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Abstract—The synthesis, pharmacological evaluation, and molecular modeling studies of unsymmetrical bis-alkylene bis-quino-
linium cyclophanes and xylylene-alkylene bis-quinolinium cyclophanes is described. Two important structural features of the
pharmacophore for SK¢, channel blockade have been identified. These are (i) an optimum distance of ca. 5.8 A between the
centroids of the pyridinium rings of the two quinolinium groups and (ii) a preference for conformations having the quinolinium
groups in a synperiplanar orientation.

© 2004 Elsevier Ltd. All rights reserved.

Small conductance Ca’>"-activated K* (SK¢,) channels

CHs HsC
comprise an important subclass of K* channels.'? N = (CHz)n
i i HN— + N—(CHz)10—N NH HN" TSNH
Functional, pharmacological, and structural data have 2 + (CHa}o =N+ / 2
suggested the existence of subtypes of the SK, chan- @ @
nel.>® In accordance with these observations, three NG SN
(

SKc, subunits have been identified by DNA cloning, Dequalinium \CHZ)m/
namely SK1, SK2, and SK3.”® Though apamin, a pep- A

tidic toxin from bee venom, potently and selectively HN NH

blocks SK, channels and has been invaluable in their X = f@j
study,”!! there is considerable interest in the discovery ,:/ \; HN NH
of nonpeptidic blockers of the SKc, channel. Such — N .
compounds, in addition to being useful pharmacological ] + -+
tools, may have important therapeutic applications, as Compd A L N N

the SK¢, channel is implicated in a number of patho-
physiological conditions.!>?!

Dequalinium (Chart 1) has been shown to be a relatively HN NH
potent and selective SK¢, channel blocker.?>?* Restric- b < > <:> N _
tion of the conformational flexibility of the quinolinium + W
groups through their incorporation into a cyclophane Q\ N

1c 4< >7
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structure has yielded potent bis-xylyl cyclophane
blockers 12#% (Chart 1). Replacement of the bis-xylyl
linkers by bis-alkylene groups has afforded symmetric
cyclophanes 2 (n = m), which are nanomolar blockers of
the SK¢, channel found in rat superior cervical ganglion
neurons.’® This channel is most probably a homomer
composed of SK3 subunits.?’

In the present study, we have achieved a ‘fine tuning’ of
the separation of the quinolinium groups via the syn-
thesis of unsymmetrical bis-alkylene cyclophanes 2
(n # m). Furthermore, using la (Chart 1), the most
potent of the bis-xylyl blockers as a lead, we have syn-
thesized mixed xylyl-alkylene cyclophanes 3 and 4 and
have varied the length of the alkylene chain.

The cyclophanes of the general structures 2, 3, and 4
were synthesized according to Scheme 1. The diquino-
lines 5a—e were obtained via treatment of 4-chloro-
quinoline with the necessary o,0-diaminoalkane or
p-xylylenediamine in pentanol. The conversion of the
diquinolines 5a—e to the desired cyclophanes 2, 3, and 4
was carried out under concentrations ranging from 3.7
to 19 mM. In all cases the synthesis of the cyclophanes
involved reaction of the respective diquinoline 5
with either an o,w-diiodoalkane or 1,3-bis-(bromo-
methyl)benzene in butanone for a prolonged period of
time. The final compounds were purified by preparative
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Scheme 1.

HPLC? (purity >99.2%) and analyzed as ditrifluoro-
acetate salts.

The SK¢, channel blocking action of the compounds
was assessed from their ability to inhibit the after-
hyperpolarization (AHP) in cultured rat sympathetic
neurons as described previously.?*?’ Briefly, individual
cells were impaled with an intracellular microelectrode,
which was used both to elicit and to record action
potentials. During a successful run, the impaled cell was
exposed to several concentrations of one or more of the
compounds under test and also of dequalinium, which
was used as a reference agent. All the compounds were
made up as 1-10mM stock solutions in dimethyl sulf-
oxide (DMSO) and were thereafter diluted first in water
and finally in the physiological bathing fluid. This had
the composition (mM): NaCl, 118; KCl, 4.8; CaCl,, 2.5;
MgSOy,, 1.19; NaHCO3;, 25; KH,PO,, 1.18, and glucose
11. It was warmed to 30-31°C and equilibrated with
95% O,, 5% CO,. The final concentration of DM SO was
always <0.1%. The new compounds were examined in
batches of up to 4 and each was tested at 3-4 concen-
trations on at least 3 cells. Dequalinium was also applied
at 3-4 different concentrations. The Hill equation was
fitted to the results to obtain an estimate of the ICs.
However, because there was some variation in the
apparent potency of dequalinium during the course of
the study, equieffective molar concentration ratios
(EMR relative to dequalinium) were also determined by
simultaneous nonlinear least squares fitting of the data
obtained with each compound, taken together with the
values observed with dequalinium in that set of assays.
As before, the Hill equation was used to fit the data: a
common Hill coefficient was assumed. The EMR values
are also listed in Table 1 and it is these values that have
been used for the comparison between compounds.

