained from the corresponding carboxylic acid by forming a primary amide, reducing the

amide to an amine with LiAlH4, and heating the resultant amine with sulfamide (Method B).

Compounds 6 and 7 were obtained from commercial (2,3-dihydro-1,4-benzodioxin-2-

yl)methylamine: 6 involved formylation with ethyl formate, reduction with LiAlH4 to the N-

methylamine, and reaction with sulfamide; 7 involved direct reaction with N,N-

dimethylsulfamoyl chloride. Compound 9 was prepared from (2,3-dihydro-1,4-

benzodioxin-2-yl)methyl bromide by KCN displacement, borane-THF reduction to the

primary amine, and condensation with sulfamide. Compound 12 was obtained starting with

catechol (IV) according to the route outlined in Scheme 2. Cyclization with 2-

chloromethyl-3-chloro-1-propene yielded alkene V, which was subjected to hydroboration/

amination to give requisite primary amine VI.

Anticonvulsant Screening

Sulfamides with a virtual absence of inhibition of human CA-II10a-c (IC50 > 10 μM) were

tested for activity in the mouse MES test (Table 1),3a,14 which involves applying an

electrical current to induce tonic extension of the hind limbs. An anticonvulsant compound

will inhibit this tonic-extensor response. We analyzed the MES results in terms of the

number of responders relative to the number of animals within each group. Early in the

project, test compounds were administered intraperitoneally, before we had established oral

bioavailability for the series. Later on, compounds were tested by oral administration.

Prototype sulfamide 5 (racemate)10a exhibited anticonvulsant activity in the mouse MES

test, protecting three out of three mice at 0.5 h after an i.p. dose of 300 mg/kg. Evaluation

with i.p. dosing at the NINDS indicated an ED50 at 0.25 h post-dosing of 123 mg/kg. In the

rat MES test with oral dosing, 5 had an ED50 at 0.5 h post-dosing of 73 mg/kg. The peak

effect in rats with 5 occurred early in the time course and anticonvulsant activity was largely

dissipated at the 4-h time point. From these results, it was evident that we had useful

anticonvulsant activity, but needed to find an analogue with a longer duration of action.

By way of follow-up, we prepared the individual enantiomers of 5 for MES evaluation.

While each of these compounds displayed anticonvulsant activity, (R)-5 was accompanied

by ataxia in the rat Irwin test.15 The results for (S)-5 on oral dosing showed good

anticonvulsant activity at 0.5 h, but with a decline at 2 h. Since the short duration of action
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might be attributed to in vivo oxidative metabolism on the electron-rich benzene ring, we

pursued the (S) enantiomeric series further but with the introduction of halogen or other

substituents, as in compounds 4 and 10a–i. Subsequently, we also looked into eliminating

the stereogenicity by symmetrization, as with 11a, 11b, and 12. Our earlier work with

aromatic heterocycles, such as 3 and its analogues, actually constitutes removal of

stereogenicity by planarization of the ring system.7

Because of the slower in vivo uptake by the oral route of administration, we decided to

compare the mouse MES anticonvulsant activity for various test compounds at a 2-h time

point (Table 1). Reasonable oral anticonvulsant activity was identified for 4 (6-Cl), 10b (7-

Cl), 10d (5-F), 10e (6-F), 10f (6-Br), and 10h (6,7-diCl) in the saturated heterocycle series

(encompassing 4 and 10a–i). To build a better basis for comparison, additional oral mouse

MES ED50 data were collected for certain derivatives (Table 2). Compounds 4, 10a, 10b,

and 11a were relatively close in potency (100–130 mg/kg); 10e and (S)-5 were somewhat

less potent (160–200 mg/kg); and 10d, 10h, and 12 were weaker still (230–345 mg/kg).

Although the SAR was not systematically examined, we note that minor changes of

substituents on the benzene ring can impact potency in the MES assay in an unpredictable

manner. Compounds (S)-5, 10a, 10d, 10e, 10h, 11a, and 12 were subjected to a mouse

rotorod neurotoxicity screen to gain a sense of tolerability (Table 2). While these data were

not obtained at the time of peak potency, we found that the MES ED50 values for (S)-5, 10b,

and 11a were considerably to be lower than the doses that produced frank neurotoxicity.

Some anticonvulsant agents containing a sulfamide functionality have been reported.8

Although several of the described compounds possess N,N- or N,N’-disubstitution, or

N,N,N’-trisubstitution, primary sulfamides PhCH2NHSO2NH2 and BuNHSO2NH2 were also

examined.8a,b These primary sulfamides are interesting relative to the compounds that we

present in this paper, as well as our earlier publication.7 PhCH2NHSO2NH2 was reported to

be markedly active (3/3) in the mouse MES test at 0.5 h at 100 and 300 mg/kg, and at 4 h at

300 mg/kg; the ED50 at 0.5 h was of 440 mg/kg. By contrast, analogue BuNHSO2NH2 was

not active in the MES test.8b There are some amino acid-derived sulfamides that exhibit

anticonvulsant activity of moderate potency.8c

Inhibition of Carbonic Anhydrase-II

Various sulfamide derivatives were examined for inhibition of human CA-II by using a

carbon dioxide hydration assay10a-d (Table 1). It is apparent that for a wide diversity of

sulfamide structures the inhibition of CA-II is relatively weak, with IC50 values ranging

from 17 to >1000 μM. The weakest compound is 7 (IC50 > 1000 μM), which would be

expected since it lacks a terminal SO2NH2 group for coordination to Zn(II) within the active

site of CA-II. For comparison, the sulfamate anticonvulsant topiramate (1) has Ki values for

CA-II inhibition in the range of 0.3–0.6 μM.10a,b Our observation of rather weak CA-II

inhibition among this collection of sulfamides is consistent with our prior reports on the

behavior of other sulfamides in such a capacity.10 Indeed, we have now examined numerous

sulfamides of diverse structure for inhibition of CA-II and have found them to exhibit, in

general, weak to very weak CA-II inhibition potency. Moreover, we have found that diverse

sulfamides are generally much weaker inhibitors of CA-II than their cognate sulfamates.10
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In the CO2 hydration assay (at 0–5 °C), 4 is a very weak inhibitor of CA-II, with an IC50

value of 35 μM (Ki = 8.8 μM); 4 is also just a weak inhibitor of CA-I (IC50 = 18 μM; Ki =

2.2 μM).10a-d Despite our repeated observations that sulfamide derivatives are rather weak

inhibitors of CA-II, a controversy has surrounded this issue.10 Consequently, we submitted 4
to an external laboratory, Cerep, for independent assessment.16 Evaluation of the compound

with human erythrocyte CA-II via CO2 hydration at 22 °C with fluorimetric detection17

gave a IC50 value of 5 μM, which is within the realm of the values that we have experienced

for 4 (not in a double-digit nanomolar range).10

Advanced Pharmacological Assessment of 4

We next sought to study the pharmacological profile of 4, especially with a detailed

evaluation of its anticonvulsant properties. This compound was chosen for adnvanced study

based on four key attributes: (1) very weak inhibition of CA-II, (2) oral efficacy in the

mouse MES test, (3) low neurotoxicity in rodents, and (4) good pharmacokinetics in rats and

dogs (high oral bioavailability; long duration of action).18 In MES tests in mice and rats, the

oral ED50 values for 4 at the time of peak effect were 120 mg/kg (3 h) and 43 mg/kg (4 h),

respectively. The corresponding (R)-enantiomer of 4 (ent-4) was active in the rat MES test

with an oral ED50 of 50 mg/kg (at 4 h). Intraperitoneal administration of 4 effectively

blocked chemically-induced, forelimb clonic seizures in mice that were caused by

subcutaneous bicuculine (Bic), picrotoxin (Pic), or pentylenetetrazol (PTZ), with 1-h ED50

values of 197, 189, or 109 mg/kg, respectively. In the realm of such chemically-induced

seizures, the potency demonstrated by 4 is better than that of topiramate (ED50 > 500 mg/

kg), valproic acid (ED50 > 200 mg/kg), and levetiracetam (ED50 > 540 mg/kg).7 The oral

ED50 values for sulfamide 3 in the mouse and rat MES tests at the time of peak effect were

119 mg/kg (3 h) and 34 mg/kg (2 h), respectively,7 which are analogous to the results with

4. Intraperitoneal administration of 3 blocked forelimb clonic seizures in mice induced by

subcutaneous Bic, Pic, and PTZ, with 0.25-h ED50 values of 156, 106, and 161 mg/kg,

respectively.7 Clearly, the time to peak effect for 4 was later than that for 3, but these two

compounds had similar potencies in blocking chemically induced seizures. Thus, when 4
was evaluated in electrically-induced and chemically-induced seizures in rodents, it was

found to exhibit broad-spectrum anticonvulsant activity.

