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In the present investigation, the rationale for the design, synthesis, and biological evaluation
of potent inhibitors of neuronal Na+ channels is described. N,N′-Diaryl- and N-aryl-N-
aralkylguanidine templates were locked in conformations mimicking the permissible conforma-
tions of the flexible diarylguanidinium ion (AS+, AA+, SS+). The resulting set of constrained
guanidines termed “lockamers” (cyclophane, quinazoline, aminopyrimidazolines, aminoimida-
zolines, azocino- and tetrahydroquinolinocarboximidamides) was examined for neuronal Na+

channel blockade properties. Inhibition of [14C]guanidinium ion influx in CHO cells expressing
type IIA Na+ channels showed that the aminopyrimidazoline 9b and aminoimidazoline 9d,
compounds proposed to lock the N,N′-diarylguanidinium in an SS+ conformation, were the
most potent Na+ channel blockers with IC50’s of 0.06 µM, a value 17 times lower than that of
the parent flexible compound 18d. The rest of the restricted analogues with 4-p-alkyl
substituents retained potency with IC50 values ranging between 0.46 and 2.9 µM. Evaluation
in a synaptosomal 45Ca2+ influx assay showed that 9b did not exhibit high selectivity for
neuronal Na+ vs Ca2+ channels. The retention of significant neuronal Na+ blockade in all
types of semirigid conformers gives evidence for a multiple mode of binding in this class of
compounds and can possibly be attributed to a poor structural specificity of the site(s) of action.
Compound 9b was also found to be the most active compound in vivo based on the high level
of inhibition of seizures exhibited in the DBA/2 mouse model. The pKa value of 9b indicates
that 9b binds to the channel in its protonated form, and log D vs pH measurements suggest
that ion-pair partitioning contributes to membrane transport. This compound stands out as
an interesting lead for further development of neurotherapeutic agents.

Introduction
Voltage-dependent Na+ channel blockers are widely

used as local anesthetics, antiarrhythmics, and anti-
convulsant agents.1,2 In the past few years, the poten-
tial role of this pharmacological class of agents has been
extensively investigated in various disorders of the
central and peripheral nervous systems such as stroke,
head trauma, spinal cord injury, neuropathic pain, and
amyotrophic lateral sclerosis (ALS).2-5

It has been proposed that, in ischemic situations such
as stroke or head trauma, the development of Na+

channel hyperactivity is implicated in the cascade of
biochemical events that ultimately lead to neuronal cell
death.2,3,6 This hypothetical mechanism has provided
a basis for the evaluation of Na+ channel blockers in
experimental models of ischemic stroke. Tetrodotoxin,
a marine toxin that selectively blocks voltage-dependent
Na+ channels, was found to be neuroprotective in a
model of global brain ischemia,7 substantiating the
pathophysiological role of voltage-dependent Na+ chan-

nels under ischemic conditions. In addition, Na+ chan-
nel blockers, which have shown to prevent hypoxic
damage to mammalian white matter in isolated optic
nerve, offer advantages over other neuroprotective
agents active only in gray matter.6b,c Thus, considerable
effort has been devoted to identifying novel selective
voltage-dependent Na+ channel antagonists with ac-
ceptable brain permeability. These investigations have
led to the study of a number of these derivatives (Chart
1) in clinical trials for acute treatment of cerebral
ischemia.8 More recently, we reported9 the in vivo
efficacy of the N,N′-diarylguanidine Na+ channel blocker
CNS 1237 (Chart 1) in a model of focal cerebral
ischemia, and the anticonvulsant agent carbamazepine
(Chart 1) has also proven to be beneficial in experimen-
tal models of cerebral ischemia.10

However, a number of these derivatives such as CNS
1237, lifarizine, and lubeluzole also interact strongly
with voltage-dependent Ca2+ channels, which may be
linked in part to their anti-ischemic properties.11 Other
findings suggest, however, that the relevance of voltage-
activated Ca2+ channel blockade to the neuroprotective
action of these agents is uncertain.12 Moreover, L-type
and N-type13 Ca2+ channel blockers are known to have
profound hypotensive effects, and neuronal voltage-
dependent P-type Ca2+ channel antagonists have been
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shown to prevent transmitter release at the mammalian
neuromuscular junction, which can potentially cause
muscle paralysis.14 We therefore attempted to develop
potent and selective neuronal Na+ channel blockers
from our series of N,N′-diarylguanidines.

The dual action on both Na+ and Ca2+ channels of
N,N′-diarylguanidines related to CNS 1237 is not
surprising since these compounds are conformationally
flexible and can potentially interact with multiple ion-
channel types and subtypes with different topologies.
Thus, an approach based on conformationally restricted
analogues could be valuable for identifying selective
agents more potent than flexible compounds. Addition-
ally, such restricted analogues should serve as molec-
ular tools, providing geometrical information on the
pharmacophoric elements of the channel-bound confor-
mation of N,N′-diarylguanidines.

In this paper, we report the design, synthesis, and in
vitro evaluation of conformationally restricted analogues
of N,N′-diphenyl- and N-phenyl-N-benzylguanidines. We
discuss relationships of conformation to activity and
structure-activity relationships that govern their Na+

channel blockade properties. For the most potent
analogues, in vivo activities and physicochemical data
that pertain to central activity are also reported.

Design Rationale
Conformational analysis of the protonated form of

N,N′-diarylguanidines, which is believed to be the active
species of the compounds under physiological conditions,
has been the subject of previous investigations.15,16 In
Figure 1 are two-dimensional representations of the
three possible conformational classes of the N,N′-di-
phenylguanidinium ion: (i) anti-anti+ (AA+), (ii) anti-

Chart 1. Structure of Several Neuronal Na+ Channel Blockers and Mixed Na+ and Ca2+ Channel Blockers

anti-anti anti-syn syn-syn

anti-anti -like anti-syn -like

Figure 1. Three possible conformational classes of symmetrical N,N′-diarylguanidinium ion (i, ii, iii) and two possible
conformational classes of N-aryl-N-aralkylguanidinium ion (iv, v).
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syn+ (AS+), and (iii) syn-syn+ (SS+). Torsion angles
ø1 and ø2 govern the syn-anti isomerism while ψ1 and
ψ2 define the position of each phenyl ring relative to
the plane of the guanidinium function. In its bioactive
form the N,N′-diphenylguanidinium cation is expected
to be bound via an electrostatic interaction to a car-
boxylate residue of the ion channel. For modeling this
situation, Monte Carlo simulation of the counterion
effect on the conformational equilibrium of the N,N′-
diphenylguanidinium ion was carried out with an
acetate counterion as a possible mimic for the carboxy-
late group.16 This study revealed an apparent energetic
accessibility of the three conformers, which should result
in significant populations under physiological condi-
tions. These results encouraged us to investigate the
well-established principle of conformational restraint as
an approach to optimizing Na+ channel blockade prop-
erties. This approach targeted, separately or in com-
bination, the AS+, SS+, and AA+ forms as hypothetical
bioactive conformations of these neuronal Na+ channel
blockers.

Seven cyclization strategies were considered for lock-
ing the conformation of N,N′-diaryl- and N-aryl-N-
aralkylguanidines into the targeted conformationally
restricted analogues (“lockamers”).17 These seven cy-
clization strategies are depicted in Figure 2 as paths
a-g and are presented in three groups (I-III) depending

on the nature of the structural base and the location of
the bridging points of the tether. The first two groups
(I, II) utilize the N,N′-diarylguanidine template and
include four cyclization strategies (a-d); these strategies
enabled us to access “lockamers” representing one or
two of the conformers (i-iii) described in Figure 1. The
third group (III) involves an N-aryl-N-aralkylguanidine
template and includes three cyclization strategies (e-
g). We chose this second template because it allows
access to restricted analogues based on the rotamers (iv
and v) (Figure 1) which mimic respectively the AA+ and
AS+ conformations of the N,N′-diarylguanidinium. In
the first group (I), rigidification was achieved by either
bridging the two para positions (path a) or linking an
ortho position with a nitrogen atom (path b), whereas
only nitrogen atoms were used as anchor points for the
tether (paths c, d) in the second group (II). Finally, in
the third group (III), the following positions were
utilized as anchor points: (e) a nitrogen atom and the
benzylic carbon, (f) an ortho aromatic carbon and the
benzylic carbon, (g) ortho carbons of both aromatic rings.
Arrows accompanying the templates I-III in Figure 2
delineate the bridging points, and tether bonds are
shown in bold in compounds 3a-c, 4, 8a,b, 9a-d,
10a,b, 14a,b, and 16.

Analogues 3a-c are locked in a geometric arrange-
ment in which the two phenyl rings are restricted in

Figure 2. Structures of templates and “lockamers” including cyclization strategies a-g. Tether bonds are shown in bold, and
unrestrained torsional angles ψ1-3, ø1-3, and φ are delineated with curved arrows.

