Evidence for multiple alkali metal cation complexation in membrane-spanning

ion transporters
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The polynitrogen-containing cation transporters 1-4 are
shown by electrospray mass spectrometry to form multi-
cationic species. In the absence of Na+, protonated species
dominate but increasing the sodium concentration leads to
all binding sites being occupied.

The study of cation-conducting channels currently presents an
enormous challenge to both chemists and biologists.l An
important goal for the former isto prepare compounds that are
inherently simpler than protein, or even peptide, channels? that
transport cations at substantial rates across phospholipid bilayer
membranes. With functionality achieved, experimental study of
the systems should offer insight into the details of such
phenomena as ion transport, selectivity, and gating kinetics. A
major question concerns the chemical details of cation transport
within the pore. A postulate that K+ transport and selectivity
were influenced by cation—r interactions within the pore3 was
disproved by site-directed mutagenesis.# The chemical roles of
polyarenesin synthetic channels® and of the central ion capsule?
in the KcsA K1 channel of Streptomyces lividans? beg further
exploration of alkali metal cation interactions in low polarity
media. In a previous study, electrospray mass spectrometric
results demonstrated that al three macrocyclic rings of a
hydraphile channel-former could simultaneously bind cations.8
We now report that the novel tetramacrocyclic® and nitrogen-
heterocycle-containing© channel-formers reported in the pre-
ceding two communications can bind a full complement of
alkali metal ions by using crown ethers but not piperazine or
bipiperidyl donors.

Cation transport through a phospholipid bilayer for the
hydraphile family has been demonstrated by using fluorescence
(H*),1 23Na NMR (Na*),2 and planar bilayer conductance
methods (Nat).13 The ability of hydraphile channelsto span the
bilayeri4 has been confirmed and the optimum length for this
family of channels has been established.’> The compounds
reported here are elaborations of the previously known systems
and all exhibit effective Na* transport in a phospholipid bilayer
(NMR method). Thus, under comparable conditions, the
transport rates in mixed phosphatidyl choline—phosphatidyl
glycerol bilayer liposomes, the following Na* transport rates
were observed at room temperature: 1, 80%; 2, 210%; 3, 50%;
and 4, 340%. In all cases, the values are expressed as a percent
of the rate observed for the dansyl-sidearmed channel, 5
(100%).

Compounds 211 and 54 were prepared as previously reported
and the synthesis of 4 is described in the preceding communica-
tion® Compound 1 was prepared by treatment of
PhCH, <N18N >H with Br(CH,)1.Br (Na;COs, KI, 2 h) in
boiling PrCN to give PhCH, <N18N > (CH,),,Br as a yellow
oil (39%). Further reaction of the above with 4,4’-bipiperidine
(procedure as above, 16 h) gave 1 as a colorless solid (8%, mp
55-56 °C). The preparation of 3 required a more elaborate
approach. Benzyldiaza-18-crown-6 was adkylated with
Br(CH2)11C02Me (N@COg, cat. KI, BUCN, 20 mL, 24 h, 50%)
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to give PhCH,<N18N >(CH,);;CO,Me. Hydrolysis (2 M
NaOH, 93%) followed by treatment with (COCI), (2 M solution
in CH,Cl,, 2 h) gave PhCH,<N18N >(CH,);;COCI, which
was allowed to react directly in CH,Cl, with H<N18N>H
(Et3N, 6 equiv., cat. DMAP, to give the tris(crown) diamide as
ayellow ail (65%). The tris(crown) diamide was debenzylated
(H-Pd/C, 60 psi, abs. EtOH) to give
[H<N18N>(CH2)11:CO],<N18N> (yellow oail, 95%). A
similar strategy was used to prepare
ClCO(CH2)11NC5H9C5H9N(CH2)11COC|, begl nning with the
akylation of 4,4-bipiperidine by Br(CH)1;CO-Me&/Na,CO3
(cat. KI, BuCN, 20 mL, 24 h) to give
M602C(CH2)11NC5H9C5H9N(CH2)11C02Me (71%) ThiS, in
turn, was hydrolyzed (2 M NaOH, 94%, colorless solid, mp
260 °C, decomposed) and treated with CICOCOCI (excess, 2 M
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Table 1 Electrospray mass spectrometric analysis of compounds 1-4