We continued to study 4 in a PTZ seizure-threshold test,7,18 a sensitive method to determine

the seizure threshold for a compound. In this protocol activity is judged by the delay of

seizure appearance, as opposed to the prevention of seizure occurrence. Of particular value

with the i.v. PTZ test, it is possible to characterize a compound’s ability to increase or

decrease seizure threshold, that is, to manifest anticonvulsant or proconvulsant behavior,

respectively. We used two doses of the test compound, the first of which corresponded to the

ED50 for protecting against MES seizures and the second of which corresponded to the

median neurotoxic dose (TD50), obtained by the rotorod impairment study.19 We

administered i.p. a solution of 4 or vehicle (0.5% aqueous methylcellulose) to mice (N = 9

per dose group) and, after 15 min, we infused a saline solution of PTZ into the tail vein,

while recording the time from start of infusion to appearance of the first twitch and the onset

of clonus. The test compound would be designated as an anticonvulsant if it increased

seizure threshold relative to an increase in the dose of PTZ needed to produce a first twitch
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or clonic seizure. Compound 4 at its ED50 (111 mg/kg) and TD50 (355 mg/kg) levels (i.p.)

markedly increased the seizure threshold for twitch and clonus: at ED50, +39% and +52%; at

TD50, +80% and +232%, respectively. Compound 5 also increased the seizure threshold for

both twitch and clonus (at ED50 of 107 mg/kg, p.o., +29% and +47%; at TD50 of 182 mg/kg,

p.o., +41% and +59%, respectively). Topiramate was somewhat different in that it had no

effect on seizure threshold at the ED50 and was actually proconvulsant at the TD50.7

We examined 4 for its effect on audiogenic seizures in mice, which are induced by sound

and cause a loss of righting reflex with forelimb and hindlimb tonic extension. An

anticonvulsant will be deemed protective in this protocol when treated mice do not

experience hindlimb tonic extension.19 One hour before applying the sound, we

administered i.p. a solution of 4 to mice (N = 8 per dose group), with at least of four doses

being used to determine an ED50 (at time to peak effect). Compound 4 was effective in this

model with an ED50 value of 21 (14.1–30.5) mg/kg, although its potency is 5-fold less than

topiramate (ED50 = 4.2 mg/kg).

We sought to gauge the potential for treating pharmacoresistant limbic epilepsy by using a

rat kindling model, which involves complex partial seizures along with secondarily

generalized seizures,19 in a collaboration with the NINDS.20 In this antiepileptic model, the

key readouts for a test compound are its effect on seizure score (severity of spread) and

after-discharge duration (excitability) of the generalized seizures is gauged, in terms of an

ED50 value. For example, a reduction of the seizure score from 5 to 3, with no affect on

after-discharge duration, would suggest effectiveness for secondarily generalized seizures;

whereas, a reduction of the seizure score from 5 to less than 1, concomitant with reduction

of the after-discharge duration, would suggest effectiveness against focal seizures. In this

model, i.p. administration of a solution of 4 yielded an ED50 of 68.5 ± 1.3 mg/kg, with a

decrease in seizure score at 45 min and peak activity at 165 min, which reflects noteworthy

anticonvulsant activity. The seizure score was markedly reduced from 5 to 1 in four out of

eight rats (p = 0.0003), with a mean seizure score of 2.1 ± 0.5. There was no statistically

significant effect on the after-discharge duration (p = 0.07). Related sulfamide 3 was highly

effective on i.p. administration, but it reduced the after-discharge duration [ED50 = 38.9

mg/kg (peak activity at 15 min; sustained at 1 h); seizure score markedly reduced from 5 to

0 in six out of eight rats (p = 0.0001); mean seizure score of 1.6 ± 0.7/0.9 ± 0.6; statistically

significant reduction of after-discharge duration (64%; p < 0.01)].7

A comparison of responses for different agents in this rat kindling model at maximally

effective dose levels and at the time of peak effect is presented in Figure 1. With 4, there

was a significant reduction in global seizure activity (score < 3) in six out of eight rats.

Similar protection was achieved with carbamazepine, but only at doses >26 mg/kg, which

reached the range of neurotoxic effects. After treatment with sulfamide 3,7 six out of eight

rats showed a complete absence of seizure activity. Similar protection was observed with

valproic acid, but only at doses >300 mg/kg, which were in the range of neurotoxic effects.

With topiramate, only one out of eight treated rats showed complete protection at a

maximally effective dose. Besdies topiramate, ethosuximide was not effective in this model;

however, phenytoin, carbamazepine and valproic acid significantly suppressed seizure

activity, although at dose levels associated with neurotoxicity (Figure 1). Thus, in this
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antiepileptic model, sulfamide 4 exhibited good antiseizure activity compared with various

marketed antiepileptic drugs, while sulfamide 3 exhibited superior antiseizure activity.

The neurotoxicity that we have referred to is acute neurotoxicity, which was evaluated in

rats by the NINDS in its anticonvulsant screening process.19 Thus, three other tests were

utilized to judge abnormal neurological status: positional sense test, muscle tone test, and

gait-and-stance test. A description of these parameters was already reported by us.7 In these

tests 4 exhibited no adverse effects at oral doses in rats up to 500 mg/kg. Also, there was a

pronounced safety margin between behavioral efficacy (rat oral MES ED50 = 43 mg/kg) and

neurotoxicity (rat TD50 > 500 mg/kg) for a protective index (rat oral TD50/MES ED50) of

>12-fold. Under the same conditions, the oral protective index for topiramate in rats is 25.

The opposite (R)-enantiomer of 4 had a rat oral TD50 of <250 mg/kg, for a protective index

of <5-fold, making it much less attractive than 4.

Mechanistic Studies with 4

Anticonvulsant drugs, such as phenytoin, lamotrigine, and topiramate, are known to inhibit

voltage-gated Na+ channels.21 Additionally, in human epilepsy the levels of brain Na+

channel mRNA are elevated.22 Consequently, we studied the influence of 4 on Na+ channel

function by virtue of whole-cell patch-clamp recordings in CHL1610 cells stably transfected

with rat Nav1.2, a voltage-gated Na+ channel highly expressed in the brain. Compound 4
caused a concentration-dependent, voltage-dependent, frequency-dependent block of these

channels, with virtually no inhibition at −107 mV with an IC50 value of 36 μM at −67 mV

(N = 3). In this assay phenytoin, lamotrigine, and topiramate evinced similar Na+ channel

blockade with with IC50 values of 22, 35, and 97 μM, respectively; however, gabapentin had

no effect on Na+ channel activity (up to 300 μM). Thus, it appears that inhibition of voltage-

gated Na+ channels may contribute to the anticonvulsant activity of 4.

Compound 4 was studied for N-type calcium ion channel activity in the neuronal (N-type)

subgroup of voltage-activated calcium channels.23 We employed two different in vitro

assays involving the same heterologous cell line expressing the α, β, and α2-δ subunits,

which together comprise the functional ion channel. Sulfamide 4 inhibited calcium influx in

response to depolarization (fluorescence-based assay) with an IC50 of 34 μM. In a whole-

cell, patch-clamp experiment with low-frequency stimulation (0.07 Hz), intended to measure

N-type channel activity directly, 4 caused a concentration-dependent increase in inhibition,

with an IC50 of 70 μM. Comparing high-frequency (5-Hz) and low-frequency stimulation at

100 μM, 4 showed a marked increase in inhibition, 53 ± 6%, at 5 Hz vs 0.07 Hz, 37 ± 7% (N

= 5 cells at each frequency). From these results, 4 is viewed as having moderate potency in

blocking use-dependent, N-type calcium ion channels. Inhibition of voltage-activated

calcium channels by other anticonvulsant drugs, such as lamotrigine, felbamate,

levetiracetam, and topiramate, is thought to contribute to their pharmacological activity in

treating epilepsy, neuropathic pain, and migraine.23

Since human mutations in the gene that encodes the voltage-gated potassium ion channel

KCNQ2 (Kv7.2) lead to a type of epilepsy, 4 was examined at 300 μM for its effect on

whole-cell, patch-clamp recordings of cells stably transfected with rat KCNQ2 under an M-
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current protocol.24-26 At a membrane potential of −50 mV (N = 5 cells), there was a

statistically significant 2.4-fold increase in KCNQ2 current and 2-fold increase in decay

kinetics. At an elevated concentration of 750 μM, 4 showed a 4-fold increase in current.