3050 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 16 Maillard et al.



an AA+ conformation. The choice of the tether’s length
was supported by molecular mechanics calculations for
the protonated cations 3a-c using the AMBER*/Mac-
romodel 6.0 force field.19 These calculations indicated
that the seven-atom tether of compound 3c was the
minimum tether length at which no distortions of the
overall geometry were observed compared to that for the
flexible analogue 18c in the AA+ conformation (see the
Experimental Section for details). Restriction of the
N,N′-diarylguanidine template with a methylene tether
according to path b affords the 2-amino-3-N-phe-
nylquinazoline “lockamer” 4 which approximates an AS+

conformation. A two-carbon-atom tether between an
aryl-substituted nitrogen and a nonsubstituted nitrogen
gives 8a,b (path c). This type of “lockamer” is more
flexible than 3c and 4, having access to both AA+ and
AS+ conformational domains without conformational
restriction on the aromatic rings. Similarly, a two- or
three-carbon-atom tether between the two aryl-substi-
tuted nitrogen atoms yields 9a-d, which are locked in
SS+ conformations (path d).

The N-aryl-N-aralkylguanidine template was rigidi-
fied by linking a nonsubstituted nitrogen to the benzylic
carbon with a methylene bridge (path e), creating an
imidazoline scaffold 10a,b that mimics AA+ conforma-
tions of N,N′-diarylguanidines (“AA+-like”). The pos-
sible conformations of compounds 10a,b resemble AA+

conformations i (Figure 1) since the two aromatic rings
point away from the same side of the guanidine moiety.

However, in this variant, torsion angles ψ3 and ø3 are
unrestrained, allowing rotation of both aromatic rings.
At this point, it is important to note that in these four
imidazoline- and pyrimidazoline-based scaffolds (8a,b,
9a,b, 9c,d, 10a,b), the torsion angles ψ1, ψ2, ψ3, and
ø3, which define the orientation of the two aromatic
groups relative to the plane of the guanidinium moiety,
remain unrestrained but the guanidine moiety is em-
bedded in the scaffold.

The design considerations for the next stage were
then twofold. First, we wanted to liberate the guanidino
function from being embedded in the scaffold. Its cyclic
nature could dramatically change physicochemical prop-
erties such as the pKa, log D, and hydrogen-bonding
properties which could have some major implications
on the ability of the rigid variant to become protonated
at physiological pH or to cross the blood-brain barrier
(BBB). Second, we wanted to impose, separately, a
different degree of constraint on each aromatic group.
With these considerations in mind, the N-aryl-N-aral-
kylguanidine template (III) was utilized to design the
novel guanidine variants 14a,b and 16 by varying the
ethylene tether’s points of substitution (paths f, g).
These two compounds would mimic, respectively, AS+

and AA+ conformations of the N,N′-diarylguanidinium
ion and satisfy both design criteria. For compounds
14a,b (“AS+-like”), φ and ψ3 torsion angles are confor-
mationally unrestained, allowing torsional motion of the
N-carboximidamide and of an aromatic ring, respec-
tively. In the case of compound 16 (“AA+-like”), con-
formational variability resides in rotation of the N-car-
boximidamide (φ) and flexing of the tricyclic ring.

Previous structure-activity relationship (SAR) stud-
ies of N,N′-diarylguanidines20 and N-aryl-N-aralkyl-
guanidines21 revealed that large alkyl and alkoxy groups
(isobutyl, isopropyl, n-butoxy) were preferred on the
phenyl rings for Na+ channel blockade, with the para
substitution being especially advantageous. Nonsub-
stituted derivatives were devoid of activity. In this
work, we set out to prepare both nonsubstituted and

Scheme 1a

a (i) H2, Pd/C (10%), EtOH; (ii) BrCN, EtOH.

Scheme 2a

a (i) NaHSO3/R2CHO, KCN, AcOH/H2O; (ii) H2, 50 psi, Raney Ni, NH3/EtOH; (iii) (for 7a,b) CS2, EtOH then MeI; (iv) 5a or 5b, neat,
∆; (v) (for 7c,d) BrCN, EtOH, ∆.
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p-alkyl- or p-alkoxy-substituted analogues of the “locka-
mers” previously defined. It was reasoned that a
different SAR may apply in the semirigid series since
correctly oriented nonsubstituted phenyls may signifi-
cantly benefit activity by virtue of a more favorable
entropy of binding. Substituted and nonsubstituted
N,N′-diaryl- and N-aryl-N-aralkylguanidines 18a-d
and 20a,b were also synthesized for establishing direct
comparison with the rigid variants previously described.

Chemistry

The synthesis of several of the compounds in Figure
2 has been reported previously, including the amino-
quinazoline 422 and the aminopyrimidazolines and
aminoimidazolines 9a-d.23 Guanidine 3c was obtained
in a two-step procedure described in Scheme 1. The
dinitro derivative 1 was reduced by catalytic hydrogena-
tion over Pd/C. The resulting diamine 2 was then
treated with cyanogen bromide to generate a monocy-
anamide intermediate which was not isolated, and upon
heating, this intermediate underwent intramolecular
cyclization to form 3c. Analogues 8a,b24 and 10a,b25

were prepared by minor variation of standard chemical
routes illustrated in Scheme 2. The R-aminonitrile
intermediates 6b-d were obtained according to a modi-
fied Strecker reaction,24,26 and hydrogenation to the
diamines 7b-d was carried out with Raney nickel in
an ammonia-saturated ethanol solution.27 The meth-
ylthiourea derivatives of 7a,b were reacted respectively
with 5a,b in neat conditions to afford 8a,b, whereas
cyclization of 7c,d by reaction with cyanogen bromide
in ethanol provided 10a,b.

The novel analogues 14a,b were prepared from quin-
olines as outlined in Scheme 3. Reaction of quinoline
11b with an aryllithium28 yielded the 2-arylquinoline
12b instead of the expected 2-aryl-1,2-dihydroquinoline.
The quinolines 12a,b were reduced by catalytic hydro-
genation on platinum(IV) oxide29 to afford the tetrahy-
droquinoline compounds 13a,b. Compounds 13a,b were
then reacted with cyanamide to form the desired
guanidines 14a,b. Likewise, guanidine 16 was prepared
from the commercially available azocine 15 (Scheme 4).

Symmetrical N,N′-diarylguanidines 18a-c were
readily obtained by directly reacting 2 equiv of the
amines 17a-c with 1 equiv of cyanogen bromide,

without isolating the intermediate cyanamide (Scheme
5).30 Coupling of the amine hydrohalide salt of 17d31

with the arylalkylcyanamide 17e, obtained from 17b in
two steps, furnished in the presence of AlCl3

32 the
symmetrical tetrasubstituted N,N′-diaryl-N,N′-dimethyl-
guanidine 18d. The N-aryl-N-aralkylguanidines 20a,b
were prepared by reacting the corresponding amines
19a,b with cyanamide in chloroform. The amines 19a,b
were readily obtained by N-alkylation of the aniline
derivatives 17a,b with the appropriate benzyl bromide.

Biological Testing

The ability of our compounds to block voltage-
activated neuronal Na+ channels was determined in an
in vitro functional assay employing a Chinese hamster
ovary (CHO) cell line that stably expresses the cloned
type IIA Na+ channels derived from rat brain.33 Type
IIA Na+ channels are the most abundant in rat brain34

and are structurally and functionally related to human
brain Na+ channels.35 The R-subunit, the principal
component of the channel, behaves as a native Na+

channel when expressed alone in CHO cells.36 This
evidence, supplemented by the finding that the guani-
dinium cation permeates through Na+ channels which
are opened by veratridine exposure,37 strongly supports

Scheme 3a

a (i) Aryllithium, THF; (ii) H2, 50 psi, PtO2, EtOH; (iii) 1 N HCl, Et2O; (iv) NH2CN, EtOH.

Scheme 4a

a (i) NH2CN, EtOH.

Scheme 5a

a (i) (For 17a-c) 0.5 equiv of BrCN, EtOH; (ii) (for 17b) BrCN,
Et2O then NaH, MeI, THF; (iii) AlCl3, 17d‚HCl, toluene, ∆; (iv)
(for 17a,b) benzyl bromide, Et3N, CH2Cl2; (v) NH2CN, CH2Cl2 then
NaOH and acid.
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the view that inhibition of [14C]guanidinium influx in
CNaIIA-1 cell line is a valid model for the identification
of anti-ischemic Na+ channel blockers. The Na+ chan-
nel blockade properties of the compounds were deter-
mined as IC50 values and are reported in Table 1.

The block of synaptosomal Ca2+ channels was deter-
mined by inhibition of the 45Ca2+ flux into brain syn-
aptosomes depolarized by elevated K+ concentration
according to a method adapted from Nachsen and
Blaustein,38 as previously described.7b,9,39 The rapid
component of 45Ca2+ uptake measured by this procedure
is mediated by presynaptic neuronal Ca2+ channels,
most probably P-type14a (Table 2). Affinity for the
NMDA receptor ion-channel site was measured by
inhibition of the binding of [3H]MK-801 to rat brain
membrane suspension.30 Relative affinities of com-
pounds were determined as IC50 values from displace-
ment curves, and the results are presented in Table 2.