All cyclophanes presented in Table 1 blocked the puta-
tive SK3 channel at submicromolar concentrations,
some of them acting in the low nanomolar range. The
activity of the bis-alkylene cyclophanes 2a-m increased
dramatically to a peak as the length of the linkers was
reduced from n=m =10 to n =m =5 (2f) and then
dropped with further shortening of the chains to
n = m = 3. The novel unsymmetrical bis-alkylene cyclo-
phanes follow the activity pattern observed in this
homologous series. Furthermore, replacement of only
the m-xylyl linker L of 1a by alkylene groups to give 3a—
d resulted in an overall reduction in the blocking po-
tency. Varying the alkylene linker in 3a—d from 3 to 6
methylene groups had only a 3-fold effect on potency.
Substitution of only the p-xylyl linker A of 1a for alk-
ylene groups to provide 4a—d resulted in retention or a
slight loss of activity, the maximum variation within the
subseries 4a—d being again only 3-fold. Interestingly, the
blocking potency peaks for n = 4 (4c¢) in this subseries.
On the whole, the replacement of the p-xylyl group A by
aliphatic linkers is better tolerated than the replacement
of the m-xylyl group L.

We have previously suggested that the groups joining
the two quinolinium rings in the cyclophane molecule do
not interact with the channel directly but, rather, pro-
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Table 1. Structures and pharmacological results for the cyclophanes

4233

Compd nt mt ICso £SD (nM) EMR® +SD Centroids®
Deq. — — 900 + 100 1

1a¢ — — 31 0.010%0.001 6.48
1b¢ — — 2843 0.050+0.010 7.13
i - — 70+ 40 0.180+0.040 6.7
14¢ — - 130+ 10 0.220 +0.040 6.15
22 10 10 260+ 5 0.440+0.170 11.39
2b¢ 8 8 190 +20 0.430+0.170 8.81
2 6 6 606 0.100+0.030 6.75
2d 5 6 16+4 0.025+0.015 6.2
2e 6 5 1242 0.017+0.009 6.36
2f 5 5 2405 0.003 +0.001 5.78
2 4 5 9+4 0.010+0.005 5.61
2h 5 4 1543 0.020+0.010 5.12
2i 3 5 30+6 0.072+0.016 5.09
25 4 4 40+5 0.090 +0.030 4.99
2k 3 4 130+ 60 0.270+0.070 429
2 3 3 630+ 20 0.350+0.100 3.84
2m 3 3 380+ 10 0.770 +0.250 3.74
3a — 6 65+9 0.079+0.028 6.92
3b — 5 60+3 0.068+0.019 6.28
3c — 4 150 +20 0.170 +0.070 591
3d — 3 150 + 60 0.220+0.150 4.95
4a 6 — 35+7 0.045+0.016 6.59
4b 5 — 3+1 0.033+0.012 5.68
4c 4 - 10+1 0.015+0.005 5.33
4d 3 — 25+3 0.031+0.012 5.11

#See Chart 1 for generic structures.

® Equieffective molar ratio: the ratio of the concentrations of the test compound and dequalinium that cause 50% inhibition of the AHP, as

determined in the same experiment.
¢ Distance (in A) between the centroids of the two pyridinium rings.
9Data from Ref. 25.
“Data from Ref. 26.

vide a scaffold for the appropriate spatial arrangement
of the quinolinium moieties for effective interaction with
the channel.”>?° The impact of the variation of the
linkers on the distance of the two quinolinium groups in
cyclophanes 1-4 was examined using molecular model-
ing techniques. Thus, the global minimum energy con-
former for each molecule was identified through an
extensive conformational search®® and the distance be-
tween the centroids of the two pyridinium rings of the
quinolinium groups was recorded and is presented in
Table 1.