From these results, 4 is a KCNQ2 channel opener, particularly at −50 mV.

To investigate the effects on excitatory and inhibitory amino acid receptor currents, whole-

cell, patch-clamp studies in cultured primary mouse cortical neurons at −70 mV were

performed in collaboration with the NINDS. Sulfamide 4 at 100 μM (N = 5) had statistically

significant effects (p < 0.05) with 38% inhibition of the current evoked by 1 μM glycine and

10 μM N-methyl-D-aspartic acid, 15% inhibition of the current evoked by 50 μM kainic

acid, and 24% increase in the current evoked by 5 μM γ-aminobutyric acid.26

Compound 4 was profiled in 50 different receptor-binding assays that were conducted at a

fixed concentration of 10 μM by the contract laboratory Cerep.16a,27 Thus, 4 was found to

have virtually no affinity for GABA and central benzodiazepine receptors, nor for chloride

ion channels. The Cerep panel indicated that 4 (at 10 μM) interacts weakly with the

cholecystokinin-A receptor (21% inhibition), histamine H1 receptor (23% inhibition), and

the Na+-channel site 2 (21% inhibition), and moderately with the kappa-opioid receptor

(45% inhibition); however, a follow-up dose-response study with these receptors did not

confirm the inhibition results. Dose-response studies indicated weak affinity for the

serotonin 5HT2c receptor (29 μM) and the dopamine transporter (16 μM).

ADME Properties of 4

The absorption, distribution, metabolism, and elimination (ADME) properties of 4 were

examined.28 Metabolic stability in vitro was assessed by using rat and human liver

microsomes (LM). After a 60-min incubation period in the microsomal preparations, the

percentages remaining were 92% in rat LM and 100% in human LM, which suggests very

high stability to hepatic transformation. The half-life of 4 in a standard human LM

preparation was >100 min. A minor hydroxylation metabolite was found in human LM

incubations, but the oxidation site on the benzene ring could not be established by MS–MS

analysis. Later in vivo studies determined that the minor aromatic hydroxylation mainly

occurs at the 7-position.

Pharmacokinetic results in rats and dogs lent support to 4 as a development candidate. In

adult male rats, 4 was administered as an i.v. dose of 2 mg/kg and an oral dose of 10 mg/kg.

The oral mean Cmax, tmax, F, t1/2, and AUC (total exposure) values in plasma were 9090

ng/mL (33 μM), 53 min, 95%, 8.2 h, and 53,200 ng-h/mL. Linear, dose-related increases in

exposure were observed at 10, 30, and 300 mg/kg. After i.v. administration at 2 mg/kg, the

volume of distribution at steady state (Vdss) was 390 mL/kg and the clearance (CL) was 96

mL/h-kg. At 45 mg/kg, p.o., the plasma to brain ratio in rats was 1:1 at 1–6 h post-dosing; at

6 h the concentrations in plasma and brain were 61 and 55 μM, respectively. In female

beagle dogs, 4 was administered as an i.v. dose of 2 mg/kg and an oral dose of 10 mg/kg.

The oral mean Cmax, tmax, F, t1/2, and AUC values in plasma were 11,500 ng/mL (41 μM),

55 min, 83%, 20 h, and 212,000 ng-h/mL. After i.v. administration at 2 mg/kg, the Vdss and
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CL values were 630 mL/kg and 30 mL/h-kg, respectively. Overall, 4 posseses high oral

bioavailability in rats and dogs, with an extended duration in plasma.

CONCLUSION

Compound 4 exhibited excellent broad-spectrum anticonvulsant activity in rodents against

audiogenic, electrically-induced, and chemically-induced seizures, with very weak inhibition

of human CA-II (IC50 = 35 μM). This low level of CA-II inhibition probably excludes this

pharmacological mechanism as a meaningful source of the anticonvulsant action of 4, which

is consistent with our perspective that CA inhibition is not an important factor in the

anticonvulsant activity of topiramate.10a,b Our mechanistic studies suggest that several

mechanisms contribute to the observed pharmacological profile of 4, but that no single

mechanism is likely to be a major contributor. Since 4 inhibited Na+, kainate, and KCNQ2

channels to varying degrees, while moderately potentiating GABA current and inhibiting N-

methyl-D-aspartic acid current, its action at several targets appears to be responsible for the

observed neurostabilizing effects. Given that 4 limited seizure spread and elevated seizure

threshold in preclinical animal models, it has the potential to be effective in refractory, or

pharmacoresistant, epilepsy. Also, the anticonvulsant pharmacology suggests applicability

for treating multiple forms of epilepsy, such as generalized tonic-clonic, complex partial,

and myoclonic seizures, at dose levels that confer a favorable safety margin (therapeutic

index ≥ 20). Compound 4 was nominated for clinical development and subsequently

advanced into human clinical studies.

EXPERIMENTAL SECTION

General Chemical Procedures

Details for general methods are provided in our previous papers.6,10 Methodology for

preparing various sulfamide products is also discussed in our previous papers.6,10 Synthetic

examples are given for illustrative purposes. Flash-column chromatography was performed

with silica gel. The structures of all new compounds were consistent with their 1H NMR and

EI-MS mass spectra. The purity of target compounds was confirmed by analytical reverse-

phase HPLC and elemental microanalyses results were within 0.4% of theorectical values

(see Supporting Information). Elemental microanalysis was performed by either Robertson

Microlit Laboratories, Inc., Madison, NJ, or Quantitative Technologies, Inc. (QTI),

Whitehouse, NJ.

(2S)-(–)-N-((6-Chloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (4) and
Regioisomer (2S)-(–)-N-((7-Chloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (10b).
Example of Method A

4-Chlorocatechol (6.94 g, 0.048 mol) and potassium carbonate (6.64 g, 0.048 mol) were

stirred in DMF (200 mL) and (R)-glycidyl tosylate (9.12 g, 0.040 mol) was added. The

mixture was stirred at 60 °C for 22 h, cooled to room temperature, and diluted with ice water

(600 mL). The mixture was extracted with ethyl ether (3 times) and the combined organic

solution was washed with 10% aqueous potassium carbonate (3 times), twice with brine,

dried (MgSO4), and concentrated in vacuo. The resulting oil (7.60 g, 0.038 mol) of 6-chloro-
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and 7-chloro- (S)-(2,3-dihydrobenzo[1,4]dioxin-2-yl)methanols (Ia/Ib) was dissolved in

pyridine (50 mL) and the solution was cooled to 0 °C. p-Toluenesulfonyl chloride (7.24 g,

0.038 mol) was added and the reaction mixture was stirred at room temperature for 20 h.

The reaction was diluted with 1 N HCl (0.75 L) and extracted with ethyl ether (3 × 250 mL).

The combined organic solution was washed twice with 1 N HCl, once with water, twice with

brine, dried (MgSO4), and concentrated in vacuo. The resulting oil (12.1 g) was purified by

flash-column chromatography (heptane/ethyl acetate, 2:1) to yield the tosylate derivatives as

a clear, colorless oil (9.80 g, 69%). The oil (9.8 g, 27.7 mmol) was combined with potassium

phthalimide (8.14 g, 44 mmol) in DMF (100 mL) and heated at reflux for 1 h. The mixture

was cooled to room temperature and poured slowly, portionwise, into vigorously stirring ice

water (600 mL), followed by stirring for 30 min. The resulting white solid was filtered,

washed several times with water, and dried in air to yield a white powdery phthalimide (IIa/
IIb, 7.8 g, 86%). This material was reacted with hydrazine (1.50 g, 47 mmol) in EtOH (115

mL) and the mixture was heated at reflux for 2 h, cooled to room temperature, acidified with

1 N HCl (to pH 1) with stirring, and stirred for 30 min. The white solid was filtered and

rinsed with fresh EtOH (solid discarded). The filtrate was evaporated in vacuo to a solid,

which was partitioned between ethyl ether and dilute aqueous NaOH. The organic solution

was washed once with brine, dried (Na2SO4), and evaporated in vacuo to a yield a light

yellow oil (3.94 g, 84%) comprised of (S)-(6-chloro-2,3-dihydrobenzo[1,4]dioxin-2-

yl)methylamine (IIIa) and (S)-(7-chloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methylamine