In vivo efficacy was evaluated for compounds with
IC50 values below 2 µM in the type IIA Na+ channel
assay by assessing their anticonvulsant effect in audio-
genic DBA/2 mice (6.5-12 g, 20-23 days of age).40

Convulsions were induced by exposure to a 45-s pure
tone sound of 12 kHz and 120 dB, 30 min after injection
of the drug or vehicle. Animals were monitored for
characteristic responses during the observation period.
The response was rated from 0 (no response) to 4 (full
seizure response followed by respiratory arrest) and is
expressed as a percentage of control value (Table 2).

Biological Results and Discussion

The biological evaluation of these rigid guanidine
analogues was performed using the following screening
tests: (a) in vitro functional antagonism studies to
determine neuronal type IIA Na+ channel blockade

Table 1. Summary of Results for [14C]Guanidinium Flux Assaya

compd R1 R2 R3 R4 n salt Scheme
[14C]guanidinium

flux IC50, µM ( SEMb

3c -Ph(4)-O(CH2)5O-Ph(4)- H H HBr 1 2.90 ( 0.67
4 (Figure 2) HBr 9.95 ( 1.11
8a Ph H Ph H 0 MeSO3H 2 >25
8b Ph(4-s-Bu) H Ph(4-s-Bu) H 0 MeSO3H 2 0.78 ( 0.08
9a Ph Ph H H 1 HBr >25
9b Ph(4-s-Bu) Ph(4-s-Bu) H H 1 HBr 0.06 ( 0.01
9c Ph Ph H H 0 HBr 14.68 ( 4.76
9d Ph(4-s-Bu) Ph(4-s-Bu) H H 0 HBr 0.06 ( 0.01
10a Ph H H Ph 0 HBr 2 >24
10b Ph(4-s-Bu) H H Ph(4-i-Pr) 0 HBr 2 1.80 ( 0.22
14a H Ph -CH2CH2- HCl 3 17.55 ( 1.34
14b i-Pr Ph(4-t-Bu) -CH2CH2- HCl 3 0.46 ( 0.07
16 H H -CH2CH2Ph(2)- HCl 4 38.02 ( 5.21
18a Ph Ph H H HBr 5 >14
18b Ph(4-s-Bu) Ph(4-s-Bu) H H MeSO3H 5 0.80 ( 0.08
18c Ph(4-EtO) Ph(4-EtO) H H HCl 5 3.28 ( 0.31
18d Ph(4-s-Bu) Ph(4-s-Bu) Me Me HCl 5 1.00 ( 0.16
20a Ph H Bz H HCl 5 53.0 ( 6.0
20b Ph(4-s-Bu) H Bz(4-t-Bu) H MeSO3H 5 0.62 ( 0.11
CNS 1237 (Chart 1) MeSO3H 1.64 ( 3.85
lubeluzole (Chart 1) 2HCl 0.26 ( 0.09
tetrodotoxin 2citrate 0.004 ( 0.001

a See the Experimental Section for details. b Values are means of at least three separate determinations ( SEM.

Table 2. In Vitro and in Vivo Data for Selected Compounds

antiseizure DBA/2 mouse model

compd
45Ca2+ flux IC50,

µM ( SEMa
Ki (nM) vs

[3H]MK-801 ( SEMa
% inhibition @

20 mg/kg
% inhibition @

10 mg/kg % inhibition

8b NDb 6116 ( 210 0 ND
9b 0.39 ( 0.15 35140 ( 5070 ND 84 75 @ 4 mg/kg

41 @ 2 mg/kg
9d ND 13488 ( 658 58 ND
10b 3.5 ( 0.5 4410 ( 150 2 ND
14b 0.9 (n ) 1) 3840 ( 680 80 22
18b ND 4330 ( 210 69 ND
18d 2.5 ( 0.5 3335 ( 245 43 ND
20b 2.4 ( 0.5 3694 ( 234 81 44
(+)-MK 801 ND 1.45 ( 0.16 ND ND 82 @ 0.5 mg/kg
CNS 1237 2.7 ( 0.4 2485 ( 198 21 ND
lamotrigine ND ND ND 71
riluzole ND ND ND 81
lubeluzole ND ND 66 ND
a Values are means of at least three separate determinations ( SEM unless otherwise indicated. b ND ) not determined.

Guanidines as Inhibitors of Neuronal Na+ Channels Journal of Medicinal Chemistry, 1998, Vol. 41, No. 16 3053



properties, (b) 45Ca2+ uptake assay to evaluate selectiv-
ity, (c) in vivo anticonvulsant activity, (d) NMDA
receptor binding assay.

In Vitro Sodium Channel Blockade. Unsubsti-
tuted analogues were examined for their ability to
inhibit [14C]guanidinium influx through blockade of
neuronal type IIA Na+ channels. As can be seen from
data presented in Table 1, the flexible N,N′-diarylguani-
dine 18a and the restricted analogues aminoquinazoline
4, aminoimidazolines 8a and 9c, and aminopyrimida-
zolidine 9a interact poorly with neuronal Na+ channels
(IC50 g 10 µM) compared with the reference compound
(CNS 1237). Likewise, the “lockamers” 14a and 16, the
flexible counterpart N-aryl-N-alkylguanidine 20a, and
compound 10a showed minimal inhibition of [14C]-
guanidinium influx (IC50 > 17 µM).

All flexible and semirigid p-alkyl- or p-alkoxy-
substituted derivatives tested do however interact
strongly with Na+ channels with IC50 values varying
across a wide range. Comparison of the Na+ channel
binding activities for homologous pairs of compounds
(e.g., 8a vs 8b, 9a vs 9b, 9c vs 9d, 10a vs 10b, 14a vs
14b) in Table 1 reveals that para-substituted com-
pounds are consistently more potent. These results are
in agreement with the SAR previously established for
the flexible guanidines.20,21 Comparison of the potencies
of the various dialkyl-substituted “lockamers” showed
the superiority of the aminopyrimidazoline 9b and
aminoimidazoline 9d for neuronal Na+ channel block-
ade.

Compound 3c, locked in an AA+ conformation, and
10b, locked in an “AA+-like” conformation (IC50 ) 2.9
and 1.8 µM, respectively), have equal or slightly lower
potency than the flexible analogues 18c and 20b (IC50
) 3.28 and 0.62 µM, respectively). These results tend
to indicate that locking into an AA+ or “AA+-like”
conformation has apparently a minimal effect on the
ability of the disubstituted guanidinium cation to block
neuronal Na+ channels.

Compound 8b, an AA+, AS+ restricted analogue, and
14b, which mimics the AS+ conformation, are slightly
more potent than the AA+ “lockamers” described above
(IC50 ) 0.78 and 0.46 mM, respectively), but these two
compounds have a 10-fold lower potency than com-
pounds 9b,d (IC50 ) 0.06 µM) which are locked in an
SS+ conformation. Compounds 9b,d display unprec-
edented potency for lipophilic guanidines, approaching
the potency of tetrodotoxin in this assay (IC50 ) 0.004
µM), and are, to our knowledge, superior to previously
reported synthetic Na+ channel blockers. To prove the
critical importance of the SS+ conformation for the
activity measured with 9b, we tested compound 18d, a
tetrasubstituted guanidine which is the corresponding
flexible analogue of 9d, and 18b, the non-N-methylated
analogue. Compounds 18b,d were found to be of
average potency as blockers of [14C]guanidinium influx
(IC50 ) 0.8 and 1 µM, respectively) compared to 9b,d,
demonstrating that the two- or three-methylene tether,
bridging the nitrogen atoms, is not intrinsically respon-
sible for the high activity of 9b,d and that methylation
of the two aryl-substituted nitrogen atoms, which
results in the loss of two potential hydrogen bonds, has
no effect on the ability of the N,N′-diphenylguanidinium
to interact with the ion-channel site.