lon m/z Rel. int. (%)
1 1204.98 n/a
[1-1Na]* 1227.8 30
[1-2Ng)2+ 625.5 100
[1-3Na]3+ 424.7 0
[1-4Na]4+ 324.2 0
2 1299.01 n/a
[2-1Na]* 1322.5 72
[2-2Na)2+ 672.8 100
[2-3Na]3+ 456.2 20
[2-4Na]4+ 347.9 0
3 1675.3 n/a
[3-1Na]* 1698.7 30
[3-2Ng]2+ 861.1 100
[3-3Na]3+ 581.8 45
[3-4Na]4+ 4421 0
4 17135 n/a
[4-1Na]* 1737.7 38
[4-2Na]2* 880.2 100
[4-3Na]3+ 594.4 87
[4-4Na]4+ 451.3 47
solution in CH.Cl,). The latter was treated with

[H<N18N>(CH,);;CO],<N18N> (Et3N, 6 equiv., cat.
DMAP, CH.Cl,, 48 h) to afford tetraamide 3 as a yellow oil
(30%).

Compounds 1-4 present an opportunity to directly assess the
interactions of the hydraphile’s modular elements and Na*.
Assuming that acrown macroring will bind asingle Na* ion, we
anticipate that we will observeions corresponding to [1-2Na] 2+,
[2-3Na]3+, [3-3Na]3+, and [4-4Na]4*. The projected maximum
complexation by 1 or 3 is based on the expectation that 4,4'-
bipiperidyl will not complex Na*. Thisis particularly important
considering the conclusions of the preceding communication
that the bipiperidyl unit can organize water but its nitrogen
donor groups are too far apart to effectively coordinate with
Nar.10

The mass spectrometric analyses were conducted using an
electrospray ion source (ESI-MS).16 The inlet temperature was
ca. 55 °C. Typically, 1.5 mg of channel was dissolved in 1 mL
of CHCI;3 and the spray solution was prepared by adding 1 mL
of MeOH—CHCI3 1:1 (v/v) and 40 uL of 100 uM NaOH to 60
uL of the sample solution. After mixing, 20 uL of the sample
solution was loop injected by continuousinfusion[10 uL min—1
MeOH-CHCI3 (1:1, v/v)]. The instrument continuously
scanned (magnetic) at 20 s decade—1 of mass over the range
from 2000 to 400 Da. The data thus obtained are shown in
Table 1.

For each structure, we have calculated the anticipated
molecular weights for adducts of 1-4 with 1, 2, 3 and 4 Na+
ions. In each case, the most abundant ion (base peak) observed
was the disodium adduct. In all cases, the maximum number of
Na* ions complexed was equa to the number of macro-rings
and no higher order ions were detected. It is also interesting to
observethat theion currentsfor the complexes containing either
three or four Na+ ions (2, 3 or 4) were significantly larger than
observed for either cation complex of 1.

The most significant finding of the present study isthat in all
cases, the number of Na+ ions bound by each host molecule
corresponded to the number of macrocycles. In no case did the
number of Na* ions exceed the number of macro-rings
indicating a generalized affinity of the cation for any of these
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structures. In principle, if 4,4’-bipiperidyl could support cation
complexation directly, the complexes [1-3Na]3* and [3-4Na]4*
would have been observed at m/z values of 424.7 and 442.1,
respectively. Peaks corresponding to such complexes were
sought but not observed.

Aninteresting observation isthat the higher organization of 3
relativeto 2 appearsto result in amore stabletris(Na*) complex.
Thus, the [host-2Na]2*: [host-3Na]3* ion abundance ratios for 2
and 3 are 100:20 and 100:45. The ‘central’ macrocycle is
bis(amidated) in 3 and is expected to be aweaker donor for Nat.
It appears that the diamine opposite can help to stabilize this
complex relative to the situation in which the additional
structural element is absent.

The critical inference we draw from these data is that direct
interaction between the bipiperidyl unit of 1 and a cation is not
detectable, even in the low dielectric medium of electrospray
mass spectrometry. Extending this to the low polarity, insulat-
ing regime of abilayer, we infer that bipiperidyl cannot directly
support cation complexation in that situation either. This does
not prove, but strongly supports, the notion that the function of
1 as achannel is due, in part, to the interaction of bipiperidyl
with intrapore water or waters of hydration rather than directly
with Na*.10
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