(IIIb), obtained as a ca. 3:1 ratio of 6-Cl:7-Cl isomers by reverse-phase HPLC. This amine

mixture (3.94 g) was dissolved in 2-propanol (100 mL) and 1 N HCl in ethyl ether was

added until pH 1 was attained. The hydrochloride salt that precipitated was filtered (2.65 g)

and recrystallized from methanol/2-propanol to yield white crystals (2.02 g), which were

partitioned between dichloromethane and dilute aqueous NaOH. The organic solution was

washed once with brine, dried (Na2SO4), and evaporated in vacuo to yield purified (S)-(6-

chloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methylamine as a white solid (IIIa, 1.59 g), [α]D

−67.8 (c 1.51, CHCl3). This solid (1.55 g, 7.75 mmol) and sulfamide (1.50 g, 15.5 mmol) in

1,4-dioxane (50 mL) were heated at reflux for 2 h, cooled to room temperature, and

evaporated in vacuo to yield a solid. Purification by flash-column chromatography (CH2Cl2/

MeOH, 20:1) yielded 4 as a white solid (1.34 g, 62%), which was recrystallized from ethyl

acetate/hexanes to afford white crystals mp 98–99 °C; [α]D −59.9 (c 1.11, MeOH); MS (ES)

m/z 277 (M-H); 1H NMR (CDCl3) δ 3.45 (m, 2H), 4.05 (dd, J = 7.1, 11.5 Hz, 1H), 4.29 (dd,

J = 2.4, 11.5 Hz, 1H), 4.40 (m, 1H), 4.55 (s, 2H), 4.76 (m, 1H), 6.81 (m, 2H), 6.90 (d, J =

2.2 Hz, 1H). Anal. Calcd. (C9H11ClN2O4S): C, 38.78; H, 3.98; N, 10.05. Found: C, 38.80;

H, 3.67; N, 9.99. Determination of a single-crystal X-ray structure for one polymorph

(“form VI”) confirmed the absolute configuration for 4.28

The filtrates from crystallization of amine hydrochloride salt, in the above preparation, were

evaporated in vacuo to yield a solid (ca. 1:1 ratio of 6-Cl:7-Cl isomers), which was

partitioned between CH2Cl2 (200 mL) and 0.5 N NaOH (50 mL). The organic solution was

washed once with brine, dried (Na2SO4), and concentrated in vacuo to an oil, which was

purified via reverse-phase HPLC (10–50% acetonitrile containing 0.16% CF3CO2H) to yield

enriched 7-chloro amine (IIIb). This material (0.94 g, 4.7 mmol) and sulfamide (0.90 g, 9.4

mmol) in 1,4-dioxane (25 mL) were refluxed for 2.5 h, cooled to room temperature, and
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evaporated in vacuo to an oil, which was purified by flash-column chromatography

(CH2Cl2/MeOH, 10:1) to yield 10b as a white solid (0.85 g, 65%). A sample was

recrystallized from ethyl acetate/hexane to give white solid, mp 116-118 °C; [α]D −40.8 (c

1.17, MeOH); MS (ES) m/z 277 (M-H); 1H NMR (CDCl3/CD3OD) δ 3.38 (m, 2H), 4.04

(dd, J = 7.0, 11.6 Hz, 1H), 4.30 (dd, J = 2.3, 11.6 Hz, 1H), 4.37 (m, 1H), 6.81 (m, 2H), 6.88

(d, J = 0.7 Hz, 1H). Anal. Calcd (C9H11ClN2O4S): C, 38.78; H, 3.98; N, 10.05; S, 11.51.

Found: C, 38.79; H, 3.59; N, 9.97; S, 11.41.

(2R)-(–)-N-((6-Chloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (ent-4)

The (R)-enantiomer of 4 (ent-4) was prepared in the same manner as for the (S)-enantiomer

(4), but with the use of (S)-glycidyl tosylate as a reactant. The same chemical

transformations were employed to obtain the final crude product, which was recrystallized

from ethyl acetate/hexanes to afford white crystals of ent-4, mp 99–100 °C; [α]D 59.7 (c

1.33, MeOH); MS (ES) m/z 277 (M–H); 1H NMR (CDCl3) δ 3.45 (m, 2H), 4.05 (dd, J =

7.1, 11.6 Hz, 1H), 4.29 (dd, J = 2.4, 11.6 Hz, 1H), 4.40 (m, 1H), 4.56 (s, 2H), 4.76 (m, 1H),

6.81 (m, 2H), 6.90 (d, J = 2.2 Hz, 1H). Anal. Calcd (C9H11ClN2O4S): C, 38.78; H, 3.98; N,

10.05; S, 11.51. Found: C, 38.77; H, 3.64; N, 9.87; S, 11.62.

N-((2,3-Dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (5)

Commercially available rac-2,3-dihydro-1,4-benzodioxin-2-ylmethylamine (4.4 g, 26

mmol) and sulfamide (5.1 g, 53 mmol) were combined in 1,4-dioxane (100 mL) and

refluxed for 2 h. The reaction was cooled to room temperature and a small amount of solid

was filtered and discarded. The filtrate was evaporated in vacuo and the residue was purified

by using flash-column chromatography (CH2Cl2:MeOH, 10:1) to yield a white solid, which

was recrystallized from CH2Cl2 to yield title compound 5 as a white solid, mp: 97.5–98.5

°C; MS (ES) m/z 243 (M–H); 1H NMR (DMSO-d6) δ 3.10 (m, 1H), 3.20 (m, 1H), 3.97 (dd,

J = 6.9, 11.4 Hz, 1H), 4.28 (m, 2H), 6.68 (bd s, 3H, NH), 6.85 (m, 4H). Anal. Calcd

(C9H12N2O4S): C, 44.25; H, 4.95; N, 11.47; S, 13.13. Found: C, 44.28; H, 4.66; N, 11.21; S,

13.15.

(2S)-(–)-N-((2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (S-5)

According to Method A, catechol (13.2 g, 0.12 mol) and potassium carbonate (16.6 g, 0.12

mol) were stirred in DMF (250 mL) and (R)-glycidyl tosylate (22.8 g, 0.10 mol) was added,

followed by stirring at 60 °C for 24 h. The reaction was worked up to yield a white solid,

which was purified by flash-column chromatography (CH2Cl2:MeOH, 50:1) to yield (2S)-

(2,3-dihydrobenzo[1,4]dioxin-2-yl)methanol. This alcohol was processed according to

Method A to give crude (2S)-(2,3-dihydrobenzo[1,4]dioxin-2-yl)methylamine as a light

yellow oil. The oil was purified by flash-column chromatography (CH2Cl2:MeOH, 10:1) to

yield a purified oil. A portion of this oil (4.82 g, 29 mmol) in 2-propanol (250 mL) was

treated with 1 N HCl (30 mL), heated on steam bath until homogeneous, and let cool to

room temperature. After 3 h, the mixture was ice cooled for 2 h to give a flaky solid, which

was recrystallized from 2-propanol to yield a white solid HCl salt, [α]D −69.6 (c 1.06,

EtOH). This white solid was partitioned between CH2Cl2 and dilute NaOH; the organic

solution was dried (NaSO4) and concentrated in vacuo to yield oily (2S)-(2,3-
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dihydrobenzo[1,4]dioxin-2-yl)methylamine, [α]D −57.8 (c 1.40, CHCl3). The oil (2.1 g,

12.7 mmol) and sulfamide (2.44 g, 25.4 mmol) were refluxed in 1,4-dioxane (75 mL) for 2 h

and the crude product was purified by flash-column chromatography (CH2Cl2:MeOH, 10:1)

to yield a white solid, which was recrystallized from CH2Cl2 to yield the title compound as a

white crystalline solid, mp 102–103 °C; [α]D −45.1 (c 1.05, MeOH); 1H NMR (DMSO-d6)

δ 3.10 (dd, J = 6.9, 13.7 Hz, 1H), 3.20 (dd, J = 5.5, 13.7 Hz, 1H), 3.97 (dd, J = 6.9, 11.4 Hz,

1H), 4.3 (m, 2H), 6.81 (bd s, 3H, NH), 6.86 (m, 4H). Anal. Calcd (C9H12N2O4S): C, 44.25;

H, 4.95; N, 11.47; S, 13.13. Found: C, 44.20; H, 4.69; N, 11.40; S, 13.22.