Taken together, these results suggest that spatial
disposition of the pharmacophoric elements (aromatic
rings and cationic center) achieved with these imida-
zoline- and pyrimidazoline-type scaffolds (9b,d) pro-
duces in this series of “lockamers” the best fit for
blocking the ion-channel site. The lower activity of the
flexible parent compound 18d can be explained in terms
of the energetic accessibility of this compound to alter-
nate conformations (AA+, AS+) of lesser affinity. How-
ever, the relatively high affinity of compounds 8b and
14b, for which accessible conformations are of the types
AA+, AS+ and “AS+-like”, respectively, indicates that
these conformations contribute as well to the Na+

channel activity of these compounds. The moderate
activity of the two AA+-based “lockamers” 3c and 10b
suggests that AA+ conformations contribute less to the
blockade but still retain significant activity. With these
results, the order of importance of the three types of
conformations of diarylguanidines for neuronal type IIA
Na+ channel blockade can be proposed to be SS+ . AS+

> AA+.
In Vitro Calcium Channel Blockade. To deter-

mine whether the semirigid Na+ channel blockers
identified above displayed a different selectivity for
neuronal type IIA Na+ channels over neuronal Ca+

channels, selected compounds were tested in a synap-
tosomal 45Ca2+ flux assay. Results in Table 2 show that
compound 9b is a potent blocker of neuronal Ca2+

channel with an IC50 ) 0.39 µM, which is 6 times lower
than that of the flexible parent analogue 18d (IC50 )
2.5 µM); the ratio for these two compounds was 17 for
neuronal Na+ channel blockade. Comparison of selec-
tivity for neuronal Na+ vs Ca2+ channels shows a 3-fold
improvement for 9b compared to 18d and CNS 1237.
The rigid compounds 10b and 14b retain some activity
(IC50 ) 3.5 and 0.9 µM, respectively). These data
indicate that rigidification does not well-separate neu-
ronal Na+ and Ca2+ channel blockade properties in this
class of compounds. The high degree of structural
homology between these types of voltage-activated ion
channels could explain the difficulty to develop small
molecules with channel-specific blocking properties.41

In Vivo Activity in the DBA/2 Mouse. The most
potent semirigid Na+ channel blockers along with the
flexible analogues were evaluated for in vivo anticon-
vulsant activity in the DBA/2 mouse model. This test
was chosen as the first in vivo model in our screening
paradigm for neurotherapeutic agents because it pro-
vided an excellent tool for the rapid evaluation of central
activity relevant to a Na+ channel blockade mecha-
nism.42

Compound 9b, the ion-channel blocker endowed with
the highest in vitro activity, was also found to be the
most potent compound in vivo, showing considerable
anticonvulsant activity when tested according to the
general procedure described above, in the range of doses
between 2 and 10 mg/kg (75% at 4 mg/kg) (Table 2).
The semirigid compound 14b (“AS+-like”) and the cor-
responding flexible analogue 20b, which were nearly
equipotent in vitro, showed good in vivo activity at 20
mg/kg, but the activity dropped sharply at 10 mg/kg.
Compound 9d (58% at 20 mg/kg) was found to be much
less active than the six-membered ring analogue 9b.
Flexible analogues 18b,d were moderately active at 20
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mg/kg. Although compounds 8b and 10b both had
potent in vitro activity (IC50 < 1.8 µM), they were both
found to be inactive at the 20 mg/kg dose. Reference
compounds lamotrigine and riluzole were found to have
similar activity at 10 mg/kg to that of lead compound
9b.

Within this small subset of seven compounds, in vivo
data correlate reasonably well with in vitro results for
four compounds but does not for the three imidazoline-
based derivatives (8b, 9d, and 10b). The explanation
for the total lack of activity of the two Na+ channel
blockers (8b and 10b) at doses tested and the weak
activity of 9d is unknown, but it may arise from factors
such as differences in the metabolism or distribution of
the compounds and, in particular, access to the brain
compared to the flexible parent compounds. However,
the exceptional in vivo activity of 9b is consistent with
the much greater in vitro potency of this SS+ “lockamer”
in both the Na+ and Ca2+ assays relative to the flexible
molecules and other types of restricted analogues.
Additionally, this assay was instrumental in identifying,
among our in vitro leads, a compound family with CNS
permeability for further in vivo studies.

NMDA Receptor Binding Studies. Many N,N′-
diphenylguanidines have been reported in earlier stud-
ies43 to be NMDA receptor antagonists. This class of
compounds is known to suppress audiogenic seizures in
the DBA/2 mouse.44 It was therefore necessary to
investigate a plausible cross-affinity of our Na+ channel
blockers with the NMDA receptor ion-channel site. In
vitro radioligand binding experiments, using [3H]MK-
801 and rat brain membrane suspensions, were per-
formed on the set of compounds which had demon-
strated in vivo efficacy in the DBA/2 mouse model. The
results presented in Table 2 indicate that these com-
pounds have negligible affinity for the NMDA receptor
ion-channel site. Therefore, we can rule out the pos-
sibility that the in vivo activity observed for these
compounds was in part due to an NMDA receptor-
mediated mechanism.

Physicochemical Studies. Passive diffusion of
ionizable drugs through biological membranes such as
the blood-brain barrier has been shown to correlate
with lipophilicity at physiological pH (log D7.4, D )
octanol/water partition coefficient)45,46 which, in turn,
is a function of both inherent lipophilicity, log P, and
the pKa. Since introduction of a guanidine functionality
into a rigid framework might alter the pKa as well as
the log P, pKa and log D7.4 values were measured for
cyclic guanidine 9b and the corresponding acyclic
compound 18d. The pKa values of 9b and 18d were
found to be g 13.3 and 11.00, respectively. These
results indicate that cyclization into a six-membered
ring increases the basicity of the guanidine moiety and
that the proportion of unprotonated 9b is negligible at
physiological pH. The latter result is a strong argument
to support our hypothesis that the guanidinium ion is
indeed the bioactive species.

However, assuming that active transport is not
involved in this case, the potent in vivo activity of 9b is
difficult to reconcile with the generally held belief that
charged molecules cannot effectively penetrate the
blood-brain barrier. Under conditions approximating
physiological salt and ionic strength (15 mM Hepes,

0.135 M NaCl), the log D7.4 value for 9b is 2.7, which is
in the range considered optimal for blood-brain barrier
penetration.45,46 Since there is negligible free base
present at physiological pH, it seems reasonable to
conclude that uptake of 9b by passive diffusion must
be as the protonated species. This is supported by the
constant log D observed below pH 9 (Figure 3), which
is characteristic of partitioning of the protonated species
as an ion pair,47-50 presumably with chloride as the
counterion. Experiments using a variety of other coun-
terions have provided further evidence for ion-pair
partitioning of 9b between octanol and buffer,51 and an
effect of counterions on uptake into CACO-2 cell mono-
layers has also been observed for a diarylguanidine.52

Ion pairing has also been implicated in GI absorp-
tion53,54 and has been employed successfully in QSAR.55

However, ion-pairing interactions with phospholipid
headgroups in the lipid bilayer may have a strong
influence on membrane uptake as well.56

Conclusion

In conclusion, we have described a conformationally
guided design strategy for a series of semirigid guani-
dino derivatives together with their chemical synthesis
and pharmacological evaluation as neuronal Na+ and
Ca2+ channel blockers. Of the cyclic guanidines studied,
“lockamers” 9b,d demonstrated highly enhanced po-
tency at blocking neuronal type IIA Na+ channels,
relative to flexible analogues and all other semirigid
compounds synthesized. The lead compound that we
identified met our design goal of creating a more potent
Na+ channel blocker, but it did not exhibit high selectiv-
ity for neuronal Na+ versus Ca 2+ channels.

These results lead us to postulate that the SS+

conformation of the guanidine derivatives is of major
importance for Na+ and Ca2+ ion-channel blockade.
These findings also suggest that if all these compounds
have a common binding site(s) on the neuronal Na+

channel, then such a site appears rather promiscuous
in accommodating compounds with different rotameric
orientations and is probably an amphipathic site with
a deep hydrophobic pocket. The observation that in-
creased lipophilicity at the para position of both aro-

D

DD

P

Figure 3. Dependence of log D of 9b on pH. Solid line
represents a 3-parameter fit of data (eq 1 in the Experimental
Section) which includes the contributions of both the free base
(B) and ion pair (BH+Cl-) to log D (log Dip ) log D of ion pair).
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matic rings is a major contributing factor to the ion-
channel blockade is consistent with such a hypothesis.

In regard to the inhibition of seizures in the DBA/2
mouse, the good relationship between activity in this
model and in vitro results, except for the three imida-
zoline-based “lockamers”, validated our in vitro assay
and enabled us to identify compound 9b as the most
active analogue in vivo in the DBA/2 mouse. Finally,
the pyrimidazoline- and imidazoline-based “lockamers”
9a-d provided important information on the geo-
metrical parameters implicated in Na+ channel blockade
from which alternative spatial arrangements can be
derived. Moreover, with this molecular scaffold a new
class of neuronal mixed Na+ and Ca2+ channel blockers
with potent in vivo activity has been discovered, and
further studies are in progress to evaluate members of
this compound class for their potential as novel neuro-
therapeutics.