A plot of the «centroid distances versus
—log(EMR % 107°) is presented in Figure 1. The
blocking potency of the bis-alkylene cyclophanes 2
increases steeply to a maximum as the distance of the
quinolinium groups increases from 3.7 to 5.8 A and then
drops as the distance increases further to 11.4 A. Thus, is
appears that the optimum quinolinium distance for
maximum potency is ca. 5.8 A (as in 2f) in this series of
cyclophanes. This is not the case, however, for the bis-
xylyl cyclophanes 1. Although 1a and 1b fit this model
well, an unexpected drop in potency is observed in the
cases of 1c and 1d. The quinolinium distance (6.15A) in
the latter compound approaches closely the optimum
distance of 5.8 A but its potency is approximately 2
orders of magnitude lower than predicted from the
model. In fact, 1d is the least potent cyclophane within
series 1. Furthermore, in series 3, cyclophanes 3a, 3b,
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Figure 1. Plot of —log(EMR x* 10°) versus the distance between the
pyridinium ring centroids in A, for the cyclophanes of Table 1. The
EMR values of Table 1 have been multiplied by 10-° to normalize the
scale. The four cyclophane series are color-coded.

and 3d fit the model reasonably well (Fig. 1), but the
potency does not reach a maximum in the case of 3c
(centroid distance=5.9 A) as would be predicted. A
similar anomalous case is observed in series 4 with
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Table 2. Conformers and energies for the cyclophanes

Compd? Conforma- E (6-31G*)° AE4
tion®
2 (8) s —814,173.51 0.00
2f (23) S -814,172.89 0.62
2f_(305) S -814,171.48 2.03
2f (14) S -814,171.04 2.47
2f (82) A -814,170.90 2.61
4b_(21) S —884,732.02 0.00
4b_(217) A -884,731.17 0.85
4b_(103) A —884,731.06 0.96
4b_(193) S —884,730.55 1.47
4b_(1) S —884,730.55 1.47
4b_(197) S —884,730.26 1.76
4b_(49) A ~884,729.98 2.04
4b_(3) S —884,729.78 2.24
4b_(117) A —884,729.44 2.58
4b_(5) S —884,729.43 2.59
4b_(53) A -884,729.22 2.80
3c_(9) A -860,232.33 0.00
3e_(15) s ~860,230.25 2.08
3c_(35) S -860,230.16 2.17
3c_(3) A -860,229.95 2.38
3c_(39) S -860,229.72 2.61

#The conformer number is shown in parentheses.

®S, synperiplanar; A, antiperiplanar.

¢Energy of the conformer (in kcal/mol) calculated at the 6-31G* level.

9 E onformer — slobal minimum conformer- ONIy conformers with AE < 3 kcal/
mol are presented.

molecule 4b (centroid distance =5.7 A), despite the fact
that 4a, 4c¢, and 4d fit the model extremely well.

The existence of the above outliers (4b, 3¢, 1d, and 1c¢)
strongly suggests that the distance between the quino-
linium groups is not the sole parameter that determines
the blocking potency of the molecule. We have previ-
ously demonstrated that, for the cyclophanes of series 1,
the quinolinium groups in the molecule may adopt
synperiplanar or antiperiplanar conformations.”> The
most potent cyclophane 1a shows an energetic prefer-
ence for the synperiplanar conformation, while the least
potent cyclophanes 1¢ and 1d show increasing prefer-
ence for the antiperiplanar conformation.?> An extensive
conformational analysis was performed for cyclophanes
2f (which has the same maximal potency) in comparison
with the anomalously active compounds 3c and 4b*} and
results are presented in Table 2. Cyclophane 2f prefers
almost exclusively synperiplanar conformations, 4b
shows preference for the synperiplanar conformation
but adopts also antiperiplanar conformations of rela-
tively low energies, while 3c exists primarily in anti-
periplanar conformations. These results, along with the
previously published results for series 1,5 suggest that
the conformation of the molecule is an important
structural feature that, along with the quinolinium dis-
tance, determine the potency of the blockers.

In conclusion, the molecular modeling analysis of the
cyclophanes of series 1-4 has identified two important
features of the pharmacophore of the bis-quinolinium
cyclophanes as blockers of the putative SK3 channel.
These are the distance between the centroids of the

pyridinium rings of the quinolinium groups (the opti-
mum being ca. 5.8A) and the conformation of the
molecule, higher activity being associated with a pref-
erence for synperiplanar arrangement of the quinolin-
ium groups.
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a Silicon Graphics O?> workstation, using a dielectric
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