N-((2,3-Dihydrobenzo[1,4]dioxin-2-yl)methyl)-N-methylsulfamide (6)

Racemic (2,3-dihydro-1,4-benzodioxin-2-yl)methylamine (825 mg, 5 mmol) in ethyl

formate (15 mL) was refluxed for 30 min and evaporated in vacuo to yield N-((2,3-

dihydrobenzo[1,4]dioxin-2-yl)methyl)formamide as an oil. This oil in diethyl ether (25 mL)

was treated with 1 M LiAlH4 in THF (9.0 mL, 9.0 mmol) at 0 °C and stirred for 5 h at room

temperature. The reaction was cooled in an ice bath and quenched with water (0.50 mL),

followed by 3 N NaOH (0.50 mL) and water (0.50 mL). The mixture was stirred at room

temperature for 1 h and the solid was filtered off. The filtrate was evaporated in vacuo to

yield a residue, which was partitioned between 1 N HCl and diethyl ether. The aqueous

phase was basified with 1 N NaOH and extracted with diethyl ether. The organic phase was

dried (MgSO4) and evaporated in vacuo to yield N-((2,3-dihydrobenzo[1,4]dioxin-2-

yl)methyl)-N-methylamine as an oil (0.40 g). MS (ES) m/z 180 (MH+); 1H NMR (CDCl3) δ
2.50 (s, 3H), 2.85 (m, 2H), 4.02 (dd, J = 7.9, 11.6 Hz, 1H), 4.30 (m, 2H), 6.85 (m, 4H). A

solution of this amine (380 mg, 2.1 mmol) and sulfamide (820 mg, 8.5 mmol) in 1,4-dioxane

(15 mL) was refluxed for 1.5 h and evaporated in vacuo to yield a crude residue. The residue

was purified via flash-column chromatography (ethyl acetate/heptane, 1:1) and the resultant

solid was recrystallized from ethyl acetate/hexane to yield 6 as a white solid (330 mg), mp

97–98 °C. MS (ES) m/z 257 (M–H); 1H NMR (CDCl3) δ 2.99 (s, 3H), 3.40 (dd, J = 5.9,

14.9 Hz, 1H), 3.51 (dd, J = 6.7, 14.9 Hz, 1H), 4.05 (dd, J = 6.5, 11.5 Hz, 1H), 4.29 (dd, J =

2.3, 11.5 Hz, 1H), 4.46 (m, 1H), 4.52 (bd s, 2H), 6.86 (m, 4H). Anal. Calcd (C10H14N2O4S):

C, 46.50; H, 5.46; N, 10.85; S, 12.41. Found: C, 46.48; H, 5.65; N, 10.90; S, 12.07.

N-((2,3-Dihydrobenzo[1,4]dioxin-2-yl)methyl)-N’,N’-dimethylsulfamide (7)

Racemic 2,3-dihydro-1,4-benzdioxin-2-ylmethylamine (8.25 g, 5.0 mmol) and triethylamine

(1.52 g, 15 mmol) were combined in DMF (10 mL) and cooled in an ice bath as

dimethylsulfamoyl chloride (1.44 g, 10 mmol) was added. The reaction mixture was stirred

for 3 h with continued cooling, after which the reaction mixture was partitioned between

ethyl acetate and water, and the organic solution was washed with brine, dried (MgSO4) and

evaporated in vacuo to yield an oil. The oil was purified using flash-column chromatography

(EtOAc:heptane, 1:1) to yield a white solid, which was recrystallized (EtOAc/hexanes) to

yield title compound 7 as a white floccular solid, mp 76–78 °C; MS (ES) 273 (MH+); 1H

NMR (CDCl3) δ 2.82 (s, 6H), 3.36 (m, 2H), 4.04 (dd, J = 7.0, 11.4, 1H), 4.27 (dd, J = 2.3,

11.4 Hz, 1H), 4.35 (m, 1H), 4.59 (bd m, 1H, NH), 6.87 (m, 4H). Anal. Calcd

(C11H16N2O4S): C, 48.52; H, 5.92; N, 10.29; S, 11.78. Found: C, 48.63; H, 5.62; N, 10.20;

S, 11.90.
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N-(Chroman-2-ylmethyl)sulfamide (8). Example of Method B

Chroman-2-carboxylic acid (4.5 g, 25 mmol) and 1-hydroxybenzotriazole (3.86 g, 25 mmol)

were combined in CH2Cl2 (40 mL) and DMF (10 mL). 1-Ethyl-3-

dimethylaminopropylcarbodiimide (EDC; 4.84 g, 25 mmol) was added at room temperature

and the mixture was stirred for 30 min; ammonium hydroxide (28%, 2.26 mL, 33.4 mmol)

was added and the mixture was stirred for 16 h. The reaction mixture was diluted with

CH2Cl2 (50 mL) and water (50 mL), and the pH was adjusted to ~3 (pH paper) by addition

of 1 N HCl. The organic phase was separated and the aqueous phase was extracted twice

with CH2Cl2. The combined organic solution was dried (Na2SO4) and evaporated in vacuo

to yield an oil, which was purified with flash-column chromatography (ethyl acetate) to

yield the carboxamide as a white solid (4.35 g, 97%). 1H NMR (CDCl3) δ 2.10 (m, 1H),

2.40 (m, 1H), 2.75–2.95 (m, 2H), 4.54 (dd, J = 3.0, 9.4 Hz, 1H), 5.50 (bd s, 1H), 6.55 (bd s,

1H), 6.85–6.95 (m, 2H), 7.10–7.20 (m, 2H). The amide (5.35 g, 30 mmol; from several

preparations) in THF (90 mL) was treated with 1 M LiAlH4 in THF (36 mL, 36 mmol) with

stirring and the mixture was stirred at room temperature for 20 h. The reaction was cooled in

an ice bath, quenched (1.4 mL of water, 1.4 mL of 3 N NaOH, 2.8 mL of water), and stirred

for 2 h at room temperature. The solids were filtered; the filtrate was dried (K2CO3) and

evaporated in vacuo to an oil, which was purified via flash-column chromatography (ethyl

acetate/MeOH/ammonium hydroxide, 90:9:1) to yield chroman-2-ylmethylamine (3.50 g,

71%) as an oil, MS (ES) m/z 164 (MH+). A mixture of this amine (1.63 g, 10 mmol) and

sulfamide (1.92 g, 20 mmol) in 1,4-dioxane (50 mL) was refluxed for 2 h, cooled, and

evaporated in vacuo to an oil, which was purified via flash-column chromatography

(CH2Cl2/MeOH, 10:1) to give a white solid. Recrystallization from ethyl acetate/hexane

furnished 8 as a white solid (1.52 g, 63%), mp 100–101 °C; MS (ES) m/z 241 (M–H); 1H

NMR (CDCl3) δ 1.85 (m, 1H), 2.05 (m, 1H), 2.85 (m, 2H), 3.35 (m, 1H), 3.50 (m, 1H), 4.22

(m, 1H), 4.59 (s, 2H), 4.91 (s, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.87 (dd, J = 7.3, 7.5 Hz, 1H),

7.10 (m, 2H). Anal Calcd. (C10H14N2O3S): C, 49.57; H, 5.82; N, 11.56; S, 13.23. Found: C,

49.57; H, 5.80; N, 11.75; S, 13.33.

N-(2-(2,3-Dihydrobenzo[1,4]dioxin-2-yl)ethyl)sulfamide (9)

Potassium cyanide (2.05 g, 31.5 mmol) was added to 2-bromomethyl(2,3-

dihydrobenzo[1,4]dioxole) (6.87 g, 30 mmol) in DMSO (90 mL) and the mixture was stirred

at room temperature for 20 h. The reaction mixture was diluted with water (250 mL) and

extracted twice with diethyl ether. The organic solution was washed with water, washed

twice with brine, dried (Na2SO4), and evaporated in vacuo to yield 2-cyanomethyl-(2,3-

dihydrobenzo[1,4]dioxole) as a white solid (4.90 g, 93%). 1H NMR (CDCl3) δ 2.78 (d, J =

6.1 Hz, 2H), 4.08 (dd, J = 6.2, 11.6 Hz, 1H), 4.31 (dd, J = 2.3, 11.5 Hz, 1H), 4.50 (m, 1H),

6.89 (m, 4H). This material was dissolved in THF (50 mL), treated with 1 M BH3-THF (80

mL, 80 mmol), and the mixture refluxed for 5 h, then stirred at room temperature for 16 h.