Experimental Section
Chemistry. General. Proton nuclear magnetic resonance

spectroscopy was performed on a Varian GEMINI spectrom-
eter (300 MHz), and data are reported as follows: chemical
shift in ppm from internal standard on δ scale, multiplicity (b
) broad, s ) singlet, d ) doublet, t ) triplet, q ) quadruplet,
m ) multiplet), and coupling constants (hertz). Infrared
spectra were recorded on a Perkin-Elmer 1420 spectrometer.
Chemical-ionization (CI) mass spectrometry was performed on
a Finnegan 4500SQ spectrometer with NH3 as reagent gas.
All new compounds were either analyzed by C, H, and N
elemental analysis (Galbraith Laboratories, Knoxville, TN, or
Oneida Research, Whitesboro, NY) or characterized by exact
mass determination for compounds which were not within
(0.4% of calculated value. Electron-impact (EI) high-resolu-
tion mass spectra (HRMS) were recorded on a Finnegan MAT
90 spectrometer. Compounds for which exact mass was
employed were further analyzed by HPLC for homogeneity.
HPLC purity analyses were carried out on a Beckman 126
gradient system with UV detection at 220 nm using a Beckman
Ultrasphere ODS column (5 mm, 4.6 × 250 mm). The mobile
phase was a linear 30-min gradient of 2-98% CH3CN in H2O
(0.1% TFA) with a flow rate of 1 mL/min. Thin-layer chro-
matography (TLC) was performed on Merck silica gel 60 F254

precoated aluminum sheets (0.2 mm). Guanidines were
visualized on TLC sheets with 254-nm UV light or as a blue
spot with bromocresol green spray reagent (Aldrich Chemical
Co). Column chromatography was performed with Merck
silica gel 60 (230-400 mesh) as described by Still et al.57

Melting points were determined in open capillary tubes on a
Thomas-Hoover apparatus and are uncorrected.

Materials. Reagents were used as supplied from com-
mercial sources. 4,4′-(Pentamethylenedioxy)bis(nitrobenzene)
(1), 2-phenylquinoline (12a), 5,6,11,12-tetrahydodibenz[b,f]-
azocine hydrochloride (15), and N-phenylethylenediamine (7a)
were obtained from Aldrich Chemical Co. (Milwaukee, WI).
Anhydrous quality (Sure/Seal) solvents (THF, ether, chlo-
robenzene) supplied by Aldrich Chemical Co. were used; all
others solvents were reagent grade. Reactions involving
organometallic reagents were run under an argon atmosphere.

9,15-Dioxa-2,4-diazatricyclo[14.2.2.25,8]docosa-2,5,7,
16,18,19,21-hepten-3-amine Hydrobromide (3c). To a
solution of 1 (2.2 g, 6.3 mmol) in 170 mL of ethanol was
added palladium on activated carbon (10%) (500 mg), and
the suspension was hydrogenated with shaking at 50 psi
for 16 h. The catalyst was filtered off on a bed of Celite
and washed with 50 mL of ethanol, and the filtrates were
combined. An aliquot was withdrawn and concentrated to
characterize 4,4′-(pentamethylenedioxy)bis(aniline) (2): 1H
NMR (CDCl3) δ 6.78 (s, 8H, Ar), 3.9 (t, J ) 7 Hz, 4H,
CH2), 1.8 (m, 4H, CH2), 1.6 (m, 2H, CH2).

To the above ethanolic solution was added in ethanol (20
mL) cyanogen bromide (630 mg, 6 mmol), and the reaction

mixture was stirred at room temperature overnight; 750 mL
of ethanol was added and the solution heated at 90 °C for 6 h.
Ethanol was evaporated, and the crude mixture obtained was
purified on silica gel column with chloroform/methanol (9:1)
as eluent to give 3c (250 mg, 13%) as a white solid: mp 208-
211 °C; 1H NMR (CD3OD) δ 6.72 (d, J ) 7 Hz, 4H, Ar), 6.55
(d, J ) 7 Hz, 4H, Ar), 4.1 (t, J ) 6 Hz, 4H, CH2), 1.6 (m, 4H,
CH2), 1.35 (m, 2H, CH2); CI-MS 312 [MH+]. Anal. (C18H21N3O2‚
HBr) H, N; C: calcd, 55.12; found, 55.95. HR-MS calcd for
C18H21N3O2: [M•+] 311.1634. Found: 311.1638. HPLC: 95%
pure.

N-(4-sec-Butylphenyl)ethylenediamine (7b). This pro-
cedure illustrates the general method for the preparation of
7b-d. The formaldehyde sodium bisulfite addition compound
used in the preparation of 7b was replaced with benzaldehyde
and sodium bisulfite for 7c,d. 4-sec-Butylaniline (5.6 g, 37
mmol) was added to 25% aqueous acetic acid (200 mL)
containing formaldehyde sodium bisulfite addition compound
(15 g, 110 mmol), and the resulting mixture was stirred at 60
°C for 1 h. The solution was then cooled to room temperature,
and potassium cyanide (7.2 g, 110 mmol) was added (pH ) 5).
The mixture was stirred for 3 days at 60 °C, cooled, and
concentrated to 60 mL. This solution was then placed in an
ice bath until precipitation of a white solid occurred. This solid
was filtered off and washed with water to give N-(4-sec-
butylphenyl)glycine nitrile (6b) (5.8 g, 82%): 1H NMR (CD3-
OD) δ 7.1 (m, 2H, Ar), 6.7 (m, 2H, Ar), 4.0 (s, 2H, CH2), 2.6
(m, J ) 7 Hz, 1H, sec-butyl-H), 1.6 (q, J ) 7 Hz, 2H, sec-butyl-
CH2), 1.25 (d, J ) 7 Hz, 3H, sec-butyl-CH3), 0.85 (t, J ) 7 Hz,
3H, sec-butyl-CH3); CI-MS 206 [MNH4

+].
This material (5.7 g, 30 mmol) was then dissolved in 2 N

methanolic ammonia (120 mL), treated with Raney nickel (2
g), and hydrogenated under 50 psi at room temperature
overnight. The catalyst was filtered off on a bed of Celite and
washed with methanol. The combined filtrates were concen-
trated in vacuo, and the crude mixture obtained was purified
on silica gel with chloroform/methanol (9:1) as eluent to give
7b (3.6 g, 60% yield) as an oil: 1H NMR (CD3OD) δ 7.0 (m,
2H, Ar), 6.7 (m, 2H, Ar), 3.2 (t, J ) 5 Hz, 2H, CH2), 2.9 (t, J )
5 Hz, 2H, CH2), 2.5 (m, J ) 7 Hz, 1H, sec-butyl-H), 1.55 (q, J
) 7 Hz, 2H, sec-butyl-CH2), 1.2 (d, J ) 7 Hz, 3H, sec-butyl-
CH3), 0.85 (t, J ) 7 Hz, 3H, sec-butyl-CH3); CI-MS 193 [MH+].

Phenyl(1-phenyl-4,5-dihydro-1H-imidazol-2-yl)amine
Mesylate (8a). A solution of N-phenylethylenediamine (7a)
(2.0 g, 15 mmol) in 30 mL of ethanol was stirred while
carbon disulfide (0.9 mL, 15 mmol) was added dropwise,
and the mixture was heated at 50 °C for 3 h. The solution
was cooled, and the precipitated N-phenylimidazolidine-2-thione
was collected (2.27 g, 87%). MeI (1.25 mL, 20 mmol) was
added dropwise to a suspension of the above solid (1.54
g, 8.64 mmol) in 20 mL of methanol and the reaction
mixture heated at 60 °C for 3 h. The solution obtained
was concentrated on a rotary evaporator to an oil, and
excess aniline 5a (2 mL) was added. The mixture was
then heated at 90 °C for 2 h. Excess aniline was removed
under high vacuum, and 0.1 N aqueous NaOH was added.
This solution was extracted with EtOAc three times, and
the combined EtOAC extracts were washed with brine and
concentrated to dryness. The crude mixture obtained was
purified on a silica gel column using chloroform/methanol
(9:1) as eluent. The fractions containing the product were
combined and concentrated to yield the free base of 8a
(0.69 g). The concentrate was dissolved in Et2O, and
methanesulfonic acid (0.18 mL) was added to give 8a (0.75
g, 26% from the thione) as a white solid: mp 180-182
°C; 1H NMR (CD3OD) δ 7.60-7.30 (m, ArH, 10H), 4.21
(dd, J ) 10 Hz, 2H, CH2), 3.83 (dd, J ) 10 Hz, 2H, CH2),
2.68 (s, CH3SO3H, 3H); CI-MS 238 [MH+]. Anal.
(C15H15N3‚CH3SO3H) C, H, N.

(4-sec-Butylphenyl)(1-(4-sec-butylphenyl)-4,5-dihydro-
1H-imidazol-2-yl)amine Mesylate (8b). Using the same
procedure as described for the preparation of 8a, compound
8b was prepared from 7b and isolated as a white solid: mp
98-99 °C (35% yield from 7b); 1H NMR (CDCl3) δ 7.0 (s, 4H,
Ar), 6.88 (s, 4H, Ar), 4.15 (t, J ) 8 Hz, 2H, CH2), 3.95 (t, J )
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8 Hz, 2H, CH2), 2.70 (s, 3H, CH3SO3H), 2.4 (m, 2H, sec-butyl-
H), 1.45 (m, 4H, sec-butyl-CH2), 1.1 (2d, J ) 7 Hz, 6H, sec-
butyl-CH3), 0.70 (t, J ) 7 Hz, 6H, sec-butyl-CH3); CI-MS 349
[MH+]. Anal. (C23H31N3‚CH3SO3H) C, H, N.

