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ABSTRACT: Pyrogallolarenes are tetrameric macrocycles
that form from 1,2,3-trihydroxybenzene and aldehydes
under acidic conditions. When 2-ethylbutanal or 2-propyl-
pentanal was so treated, the branched-chain pyrogallolar-
enes crystallized as nanotubes or bilayers, respectively. When
the behavior of each compound was assessed by using the
planar bilayer conductance method, pore formation was
observed. The properties of the pores were significantly
different from each other, probably reflecting different types
of pore organization within the membrane.

Calixarenes, resorcinarenes, pyrogallarenes, calixpyrroles, and
their numerous variants have become, arguably, the domi-

nant supramolecular receptor scaffold.1 Applications are as
diverse as cation binding2 and as sensor components for urinalysis.3

Aggregates have also served as “nanoflasks” for physical organic
chemical studies4 and as molecular capsules that enclose guests.5

Pyrogallol[4]arenes are compounds formedby the acid-catalyzed
condensation of pyrogallol with an aldehyde.6 Most, but certainly
not all, of the characterization of pyrogallolarenes has been done by
using solid state analytical methods, particularly X-ray crystallogra-
phy. Mattay,7 Atwood,8 and Rissanen9 and their co-workers have
been leaders in establishing structures, which are typically obtained
from compounds isolated in the “cone” or “rccc” conformation. The
crystal structures reveal bilayer, capsule,10 and nanotube assemb-
lies.11,12 The ability of compounds in this family to exhibit mem-
brane activity is becoming increasingly apparent.13-15

We have been particularly interested in the dynamic proper-
ties of these compounds, whether they form bilayers or
capsules16 in the solid state. In either case, the H-bond network17

involves a “head-to-head” organization.18 In the hexameric caps-
ular form, replacement of H-bonds by coordinated copper led to
a metallorganic nanocapsule19 that transported ions through a
bilayer and showed a 2.4:1 selectivity for Kþ over Clh.14 Certain
pyrogallol[4]arenes can insert into a phospholipid bilayer and
form ion-conducting pores.15 When the pyrogallol[4]arene side
chains were 3-pentyl (diethylmethyl), unique, interlocked nano-
tubes were formed.20 Nanotubes formed from cyclic peptides21

such as those reported by Ghadiri, Granja, and co-workers22 are
known to form ion-conducting channels in bilayers.23 We now
report the formation of channels from two branched-chain
pyrogallol[4]arenes that crystallize either as nanotubes or as
bilayers and form pores by apparently different mechanisms.

Pyrogallol (1,2,3-trihydroxybenzene) was heated under reflux
in a mixture of HCl and EtOH in the presence of either (CH3-
CH2)2CHCHO or (CH3CH2CH2)2CHCHO. The resulting
pyrogallolarenes, 1 and 2, crystallized as a nanotube [(16)n]

20

or a bilayer (2n).
24 The structures of themonomers are illustrated

as 1 and 2.

The nanotubes [(16)n] were crystallized either from EtOH/
EtOAc or from EtOAc/CH3CN. We previously reported the
structure of the nanotube obtained from EtOH/EtOAc.20 The
sample of [(16)n] used here crystallized from EtOAc/CH3CN,
and its structure is shown in Figure 1.24 The previously reported
structure of (16)n has 2 EtOH and 6 H2O molecules linked
within each hexamer. In the present case, the organized solvent
within each hexamer includes (on average) 4 EtOAc and 9
CH3CNmolecules. One of the hexameric units that stack to form
the nanotube is shown in the upper panel of Figure 1.

Compound 2, which has 3-heptyl (dipropylmethyl) side
chains, crystallized in the bilayer arrangement. While the nano-
tube arrangement of 1 leads to extended tubular chains of
micrometer dimensions,20 2 forms a bilayer (2n) having a
thickness of ∼17.6 Å. The lower panel of Figure 1 shows, both
in space-filling and stick representations, the head-to-head dimer
that is the minimal subunit of the extended bilayer. Although the
bilayer arrangement is the most typical solid-state motif for
pyrogallolarenes, the organization of 1 into nanotubes is fostered
by the interlocking of the ethyl side chains. We attempted
numerous crystallizations of 4-heptyl-Pg (2) in the hope of
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forming nanotubes. Instead, X-ray crystallography revealed only
the “bilayer” arrangement for 2 (i.e., 2n, see Figure 1, above). The
lateral interlocking of the side chain ethyl groups in 16 or the
resultant nanotubes ((16)n) is not possible with the larger propyl
groups of 2. Not only do (16)n and 2n differ in their crystallization
behavior, but their ability to form pores in the bilayer is also
distinct.