With ice-bath cooling, 2 N HCl was added until pH 1 was achieved. The reaction mixture

was stirred for 1 h at room temperature and evaporated in vacuo to yield an oil. The oil was

partitioned between 3 N NaOH and diethyl ether, and the diethyl ether solution was washed

with brine, dried (Na2SO4), and evaporated in vacuo to yield crude 2-(2,3-

dihydrobenzo[1,4]dioxin-2-yl)ethylamine (2.80 g, 58%), MS (ES) m/z (MH+) 180. This
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amine (2.80 g, 15.6 mmol) in 1,4-dioxane (100 mL) was combined with sulfamide (3.0 g, 31

mmol) and heated to reflux for 2 h. The solution was cooled and evaporated in vacuo to give

an orange solid, which was purified by flash-column chromatography (CH2Cl2/MeOH,

10:1) to yield a white solid. The solid was recrystallized from CH2Cl2 to yield 9 as a white

solid (2.12 g), mp 101–103 °C; MS (ES) m/z (M–H) 257; 1H NMR (CDCl3) δ 1.94 (dd, J =

6.5, 12.9, 2H), 3.43 (dd, J = 6.4, 12.9 Hz, 2H), 3.94 (dd, J = 7.4, 11.3 Hz, 1H), 4.30 (m, 2H),

4.52 (s, 2H), 4.70 (m, 1H), 6.86 (m, 4H). Anal. Calcd (C10H14N2O4S): C, 46.50; H, 5.46; N,

10.85; S, 12.41. Found: C, 46.48; H, 5.60; N, 10.81; S, 12.41.

(2S)-(–)-N-((6-Fluoro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (10e)

A DMF (200 mL) solution of 4-fluoro-2-hydroxyacetophenone (8.94 g, 58 mmol) and

potassium carbonate (8.84 g, 64 mmol) was treated with (R)-glycidyl m-

nitrophenylsulfonate (15.0 g, 58 mmol) and the reaction stirred at 40–45 °C for 7 h. The

reaction was cooled to room temperature and poured into water (500 mL) and extracted with

t-butyl methyl ether (3 × 350 mL). The combined organic solution was washed twice with

brine, dried (MgSO4), and evaporated in vacuo to white solid (11.4 g, 94%). This solid and

m-chloroperbenzoic acid (MCPBA, 14.6 g, 65 mmol) in CH2Cl2 (160 mL) was refluxed for

4 h, then let stand at room temperature for 16 h. An additional amount of MCPBA was

added (8 g) and the mixture was refluxed for 4 h and then stirred at room temperature for 16

h. The white solid m-chlorobenzoic acid was filtered and rinsed several times with CH2Cl2.

The filtrate was added to 10% aqueous sodium bisulfite (250 mL), stirred for 10 min, and

added cautiously to saturated aqueous sodium bicarbonate. The separated organic solution

was washed twice with saturated NaHCO3, once with brine, dried (MgSO4), and evaporated

in vacuo to an oil (11.7g). To a stirred solution of this material (11.4 g, 50.4 mmol) in

MeOH (100 mL) at room temperature was added dropwise 25% NaOMe in MeOH (14.4

mL, 63 mmol) over 15 min, followed by stirring for 2 h. The reaction was evaporated in

vacuo to a solid, which was partitioned between CH2Cl2 and water (200 mL each). The

organic phase was separated and washed with water, twice with brine, dried (MgSO4), and

evaporated in vacuo to afford the title alcohol as a white solid (7.50 g, 81%). MS (ES) m/z

185 (MH+); 1H NMR (CDCl3) δ 2.01 (t, J = 6.2 Hz, 1H), 3.75–3.95 (m, 2H), 4.10 (m, 1H),

4.21 (m, 1H), 4.29 (dd, J = 2.1, 11 Hz, 1H), 6.5–6.7 (m, 2H), 6.81 (dd, J = 5.4, 8.9 Hz, 1H).

This alcohol was converted into (2S)-(–)-N-((6-fluoro-2,3-dihydrobenzo[1,4]dioxin-2-

yl)methyl)sulfamide (10e) by using the relevant four synthetic steps described in Method A,

involving sequential treatment with p-TsCl, potassium phthalimide, hydrazine, and

sulfamide (see above).

(2S)-(–)-N-((6,7-Dichloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (10h)

According to Method A, 4,5-dichlorocatechol (8.6 g, 48 mmol), potassium carbonate (6.64

g, 48 mmol), and (R)-glycidyl tosylate (9.12 g, 40 mmol) were reacted in DMF (200 mL) to

afford (2S)-2-(6,7-dichloro-2,3-dihydrobenzo[1,4]dioxin-2-yl)methanol, as a viscous oil.

This alcohol was converted into (2S)-(–)-N-((6-fluoro-2,3-dihydrobenzo[1,4]dioxin-2-

yl)methyl)sulfamide (10e) by using the relevant four synthetic steps described in Method A,

involving sequential treatment with p-TsCl, potassium phthalimide, hydrazine, and

sulfamide (see above). Crude 10h was purified by flash-column chromatography

(CH2Cl2:MeOH, 20:1) to yield a white solid, which was recrystallized from ethyl acetate/
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hexanes to yield a purified white crystalline solid, mp 119–121 °C; [α]D −53.4 (c 1.17,

MeOH); MS (ES) [M–H] 311; 1H NMR (DMSO-d6) δ 3.15 (m, 2H), 4.05 (dd, J = 6.5, 11.5

Hz, 1H), 4.35 (m, 2H), 6.68 (bd s, 2H), 6.91 (bd s, 1H), 7.20 (s, 1H), 7.22 (s, 1H). Anal.

Calcd (C9H10Cl2N2O4S): C, 34.52; H, 3.22; N, 8.95; Cl, 22.64; S, 10.24. Found: C, 34.52;

H, 3.22; N, 8.95; Cl, 22.64; S, 10.24.

(2S)-(–)-N-((7-Methyl-2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl)sulfamide (10i)

According to Method A, 4-methylcatechol was converted to the target compound, a white

solid that was recrystallized from ethyl acetate/hexane to give a purified white solid, MS

(ES) [M–H] 257; 1H NMR (CDCl3) δ 2.25 (s, 3H), 3.45 (m, 2H), 4.03 (dd, J = 6.9, 11.4 Hz,

1H), 4.28 (m, 1H), 4.40 (m, 1H), 4.57 (bd s, 1H), 4.80 (m, 1H), 6.66 (m, 2H), 6.76 (m, 1H),

7.20 (s, 1H), 7.22 (s, 1H). Anal. Calcd (C10H14N2O4S): C, 46.50; H, 5.46; N, 10.85; S,

12.41. Found: C, 46.65; H, 5.60; N, 10.84; S, 12.61.

N-((Benzo[1,3]dioxol-2-yl)methyl)sulfamide (11a)

Catechol (10.26 g, 93.2 mmol), sodium methoxide (25% by weight in MeOH, 40.3 g, 186

mmol), and methyl dichloroacetate (13.3 g, 93.2 mmol) were combined in dry MeOH (100

mL), and the solution was heated at reflux overnight. The reaction was cooled to room

temperature, acidified with concentrated HCl, and reduced in volume under vacuum to about

50 mL. Water was added and the mixture was extracted with ethyl ether (3 × 100 mL). The

combined organic solution was dried (MgSO4) and concentrated. The brown semisolid was

flash-column chromatographed (ethyl acetate/hexane, 2:98) to yield methyl

benzo[1,3]dioxole-2-carboxylate as a colorless oil, MS (ESI) m/z 195 (MH+); 1H NMR (300

MHz, CDCl3) δ 1.33 (t, J =7 Hz, 3H), 4.34 (q, J = 7 Hz, 2H), 6.29 (s, 1H), 6.89 (broad, 4H).