1,3-Diphenyltetrahydropyrimidin-2-ylidenamine Hy-
drobromide (9a). N,N′-diphenyl-propane58 (0.83 g, 3.67
mmol) and cyanogen bromide (0.34 g, 3.08 mmol) were mixed
together, and the paste obtained was heated to 110 °C for 30
min and stirred frequently with a spatula. The fused reaction
mixture was allowed to cool to room temperature and the
resulting solid dissolved in 2 mL of CHCl3. This crude solution
was purified on a silica gel column with CHCl3/MeOH (20:1)
as eluent. The fractions which contained the product were
collected and concentrated to yield a light-brown oil. This oil
was dissolved in 10 mL of Et2O, and after 0.5 h of stirring, a
white solid precipitated out. This solid was collected by
filtration, washed with Et2O, and dried under vacuum to give
9a (0.67 g, 55%) as a white solid: mp 210-211 °C; 1H NMR
(CD3OD) δ 7.65-7.45 (m, ArH, 10H), 3.84 (t, J ) 8 Hz, 4H,
NCH2), 2.40 (m, CH2, 2H); EI-MS: m/z 251 [M•+] (C16H17N3).
Anal. (C16H17N3‚HBr) C, H, N.

1,3-Bis(4-sec-butylphenyl)tetrahydropyrimidin-2-
ylidenamine Hydrobromide (9b). Compound 9b was
prepared according to the same procedure as described for 9a
(yield ) 65%, last step): white solid, mp > 250 °C; 1H NMR
(CDCl3) δ 7.68 (d, J ) 7 Hz, 4H, Ar), 7.30 (d, J ) 7 Hz, 4H,
Ar), 4.10 (t, J ) 8 Hz, 4H, NCH2), 2.65 (m, J ) 6 Hz, 2H, sec-
butyl-H), 2.4 (m, 2H, CH2), 1.60 (m, 4H, sec-butyl-CH2), 1.25
(d, J ) 7 Hz, 6H, sec-butyl-CH3), 0.80 (t, J ) 7 Hz, 6H, sec-
butyl-CH3); EI-MS m/z 362 [M•+]. Anal. (C24H33N3‚HBr‚
0.25H2O) C, N, H.

1,3-Diphenyl-4,5-dihydroimidazol-2-ylamine Hydro-
bromide (9c). Compound 9c was prepared according to the
same procedure as described for 9a (yield ) 51%, last step):
white solid, mp 239-240 °C; 1H NMR (CD3OD) δ 7.35-7.65
(m, 10H, ArH), 4.22 (s, 4H, NCH2); CI-MS 238 [M•+]. Anal.
(C15H15N3‚HBr) C, N, H.

1,3-Bis(4-sec-butylphenyl)-4,5-dihydroimidazol-2-
ylamine Hydrobromide (9d). Compound 9d was prepared
according to the same procedure as described for 9a (yield )
46%, last step): white solid, mp 229-230 °C; 1H NMR (CD3-
OD) δ 7.35-7.50 (m, 8H, ArH), 4.19 (s, 4H, NCH2), 2.50-2.80
(m, 2H, 2CH), 1.60-1.70 (m, 4H, sec-butyl-CH2), 1.26 (d, J )
7 Hz, 6H, sec-butyl-CH3), 0.86 (t, J ) 7 Hz, 6H, sec-butyl-CH3).
EI-MS m/z 349 [M•+]. Anal. (C23H31N3‚HBr) C,N,H.

(R,S)-2-Amino-4,5-dihydro-1,5-diphenyl-1H-imida-
zole Hydrobromide (10a). The diamine 7c (334 mg, 1.57
mmol) was dissolved in 5 mL of ethanol, and cyanogen bromide
(1.73 mmol, 189 mg) was added at 0 °C with stirring. The
reaction mixture was heated to 85 °C for 1.5 h. The reaction
mixture was concentrated to about 2 mL to which was added
20 mL of diethyl ether, and the mixture was stirred for 10
min. Compound 10a precipitated as a white solid (414 mg,
83%): mp 232-234 °C; 1H NMR (CDCl3) δ 7.45-7.00 (m, ArH,
10H), 5.27 (q, J ) 10, 8 Hz, 1H, CH), 4.31 (t, J ) 10 Hz, 1H,
CH2), 3.86 (q, J ) 10, 8 Hz, 1H, CH2); CI-MS 238 [MH+]. Anal.
(C15H15N3‚HBr) C, H, N.

(R,S)-2-Amino-4,5-dihydro-1-(4′-sec-butylphenyl)-5-(4′-
isopropylphenyl)-1H-imidazole Hydrobromide (10b). Us-
ing the same procedure as described for the preparation of 10a,
compound 10b was prepared from 7d. The yield of 10b was
77%: white solid, mp 188-189 °C; 1H NMR (CDCl3) δ 7.40-
6.65 (m, 8H, Ar), 5.20 and 5.05 (m, 1H, CH-N), 4.2 and 3.9
(m, 1H, CH-N), 3.7 and 3.2 (m, 1H, CH-N), 2.85 (m, 1H,
isopropyl-H ), 2.55 and 2.25 (m, 1H, sec-butyl-H), 1.55 and 1.35
(m, 2H, sec-butyl-CH2), 1.2 and 0.95 (m, 9H, isopropyl-CH3,
sec-butyl-CH3), 0.75 and 0.65 (m, 3 H, sec-butyl-CH3); EI-MS
[M•+] 335. Anal. (C22H29N3‚HBr) C, H, N.

2-(4-tert-Butylphenyl)-6-isopropylquinoline (12b). To
a cooled (ice bath) 2 M diethyl ether solution of 4-tert-
butylphenylmagnesium bromide (15 mL, 0.03 mol) was added
dropwise under argon 15 mL of a tetrahydrofuran solution of
6-isopropylquinoline (5.13 g, 0.03 mol). The resulting mixture
was refluxed for 5 h, stirred at room temperature for 12 h,

and quenched with water. The yellow precipitate obtained was
then filtered and washed with hexane. Crystallization in
hexane/chloroform (40:1) yielded 12b (3.7 g, 40%): 1H NMR
(CDCl3) δ 8.2 (m, 4H, Ar), 7.84 (m, 1H, Ar), 7.60 (m, 4H, Ar),
3.12 (m, 1H, isopropyl), 1.4 (m, 15H, isopropyl-CH3, tert-butyl-
CH3); CI-MS 304 [MH+].

(R,S)-2-Phenyl-1,2,3,4-tetrahydroquinoline Hydrochlo-
ride (13a). To a solution of 12a (1 g, 4.8 mmol) in 100 mL of
methanol was added platinum(IV) oxide (200 mg, 0.8 mmol),
and the suspension was hydrogenated with shaking at 50 psi
for 12 h. The catalyst was filtered off on a bed of Celite and
washed with methanol. 20 mL of 1 N HCl in ethyl ether was
added to the combined filtrates which were then concentrated
to yield 13a (0.38 g, 31%): 1H NMR (CDCl3) δ 7.6 (m, 4H, Ar),
7.40 (m, 4H, Ar), 7.10 (m, 1H, Ar), 4.4 (dd, J ) 2.5, 10 Hz, 1H,
CH), 2.9 (m, 2H, CH2), 2.6 (m, 1H, CH2), 2.35 (m, 1H, CH2);
CI-MS 209 [MH+].

(R,S)-2-(4-tert-Butylphenyl)-6-isopropyl-1,2,3,4-tetrahy-
droquinoline Hydrochloride (13b). Using the same pro-
cedure as described for the preparation of 13a, compound 13b
was prepared from 12b. The yield of 13b was 30%: 1H NMR
(CDCl3) δ 7.38 (m, 4H, Ar), 6.90 (m, 2H, Ar), 6.52 (m, 1H, Ar),
4.39 (dd, J ) 2.5, 10 Hz, 1H, CH), 2.85 (m, 3H, isopropyl-H,
CH2), 2.1 (m, 2H, CH2), 1.2 (m, 15H, isopropyl-CH3, tert-butyl-
CH3); CI-MS 308 [MH+].