We examined the behavior of both (16)n and 2n in an asolectin
(from soybean) bilayer membrane by using a planar bilayer
conductance apparatus.25 Each chamber of the instrument con-
tained 450 mM aqueous KCl in 10 mM HEPES buffer at pH 7.
3-Pentyl-Pg, (16)n was dissolved in dimethylsulfoxide (DMSO)
and added to the cis chamber to a final concentration of 7 μM.
The same conditions were used for 2. Figure 2 shows planar
bilayer conductance data for compounds 1 (upper trace) and 2.
The traces are directly comparable: the current and time scales
are the same for both recordings although the applied potentials
differ (1, 50 mV; 2, 60 mV). A comparison of the two ∼200 s
recordings shown for 1 and 2 reveals the more dynamic behavior
of 2. Dashed lines have been superimposed on the traces to
correlate open states. Two states dominate the conductance
behavior of 1, i.e., 460 pS and 1080 pS. We exclude very short
duration conductance states that may be interpreted as noise
spikes. The lower trace (2) shows at least five independent states
(66 pS, 233 pS, 500 pS, 566 pS, and 766 pS) as well as apparent
multiple-channel openings. The obvious differences between the

behavior of 1 and 2 in these traces are representative of the full
recordings for both compounds.

We noted above that 1 crystallizes as a cyclic hexamer that
forms nanotubes by stacking one hexamer upon another. We
have interpreted the behavior of 1 in the bilayer in terms of a
hexameric array of Pgs. Two hexameric macrocycles stacked one
upon the other within the bilayer would form a channel. When
these two stacked hexamers slide laterally with respect to each
other, they would gate, i.e., open and close, the channel. The
integrity of the cyclic hexamer was challenged by conducting the
planar bilayer experiment on a sample of 1n dissolved in DMSO
and maintained at ambient temperature for 24 h prior to the
conductance experiment. Substantially the same results as shown
in Figure 2 were obtained.

The longest open state apparent at the left of the upper trace
has a conductance twice that of the states apparent at the right. If
a protein channel were under study, one might interpret the
higher conductance state to reflect two channel openings. It may
be possible that two channels open and close at precisely the
same time, but this seems unlikely. If two hexameric pores (∼460
pS) stacked vertically within the bilayer align and interact, the
result would be a twinned pore. The “top” and “bottom” pairs
(structures such as ¥) could then slide laterally with respect to
each other to form a 1080 pS conductance state with coordinated
opening behavior. The 3-pentyl side chains of 1 are known to
interlock laterally in the solid state as do the cogs of a gear.20

The ion transport behavior of 2, shown in Figure 2, is
superficially similar in some respects to that recorded for 1.
There are three key differences. First, the behavior of 2 in the
bilayer is more dynamic andmore varied than that observed for 1.
The dotted lines in Figure 2 identify eight conductance states.
Second, the two longer duration states that appear to resemble
those observed for 1 have conductances of ∼233 pS and ∼566
pS compared to ∼460 pS and ∼1080 pS. Third, the longer
duration states for 2 show multiple, superimposed open states.