This material (7.21 g, 40.0 mmol) was treated with ammonium hydroxide (29% in water, 10

mL) and enough acetonitrile to make the mixture homogeneous (~5 mL). The solution was

stirred for 2 h at room temperature and diluted with distilled water. Benzo[1,3]dioxole-2-

carboxamide precipitated as a white solid, which was collected by filtration and used

without further purification, MS (ESI) m/z 160 (MH+); 1H NMR (300 MHz, DMSO-d6) δ
6.30 (s, 1H), 6.86 (m, 2H), 6.94 (m, 2H), 7.72 (s, broad, 1H), 7.99 (s, broad, 1H). This amide

(5.44 g, 32.9 mmol) was dissolved in THF (100 mL) and LiAlH4 (1 M in THF, 39.5 mL,

39.5 mmol) was added slowly at room temperature with stirring. The reaction was stirred at

23 °C for 24 h. Distilled water was added carefully to destroy the excess LiAlH4. Aqueous

NaOH (3 N, 100 mL) was added and the solution was extracted with ethyl acetate (3 × 100

mL). The combined organic solution was washed with water, dried (MgSO4), and

concentrated to yield (benzo[1,3]dioxol-2-yl)methylamine as a colorless oil, MS (ESI) m/z

152 (MH+); 1H NMR (300 MHz, CDCl3) δ 3.13 (d, J = 4 Hz, 2H), 6.09 (t, J = 4 Hz, 1H),

6.87 (m, 4H). This amine (2.94 g, 19.4 mmol) and sulfamide (3.74 g, 38.9 mmol) were

combined in dry 1,4-dioxane (50 mL) and the mixture was heated at reflux overnight. The

reaction was concentrated and the residue was flash-column chromatographed (2–10%

acetone in CH2Cl2) to yield 11a as a white solid, MS (ESI) m/z 230 (MH+); 1H NMR (300

MHz, CDCl3) δ 3.64 (d, J = 4 Hz, 2H), 4.62 (broad, 1H), 4.79 (broad, 1H), 6.25 (t, J = 4

Hz, 1H), 6.87 (m, 4H).
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N-((3,4-Dihydro-2H-benzo[b][1,4]dioxepin-3-yl)methyl)sulfamide (12)

Catechol (IV, 5.09 g, 46.2 mmol) and potassium carbonate were combined in acetonitrile

and refluxed for 1 h. 2-Chloromethyl-3-chloro-1-propene (5.78 g, 46.2 mmol) was added

and the reaction was refluxed for 24 h. The solution was cooled to room temperature and

filtered. The filtrate was evaporated; the residue was diluted with water and extracted with

ethyl ether (3x). The combined organic solution was dried (MgSO4) and concentrated in

vacuo. Flash-column chromatography (ethyl ether/hexane, 2:98) gave 3-methylene-3,4-

dihydro-2H-benzo[b][1,4]dioxepine (V) as a colorless oil, MS (ESI) m/z 163 (MH+); 1H

NMR (300 MHz, CDCl3) δ 4.76 (s, 4H), 5.07 (s, 2H), 6.94 (m, 4H). This material (5.00 g,

30.8 mmol) was dissolved in dry THF (100 mL) and borane-THF (1.0 M in THF, 10.3 mL)

was added at 0 °C. After stirring at 23 °C for 5 h, hydroxylamine-O-sulfonic acid (6.97 g,

61.6 mmol) was added to aminate the organoborane intermediate29 and the reaction was

heated at reflux overnight. The reaction was cooled to room temperature and aqueous NaOH

(3 N, 100 mL) was added. The solution was extracted with ethyl acetate (3 × 100 mL), and

the combined organic solution was dried (MgSO4) and concentrated under vacuum.

Purification by chromatography (2–8% MeOH in CH2Cl2) yielded ((3,4-dihydro-2H-

benzo[b][1,4]dioxepin-3-yl)methyl)amine (VI) as a colorless oil, MS (ESI) m/z 180

(MH+); 1H NMR (300 MHz, DMSO-d6) δ 2.30 (m, 1H), 2.72 (d, J = 4 Hz, 1H), 3.16 (d, J =

4 Hz, 1H), 3.33 (broad, 2H), 4.07 (m, 2H), 4.21 (m, 2H), 6.92 (m, 4H). This amine (2.90 g,

16.2 mmol) and sulfamide (3.11 g, 32.4 mmol) were combined in dry 1,4-dioxane (60 mL)

and heated at reflux overnight. Chloroform was added and the precipitate was removed by

filtration. The filtrate was concentrated under vacuum and purified by flash-column

chromatography (2–8% acetone in CH2Cl2) to yield 12 as an off-white solid, MS (ESI) m/z

259 (MH+); 1H NMR (300 MHz, DMSO-d6) δ 2.39 (m, 1H), 3.00 (m, 2H), 4.04 (m, 2H),

4.19 (m, 2H), 6.59 (broad, 2H), 6.71 (broad, 1H), 6.92 (m, 4H).

Maximal Electroshock Seizure (MES) Test in Mice and Rats

The MES test procedure described by Swinyard et al. was employed.14 In experiments with

mice, a 60-Hz current of 50-mA intensity was applied through corneal electrodes for a 0.2-s

duration; with rats, seizure activity was induced by delivery of a 150-mA current (0.2 s) to

the cornea. Both procedures caused immediate hind-limb tonic extension. Absence of tonic

extension suggests that the test compound is able to prevent the spread of seizure discharge

in neural tissue. Efficacy in this model is very predictive of clinical utility against tonic

and/or clonic generalized seizures.

Male CD-1 mice (Charles River Laboratories; 22–28 g) were fasted overnight prior to

administering test compounds. Compounds were administered orally (p.o.) as a suspension

in 0.5% aqueous methylcellulose at various time points (0.5–8 h) prior to seizure testing.

Ten mice per dose and eleven doses were used to establish ED50 values; i.e., the calculated

dose required to block the hind-limb tonic-extensor component of the maximal electroshock

seizure in 50% of the mice tested. The ED50 values, determined at the time of peak activity,

were calculated by nonlinear regression using the Sigmoidal Emax model (Pharsight

WinNonlin Program).
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Additional MES testing was performed as described above (by NeuroAdjuvants) except with

CF-1 mice (Charles River Laboratories; 18–25 g) and the ED50 values were determined at 2

h following oral (p.o.) administration.

In studies conducted at the NINDS, male Sprague–Dawley rats (Simonsen Laboratories;

100–150 g) were food deprived just prior to testing. Eight rats per dose and four doses (test

compound in 0.5% aqueous methylcellulose) were used to establish ED50 values, which

were determined at the time of peak activity after oral administration.

Chemically-Induced Seizures in Mice.14b,19,30

These studies were conducted at the NINDS. Three convulsant compounds, bicuculline

(Bic), picrotoxin (Pic), and pentylenetetrazol (PTZ), were used to induce seizures in male

CF-1 albino mice (Charles River Laboratories; 18–25 g). Fifteen minutes post-dosing with

either vehicle (0.5% aqueous methylcellulose) or test compound, Bic (2.7 mg/kg), Pic (3.15

mg/kg), or PTZ (85 mg/kg) were administered subcutaneously (s.c.) at doses calculated to

induce forelimb clonic seizures for 3 s in 97% of the mice (CD97). Animals not displaying a

clonic seizure within the prescribed time frame, 30 min (Bic or PTZ) or 45 min (Pic), were

considered protected. Eight mice per dose and at least four doses were used to establish

ED50 values. Anticonvulsant activity against these three convulsants indicates an ability to

protect against threshold seizures, i.e., to raise the seizure threshold.

The intravenous pentylenetetrazol (iv PTZ) seizure threshold test was also performed.31 In

this case, the test compound does not have to completely prevent seizure occurrence, but just

delay its appearance, indicating a the ability to modify seizure threshold. The iv PTZ test can

determine if a compound can increase (anticonvulsant) or decrease (proconvulsant) seizure

threshold. Two doses of the compound were employed, the first dose corresponding to the

ED50 for protection against MES seizures and the second dose corresponding to the median

toxic dose (TD50; dose that produces rotorod impairment in 50% of mice tested). Nine mice

per dose were injected i.p. with vehicle (0.5% aqueous methylcellulose) or test compound.

Fifteen minutes post-dosing, a convulsant solution of PTZ (0.5% PTZ in 0.9% saline

containing 10 USP units/mL of heparin sodium) was infused into the tail vein at a constant

rate of 0.34 mL/min. The time in seconds from the start of the infusion to the appearance of

the first twitch and the onset of clonus was recorded. The times to each end point were

converted to mg/kg of PTZ for each mouse in the vehicle and test compound groups. An

increase in the dose of PTZ to produce a first twitch or clonic seizure suggests that the test

compound can increase seizure threshold (anticonvulsant).

Audiogenic Seizures in Mice32

These studies were conducted at the NINDS. The ability of the test compound to prevent

sound-induced seizures was evaluated in adult male and female Fring’s AGS mice (20–25 g;

in-house breeding colony at the University of Utah, Salt Lake City). Individual mice were

placed into a Plexiglass cylinder (diam, 15 cm; ht, 18 cm) fitted with an audio-transducer

and exposed to a sound stimulus of 110 db (11 kHz) delivered for 20 s. Sound-induced

seizures are characterized by wild running followed by loss of righting reflex with forelimb

and hindlimb tonic extension. Drug-treated mice that did not display hindlimb tonic
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extension were considered protected. There were eight mice per dose and a minimum of four

doses, which established an ED50 value at the time to peak effect. Test compound or vehicle

(0.5% aqueous methylcellulose) was administered i.p. 1 h prior to sound induction.