(R,S)-1-Carboximidamido-2-phenyl-1,2,3,4-tetrahydro-
quinoline Hydrochloride (14a). To a solution of 13a (300
mg, 1.2 mmol) in 20 mL of ethanol was added cyanamide (335
mg, 8 mmol), and the mixture was heated to reflux for 2 days.
The solvent was evaporated, water was added, and the product
was extracted with ethyl acetate. The organic layer was
separated, dried over Na2SO4, filtered, and concentrated.
Purification of the crude mixture was achieved on silica gel
with chloroform/methanol (9:1) as eluent. The solid obtained
was washed successively with water and ethyl ether and dried
in vacuo to give pure 14a (80 mg, 23%) as a white solid: mp
202-204 °C; 1H NMR (CDCl3) δ 7.40 (m, 9H, ArH), 5.02 (dd,
J ) 6, 12 Hz, 1H, CH), 2.80 (m, 2H, CH2), 1.6-1.9 (complex
band, 2H, CH2); CI-MS 252 [MH+]. Anal. (C16H17N3‚HCl) C,
H, N.

(R,S)-1-Carboximidamido-2-(4-tert-butylphenyl)-6-iso-
propyl-1,2,3,4-tetrahydroquinoline Hydrochloride (14b).
Using the same procedure as described for the preparation of
14a, compound 14b was prepared from 13b. The yield of 14b
was 25% (white solid): mp 208-210 °C; 1H NMR (CD3OD) δ
7.40 (m, 4H, ArH), 7.20 (m, 3H, ArH), 5.30 (m, CH, 1H), 2.90
(m, J ) 6 Hz, 1H, isopropyl), 2.70 (m, 3H, CH2), 1.9 (m, 1H,
CH2), 1.2 (m, 15H, isopropyl-CH3, tert-butyl-CH3); CI-MS 350
[MH+]. Anal. (C23H31N3‚HCl‚H2O) C, H, N.

5-Carboximidamido-5,6,11,12-tetrahydrodibenz[b,f]-
azocine Hydrochloride (16). Using the same procedure as
described for the preparation of 14a, compound 16 was
prepared from 15. The yield of 16 was 58% (white solid): mp
238-240 °C; 1H NMR (CD3OD) δ 7.10 (m, 8H, ArH), 5.28 (d,
J ) 13 Hz, 1H, N-CH), 4.6 (d, 1H, J ) 13 Hz, N-CH), 3.20
(m, 2H, CH2), 3.0 (m, 2H, CH2); CI-MS 252 [MH+]. Anal.
(C16H17N3‚HCl) C, H, N.

N,N′-Diphenylguanidine Hydrobromide (18a). This
procedure illustrates the general method for the preparation
of 18a-c. Cyanogen bromide (565 mg, 5.3 mmol) was added
slowly in portions to a stirred solution of aniline 17a (1 mL,
10.7 mmol) at 0 °C in ethanol (3 mL). After the exothermic
reaction subsided, the reaction mixture was allowed to warm
to room temperature and then heated at 100 °C until the
solvent has evaporated (1.5 h). The fused reaction mixture
was allowed to cool to room temperature, and the resulting
solid was triturated in Et2O (20 mL) until a fine suspension
was obtained. This suspension was stirred for 2 h and filtered,
and the solid obtained was washed with Et2O twice to yield
pure 18a (1.52 g, 97%) as a white solid: mp 158-160 °C; 1H
NMR (CDCl3) δ 7.20 (m, 10H, ArH); CI-MS 212 [MH+]. Anal.
(C13H13N3‚HBr) C, H, N.

N,N′-Bis(4-sec-butylphenyl)-N,N′-dimethylguanidine
Hydrochloride (18d). A solution of cyanogen bromide (2.2
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g, 20 mmol) in Et2O (25 mL) was added slowly to a stirred
solution of 4-sec-butylaniline (5 g, 30 mmol) in Et2O (50 mL),
and stirring continued at room temperature overnight. A
white precipitate of 4-sec-butylaniline hydrobromide (3.4 g)
was filtered off, and the filtrate was washed with Et2O.
Evaporation of the ether wash afforded 4-sec-butylcyanamide
(2.9 g, 83%) as a thick liquid: IR (film) 2225 cm-1. A solution
of the cyanamide (2.3 g, 13.5 mmol) and sodium hydride (0.9
g, 27 mmol, prewashed twice with hexanes) in anhydrous THF
(10 mL) was heated at 80 °C for 2 h. After the reaction
mixture was allowed to cool to room temperature, methyl
iodide (7.05 g, 50 mmol) was added, and stirring continued at
room temperature for 2 h. Methanol (15 mL) followed by water
(35 mL) were added, and the reaction mixture was extracted
with CH2Cl2 (2 × 40 mL). Concentration of the organic layer
followed by flash chromatography on SiO2 afforded N-(4-sec-
butylphenyl)-N-methylcyanamide (17e) (2.0 g, 80%) as a
colorless liquid: IR (film) 2200, 3400 cm-1.

To a solution of 17e (500 mg, 2.6 mmol) in toluene (15 mL)
was added aluminum chloride (390 mg, 2.9 mmol) and the
reaction mixture heated to 100 °C until the catalyst dissolved.
Then, the hydrochloride of N-methyl-4-sec-butylaniline (17d)31

(465 mg, 2.3 mmol) was added in chlorobenzene (5 mL) at room
temperature, and the mixture was heated at 100 °C for 5 h.
The solution was cooled, diluted with chloroform, and washed
with H2O. Concentration of the organic layer followed by flash
chromatography on SiO2 with chloroform/methanol (10:1) as
eluent afforded 18d (350 mg, 38%) as a white-yellow hygro-
scopic solid: mp 65-66 °C; 1H NMR (CD3OD) δ 7.0 (d, J ) 7
Hz, 4H, Ar), 6.80 (d, J ) 7 Hz, 4H, Ar), 3.35 (s, 6H, N-CH3),
2.5 (m, J ) 6 Hz, 2H, sec-butyl-H), 1.55 (m, CH2, 4H, sec-butyl-
CH2), 1.15 (d, J ) 6 Hz, 6H, sec-butyl-CH3), 0.80 (t, J ) 6 Hz,
6H, sec-butyl-CH3); EI-MS m/z 351 [M•+]. Anal. (C23H33N3‚
HCl‚1.75H2O) C, H; N: calcd, 10.07; found, 11.27. HR-MS
calcd for C23H33N3: 351.2674. Found: 351.2660 [M•+].
HPLC: 95% pure.

N-Benzyl-N-phenylguanidine Hydrochloride (20a).
Benzyl bromide (5.13 g, 30 mmol) was slowly added to solution
of aniline (2.79 g, 30 mmol) and Et3N (4.55 g, 45 mmol) in 75
mL of CH2Cl2. The reaction mixture was protected from the
light and stirred at room temperature overnight. The pre-
cipitate was filtered off, and the solvent was removed. The
crude product obtained was purified on silica gel column with
hexanes/CH2Cl2 (4:1 to 2:1). The fractions which contained
the product were collected and concentrated. The yellow oil
obtained was dissolved in Et2O, and 50 mL of 1 M HCl in Et2O
was added. The precipitate was collected by filtration, washed
with Et2O, and dried under vacuum to yield 19a (2.79 g, 42%)
as a white solid: mp 205-207 °C; 1H NMR (CDCl3) δ 7.39-
7.22 (m, 10H, ArH), 4.35 (s, 2H, ArCH2); EI-MS m/z 183 [M•+].

To a solution of 19a (2.79 g, 12.7 mmol) in 25 mL of CH2Cl2

was added cyanamide (3.20 g, 76.2 mmol), and the reaction
mixture was refluxed for 12 h. The crude product obtained
after evaporation of the solvent was purified on a silica gel
column with chloroform/methanol (10:1) as eluent. The frac-
tions collected containing the product were concentrated, and
150 mL of water was added; 1 N NaOH was added to this
solution until pH ) 14, and the product was extracted three
times with CH2Cl2. The combined extracts were washed with
water and brine and dried over MgSO4. The free base obtained
was then dissolved in Et2O, 10 mL of 1 M HCl in Et2O was
added, and 20a precipitated (1.10 g, 33% from 19a) as a white
solid: mp 251-252 °C; 1H NMR (CD3OD) δ 7.40-7.10 (m, 10H,
Ar), 4.85 (s, 2H, CH2); EI-MS m/z 225. Anal. (C14H15N3‚HCl)
C, H, N.

N-(4-sec-Butylphenyl)-N-(4-tert-butylbenzyl)guani-
dine Mesylate (20b). Using the same procedure as described
for the preparation of 20a, compound 20b was prepared from
17b. Methanesulfonic acid was used for the preparation of
the salt of 20b. The yield of 20b was 79% from 19b: white
solid, mp 177-178 °C; 1H NMR (CDCl3) δ 7.12-7.40 (m, 8H,
ArH), 4.95 (s, ArCH2, 2H), 2.72 (s, 3H, CH3SO3H), 2.60 (m, J
) 6 Hz, 1H, sec-butyl-H), 1.60 (m, CH2, 2H, sec-butyl-CH2),
1.30 (s, 9H, tert-butyl), 1.20 (d, J ) 6 Hz, 3H, sec-butyl-CH3),

0.80 (t, J ) 6 Hz, 3H, sec-butyl-CH3); EI-MS m/z 225. Anal.
(C22H31N3‚CH3SO3H) C, H, N.