As shown in Figure 1, 2 crystallizes as a bilayer, and we have
thus far found no solid-state evidence for any special longitudinal
or lateral organization for this compound. In previous work8 with
linear alkyl-chained Pgs, we have observed well-behaved oligo-
meric pores that form in the bilayer. Although 2 possesses eight
propyl side chains, the pores it forms are clearly very dynamic,
and multiple oligomers must be present. We note that tetra(n-
propyl)pyrogallol[4]arene disrupted a planar bilayer, but only
spiking behavior could be discerned. In the case of 2, the
abundance of chains may facilitate side-chain contacts and thus
oligomerization, but the shortness of the chains and the lack of
any obvious organizational mechanism such as found in 1,
prevents the formation of dominant or preponderant states.
Presumably, lateral side-chain interactions in 2 lead to pore
formation within the bilayer. Absent the special stabilization
apparent in the solid-state structure of 1, 2 forms far more
dynamic assemblies. The assemblies of 2n will have numbers of
Pgs similar to those in 16, and some similarity in open-state
conductances is to be expected.

Using the data obtained from the planar bilayer experiments
(i.e., 460 pS), we used the Hille equation26 to calculate a pore size
of ∼17 Å. This corresponds well with the size of the individual
hexameric units of (16) that link together to form the nanotube
(internal dimensions: 18 Å � 20 Å).20 On the basis of the sizes
apparent in the solid-state structure, we estimate that the
thickness of each individual disk is∼12 Å. Two such units, when
stacked, span∼24 Å. The insulator regime of a bilayer is typically

Figure 1. (Top) A single hexameric “doughnut” unit of the (16)n
nanotube crystallized from EtOAc/CH3CN. (Bottom) Solid-state bi-
layer structure of 2 showing a single dimer unit in both space-filling and
stick representations.
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stated to be ∼30 Å thick. It is known, however, that membranes
typically narrow at the site of pore formation27 so two units,
spanning 24 Å is potentially a more reasonable model.

The formation of nanotubes from 1 involves an extensive
H-bond network that connects the six pyrogallol[4]arenes into
the macrocyclic hexamer. Solvent also is linked between indivi-
dual monomers. Stacking of the hexamers is fostered by solvent
exclusion and the interlocking of side-chain ethyl groups as noted
previously.20 We speculate that the crystalline nanotube dissoci-
ates in DMSO into individual disk units. These hexamers (16)
retain their organization owing primarily to the network of
H-bonds involving the pyrogallol hydroxyl groups. The hexamers
penetrate the bilayer and then stack within the membrane. This
interaction is fostered by solvent exclusion and contacts between
the pentyl side chains and the fatty acyl chains. Lateral motion of
the pair (or triplet) of 16 with respect to each other would permit
the passage or restraint of ions (i.e. open, close), and when open,
the pore size corresponds well with the observed internal
diameter of nanotube (16)n. This possible mechanism is shown
schematically in Figure 3.

As noted above, similar conductance behavior was observed
for 1 even after standing in DMSO solution for 24 h suggesting
the integrity of the putative hexamer assembly. In order to obtain
additional information on the self-assembly of 1 and to confirm
the difference in behavior between 1 and 2, we cospread it on the
Langmuir trough with dipalmitoylphosphatidyl choline (DPPC).28

When two amphiphiles are cospread, absent unexpected inter-
actions, the surface pressure-area isotherms will appear at

proportional values between those determined for the individual
amphiphiles.28,29 The behavior of 2 alone was as expected as were
most mixtures of 1 and DPPC. However, at high concentrations
of 1 relative to DPPC, a discontinuity was apparent. The anomaly
was interpreted as “holes” in the monolayer that corresponded in
size to the formation of cyclic hexamers of 1. An analysis of void
areas corresponded to the area within the hexameric pore. The
experimental results are detailed in Supporting Information.
Further, Brewster angle microscopy showed a continuous surface
for mixtures of DPPC and 1. This contrasts with the extensive
surface organization apparent for 1 alone on the surface of the
Langmuir trough.20

The pores formed from 2n clearly differ from those formed by
1n, and there is currently no evidence that they can form a similar
tube arrangement. It therefore seems reasonable to assume that
the mechanisms of pore formation by (16)n and 2n differ. The
stacked hexamer mechanism for 1may seem implausible, but the
formation of pores from various stacked monomers has been
proposed in several contexts and appears at least credible.21-23,30

The solid-state and the membrane phases are obviously different,
but the lipid chains in the latter provide some of the same
organizational forces present in a solid. Studies to confirm the
stacking hypothesis for 16 are currently underway.
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