Kindling Studies in Rats19

Adult male Sprague–Dawley rats (300–400 g) were surgically implanted with bipolar

electrodes placed in the hippocampus. Rats were kindled by repetitive electrical stimulation

(50 Hz, 10-s train of 1-ms biphasic 200-μA pulses every 30 min for 6 h every other day for a

total of 60 stimulations) resulting in stage 5 bilateral motor seizures. One week later, the rats

received 2–3 supra-threshold stimulations every 30 min before treatment with test

compound to ensure stability of the behavioral seizure stage and after-discharge duration.

Fifteen minutes after the last stimulation, a single dose of vehicle or test compound was

administered i.p.; after 15 min, each rat was stimulated every 30 min for 3–4 h. After each

stimulation, individual seizure scores and after-discharge durations were recorded. The

group scores (mean ± SEM) were calculated for each parameter, with eight rats per dose and

at least four doses being used to establish the ED50 values. Efficacy was measured in terms

of the ability of a compound to modify the seizure score (severity of spread) and after-

discharge duration (excitability) of the generalized seizures.

Voltage-Gated Na+ Channels33

Sodium channel activity was studied by using a whole-cell patch-clamp technique in

CHL1610 cells that stably express rat Nav1.2. A 45-s preconditioning pulse (at −107 and

−67 mV) was followed by 3 s of brief (5 ms) depolarizations to −7 mV at 10 Hz. The

membrane potential during the time between each depolarization was the same as the

preconditioning voltage. The interval between each preconditioning pulse was 15 s, during

which time the cell was held at −107 mV. The extracellular solution perfusing the cell

contained NaCl (132 mM), KCl (5.4 mM), CaCl2 (1.8 mM), MgCl2 (0.8 mM), HEPES (10

mM), and glucose (10 mM) at pH 7.4. The pipette solution contained CsCl (45 mM), CsF

(100 mM), EGTA (5.0 mM), HEPES (10 mM), and glucose (5.0 mM) at pH 7.4. Data were

acquired both in the absence and presence (after 2–3 min application) of the test compound.

All experiments were performed at 22 °C. The peak current amplitude during the 30th 5-ms

depolarization to −7 mV was used to determine percent inhibition by the compounds tested.

To obtain the 50% inhibitory concentration (IC50) value, the concentration–response data

were fitted to a logistic function of the form: R = 100 − 100/(1 + C/IC50)p, where R is the

percentage inhibition, p is the slope coefficient, and C is the concentration of the test

compound.

Voltage-Gated N-type Ca2+ Channels33c,34

Compounds were prepared as 1 M solutions in DMSO and diluted to the indicated

concentrations in either “patch-clamp control buffer,” containing 121 mM triethylamine-

HCl, 10 mM BaCl2, 1.0 mM MgCl2, 10 mM HEPES, and 10 mM glucose (pH 7.4) or, for

calcium-imaging studies, Hank’s Balanced Salt Solution (Invitrogen), to which was added

2.5 mM CaCl2, 20 mM HEPES, and 0.1% bovine serum albumin. MVIIA was prepared as a

200 μM stock solution in patch-clamp control buffer containing 0.3% bovine serium
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albumin. The N-type voltage-gated calcium channel stable cell line was generated with HEK

cells by expressing rat Cav2.2 (α1B) subunit in pcDNA3.1 (Genbank# AAO53230) and α2δ
and β3 in pBudCE4.1 vectors under selection by 400 μg/mL of G418 and 200 μg/mL of

Zeocin, respectively. Cells were clonally isolated, expanded, and screened by Western blot

analyses, and then further tested for expression of characteristic N-type calcium currents by

whole-cell patch-clamp. Rat Cav2.2-containing channels were tested by using a calcium

indicator dye detection system (FDSS, Hamamatsu) and the whole-cell patch-clamp

technique (EPC-10 amplifier with Pulse software, HEKA). For the FDSS assay, peak

responses to 50 mM KCl stimulation were recorded. Responses with different

concentrations of test compounds were normalized to the peak control response to 50 mM

KCl (set to 100%) and the peak response in the presence of 200 nM MVIIA (set to 0%). The

data from four wells for each concentration were averaged, and the averaged points were

subjected to a nonlinear regression curve fit (GraphPad Prism) to determine the IC50 values.

For whole-cell patch-clamp, current (in pA) was measured in a 20-ms window surrounding

the peak current evoked during the step to +20 mV for each pulse. The amount of current at

the end of a given drug concentration was normalized to the control level determined at the

start of the experiment. The percent inhibition of a given concentration of test compound

was calculated as: 100 − [100 × (pA in compound)/(pA in control)]. For determining the

IC50, the percent inhibition at each concentration (1, 10, 30, 100 and 300 μM in 3, 6, 10, 8,

and 5 cells, respectively) was averaged across all cells tested at that concentration and the

average data for all concentrations tested were fit to the same logistic function as above.

Where applicable, data were analyzed by a Student’s t-test and are expressed as the mean ±

SEM.

Neurotoxicity in Mice35

To determine sedative and/or ataxic side effects for the test compounds, the standard rotorod

toxicity test was performed. The time of peak effect for minimal motor impariment on the

rotorod was determined following administration of 100 mg/kg (i.p.) of compound. Mice

were observed by a trained technician on a rotating rotorod (6 rpm) for 1 min to check for

motor impairment, ataxia, or other signs of behavioral toxicity. Motor impairment was

defined as the inability of a mouse to maintain equilibrium for 60 s in three consecutive

trials on the rotorod.

Carbonic Anhydrase Inhibition

The inhibition of CA-II was performed by the pH shift method, which involves the

hydration of CO2. We described the procedure for this assay in earlier papers.10a-d An

analogous assay method was performed by Cerep, an independent contract laboratory.16,17

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

ADME adsorption, distribution, metabolism, and excretion

AUC area under the curve

Bic bicuculine

CA carbonic anhydrase

CNS central nervous system

GABA γ-aminobutyric acid

LM liver microsomes

MES maximal electroshock seizure

NMDA N-methyl-D-aspartic acid

Pic picrotoxin

PTZ pentylenetetrazol
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Figure 1.
Frequency distribution analysis for individual rats (N = 8 animals) in the hippocampal kindling model after treatment with

various anticonvulsants (4, 3, 1, ethosuximide, phenytoin, carbamazepine, and valproic acid; vehicle: 0.5% aqueous

methylcellulose). The color code represents the number of rats out of eight that evinced the particular seizure response noted

(seizure free, focal seizure, global seizure). Seizure scores were assessed at the time of peak effect and at the maximal effective

dose.
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Scheme 1.
Synthesis of 4.a

a. Alcohols Ia and Ib were prepared as a mixture of regioisomers (~3:1) by following a reported enantioselective synthesis (ref

12). The ratio of IIIa:IIIb was ~3:1. Amine llla was purified as the HCl salt. Ts, p-toluenesulfonyl; phth, phthalimide anion.

McComsey et al. Page 25

J Med Chem. Author manuscript; available in PMC 2014 November 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Scheme 2.
Synthesis of 12.
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Chart 1.
Sulfamate and Sulfamide Anticonvulsants (with Standard Numbering System)
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Table 2

Oral Mouse MES ED50 Data for Selected Compoundsa

cmpd ED50 (mg/kg, po) 95% CI neurotoxicityb

4 120c -- d

(S)-5 199 183–222 0/8 (250)

10a 124 85–173 6/8 (300)

10b 104 91–128 0/8 (150)

10d 230 171–281 2/8 (350)

10e 161 138–192 3/8 (300)

10h 296 202–473 3/8 (600)

11a 131 120–141 1/8 (150)

12 267 232–299 4/8 (300)

3 119c 112–126 d

phenytoin 9.0e TD50 = 86.7e

1 43.8f TD50 = 389g

a
Maximal electroshock seizure model, at 1 h post dosing, performed at NeuroAdjuvants. CI, 95% confidence interval.

b
Mouse rotorod toxicity, at the dose in mg/kg given in parentheses. The effect is presented as the number of animals responding out of the total

number of animals tested.

c
Performed in house; result at 3 h post dosing (time of peak effect).

d
See text for rat data.

e
At 2 h; ref 3a.

f
At 1 h; ref 6.

g
At 1 h; ref 3a.
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