Pharmacology. In Vitro Experiments. Inhibition of
Veratridine-Induced [14C]Guanidinium Influx. Chinese
hamster ovary cell lines (CNaIIA-1) that stably express the
R-1 subunit of the mammalian type IIA neuronal sodium
channel were used as a model system for our assays.33 The
CNaIIA-1 cells were cultured at 37 °C with 5% CO2 in RPMI
1640 (MediaTech) supplemented with 5% fetal calf serum
(Hyclone), 200 µg/mL G418 (Sigma), and 5.75 mg/mL proline
(Sigma). EDTA-free trypsin (1:250; Sigma) was used to split
the cells once a week, and cells were seeded at a density of 1
× 105/T75 flask (CoStar). For the flux assay, 96-well plates
were seeded with 2 × 104 cells/well in 200 µL of culture media.
Cells were routinely allowed to grow for 4-5 days in vitro
before conducting an assay. Cell number was assessed by
hemocytometry to be approximately 80 000 cells/well on the
day of assay. The culture medium was changed every 3 days.
Cells whose passage number exceeded 30 were not used.
Cultures were rinsed three times with 200 µL of preincubation
buffer (mM: KCl, 5.4; MgSO4, 0.8; HEPES, 50; choline
chloride, 130; guanidine HCl, 1.0; d-glucose, 5.5; BSA, 0.1 mg/
mL; pH 7.4) and incubated with 200 µL of preincubation buffer
at 37 °C for 10 min. A 96-channel manifold was used to
vacuum-aspirate the buffer from the wells between rinses.
Veratridine-induced [14C]guanidinium flux was linear with
time up to at least 1 h, and a robust signal (4-8-fold basal
flux) was obtained following a 1-h incubation. Different
concentrations of test compounds were prepared by serial
dilution of a 200 µM stock solution in uptake buffer (preincu-
bation buffer plus [14C]guanidine‚HCl and veratridine; final
concentrations ranged from 0.001 to 25 µM for test compounds,
2.5 µCi/mL for [14C]guanidine‚HCl, and 200 µM for veratri-
dine). The flux experiments were run in a 100-µL volume and
were initiated by the addition of 50-µL aliquots of the above
working stocks to an equal volume of preincubation buffer in
the 96-well plates which were then incubated at room tem-
perature for 1 h. The following controls were also conducted
in each 96-well plate: basal flux (obtained in the absence of
test compound and veratridine), veratridine-only-induced flux,
and veratridine-induced fluxes in the presence of 10 µM
tetrodotoxin (TTX), a measure of nonspecific flux; 10 mM stock
solutions of test compounds were prepared by dissolving the
appropriate amount of the salt of the compound to 100%
DMSO. This was further diluted in uptake buffer to yield a
200 µM stock solution. Final assay concentrations of DMSO
were <1%. A 200 mM working concentration of veratridine
was prepared by dissolving it in 100% methanol. Final assay
concentrations of methanol were 0.1%. The flux assay was
terminated at the end of the incubation period by rinsing the
96-well plates three times (200 µL/well) with ice-cold wash
buffer (mM: choline chloride, 163; MgSO4, 1.8; CaCl2, 1.8;
HEPES, 5.0; BSA, 1.0 mg/mL). The remaining 50 µL of wash
buffer in the wells (following rinsing) was vacuum-aspirated.
Optiphase “HiSafe” (Wallac) scintillation fluid (100 µL) was
then added to each well. The plates were sealed before
shaking for 15 min. The plates were then allowed to sit for
45 min before counting in a 96-well Microbeta 1450 scintilla-
tion counter. Net veratridine-induced [14C]guanidinium flux
was determined for each concentration of each compound
tested. Net flux is obtained by subtracting the nonspecific flux
(flux in the presence of veratridine and TTX only) from the
total flux (flux in the presence of veratridine only or veratridine
and competing ligand). Results were plotted as percent
inhibition of veratridine-induced [14C]guanidinium uptake
versus compound concentration for each compound tested, and
IC50 values were determined by fitting the data to a nonlinear
regression function.

Synaptosomal 45Ca2+ Uptake. The protocol for this assay
has been described earlier.6b,9,39

Radioligand Binding Assays. The protocol for this assay
has been described earlier.30

In Vivo Experiments. Antiseizure DBA/2 Mouse Model.
DBA/2 mice of either sex (Jackson Lab, ME; weight range 6.5-
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12 g, 20-23 days of age) were placed individually in a glass
jar (25-cm i.d.) and exposed to pure tone sound of 12 kHz and
120 dB. Animals were injected with the drugs or vehicle (0.3
M mannitol, administered by ip injection, in a volume of 10
mL/kg of body weigh) 30 min prior to exposure to the sound.
The auditory stimulation was applied for 45 s or until
respiratory arrest occurred. The apparatus used for sound
generation consisted of a high-frequency driver, an amplifier,
and a function generator. All experiments were proceeded in
a fully blinded fashion and took place between 11 a.m. and 5
p.m. Animal response was scored as follows: 0 ) no response;
1 ) wild running; 2 ) clonic seizures; 3 ) tonic seizures; 4 )
seizures resulting in respiratory arrest. The N for each dose
was 10-13. The individual scores of animals in each treat-
ment group were averaged to yield a mean response score
(MRS) for the group. The percentage of response inhibition
for each treatment group was calculated as follows: percentage
response inhibition ) (MRS control - MRS treatment)/MRS
control × 100. The Jonckheere nonparametric trend test, one-
sided, was used to determine the lowest effective dose in dose-
response studies. Otherwise, the Kruskal-Wallis nonpara-
metric test was used, with Dunn’s post hoc test.

Molecular Mechanics Calculations. The molecular me-
chanics calculations have been carried out at the University
of Toledo with the Macromodel 6.019a software running on a
Silicon Graphics workstation. In-solution modeling used the
Generalized Born/Surface Area approximation of Still et al.19b

as implemented in the software. The modified AMBER19c force
field was applied with atomic charges and steric parameters
taken from the program library. The dielectric constant for
the electrostatic interactions of the solute atoms was set to
unity, while the bulk permitivity values were accepted for both
water and chloroform. Conformational analyses were carried
out by performing multiconformational search in solution for
compounds 3a-c. Four, six, or eight bonds, each by steps of
60°, were independently rotated in the 0-360° range respec-
tively for the -Ph-O-(CH2)n-O-Ph- (n ) 1, 3, 5) moieties.
Restriction on the macrocycle of compounds 3a-c was imposed
by the distance requirement of 1.27-1.40 Å for the N-C+
bond. Rotamers that met the distance requirement were
separately submitted to full geometry optimization. Multi-
conformational search for compound 18c in the AA+ conforma-
tion consisted of independent rotations of 60° about the CAr-O
and O-CH2 bonds. Value ranges for the rotational angles ψ1

and ψ2 that minimize the AA+ energy in water or chloroform
are reported as follows: 3a (121-124), 3b (138-140), 3c (144-
148), 18c (160-163).

pKa Determination. The pKa value of 9b was determined
by using log D vs pH measurement, and UV vs pH was used
for 18d. To the compound (0.2-1 mg) in a 20-mL scintillation
vial were added preequilibrated octanol and buffer (15 mM
HEPES/135 mM NaCl except for pH 2, where used or 15 mM
sodium phosphate/135 mM NaCl). The ratio of buffer to
octanol volumes was in the range of 1-5. The mixture was
shaken at full speed with a Burrell Wrist-Action shaker (model
75) for 10 min at ambient temperature (23 ( 1 °C), and layers
were carefully separated after centrifugation. After the pH
of the aqueous layer was determined, an aliquot was acidified
and the concentration was determined by reverse-phase HPLC.
Chromatography was conducted on a Waters 616 system with
UV detection using a Spherisorb CN column (3 µm, 4.6 × 150
mm) at ambient temperature. An isocratic mobile phase
consisting of various ratios of AcCN and phosphate buffer (pH
3.5) was employed (flow rate ) 1 mL/min). Solutions for
standard curves were prepared in pH 2 Hepes buffer. The
concentration in the organic layer was also determined, by UV
absorbance in a spectrophotometer after dilution into 0.1 N
HCl in EtOH. The log D was calculated from log(Coct/Cbuf).
The reported value is the average of results from three
individual partition experiments.

Experimental log D vs pH data were interatively fit using
the program KaleidaGraph (Abelbeck Software) to eq 147 to
yield the pKa value, log P, and log Dip:

where

In the case of 9b, only a limiting value of the pKa could be
determined since log P cannot be accurately measured above
pH 13.

The measurement of pKa of 18d was performed using the
pH dependence of UV absorbance as described by Albert and
Sergeant.59 Measurements were obtained in 10 mM aqueous
buffer.
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