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ABSTRACT

A tritopic receptor, in which three benzo[24]crown-8 macrorings are fused onto a triphenylene core, forms very strong supramolecular bundle-
like complexes in CDCl3/CD3CN solution with trifurcated trications wherein three dibenzylammonium ions are linked to a central benzenoid
core. The triply threaded superbundles, one of which has been characterized in the solid state by X-ray crystallography, dissociate completely
via doubly and singly threaded intermediates when CD3SOCD3 is added progressively to the CDCl3/CD3CN solution.

Of late, a number of ingenious protocols have been devel-
oped1 for the construction of supermolecules, i.e., chemical
aggregates composed of a finite number of molecular
building blocks held together by noncovalent bonds,2 by
several research groups around the world. In 1997, we
reported3 a route to the noncovalent synthesis2 of multicom-
ponent supermolecules with interwoven bundlelike4,5 co-

conformations.6 This route relied on the ability ofn molecules
of the ditopic crown ether bis-p-phenylene[34]crown-10
(BPP34C10) to tie together two units of branched oligo-
cationsspossessingn dibenzylammonium ion (DBA+)
centerssby utilizing hydrogen bonding interactions. Here,
we describe the noncovalent synthesis of an interwoven
superbundle that is much more stable in solution than its
predecessors derived from BPP34C10. This interwoven
superbundle is created (Figure 1) when each of the three
DBA+ sidearms of the trication13+ thread their way through
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each of the three dibenzo[24]crown-8 (DB24C8) macrorings
of the triphenylene-based compound2 as a result of, inter
alia, [N+-H‚‚‚O] hydrogen bond formation. The enhanced
stability of the superbundle [1‚2]3+ arises because its
noncovalent synthesis (1) employs, in a cooperative7 manner,
a stronger hydrogen bonding motif, viz., the threading5 of
DBA+ is through the cavity of the smaller monotopic crown
ether, DB24C8, and (2) involves fewer components, resulting
in a smaller entropy loss when the superbundles are formed.

The preparation of1‚3PF6 has already been reported.3a The
trimethyl analogue3‚3PF6 (Figure 1) was produced in a
similar fashion except thatp-methylbenzylamine, rather than
PhCH2NH2, was condensed with 1,3,5-tris(4-formyl-phenyl)-
benzene in the first step of a four-stage procedure that
involves subsequent reduction, protonation, and anion-
exchange steps. The triscrown2 was obtained in 10% yield
following trismacrocyclization (Cs2CO3/DMF) between
2,3,6,7,10,11-hexahydroxytriphenylene8 and the appropriate
ditosylate derived9 from the diol obtained when catechol is
bisalkylated with 2-[2-(2-chloroethoxy)ethoxy]ethanol.

The X-ray analysis10 of a single crystalsobtained when
an equimolar mixture of1‚3PF6 and 2 in MeNO2/CH2Cl2

(1:1) was layered witht-BuOMesreveals (Figure 2a) that
the anticipated triply threaded two-component super-structure
has self-assembled in accordance with the design criteria.
This superstructure is almost certainly a consequence of the
matching of the dimensions of the two templates and the
resulting cooperativity of the hydrogen bonding and theπ-π
stacking interactions between them. Two of the polyether
macrocycles have U-shaped conformations, while the third
one has an extended geometry. The central aromatic core of
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with the disordered solvent molecules were not incorporated. Refinement
was by blocked full-matrix least-squares methods based onF2 and converged
to give R1 ) 0.142, wR2 ) 0.330. The maximum and minimum residual
electron densities in the final∆F map were 0.48 and-0.44 e Å-3. The
high value ofR1 is a consequence of the extensive disorder of the structure.
The central core of the 1:1 complex is well ordered, but there is evidence
of disorder in the polyether arms and peripheral catechol rings of the
macrocycles, as well as in the terminal benzyl groups of the trication. The
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- anions are also disordered: two full and one-half anions lie in general
positions the remainder in a special position. Where possible, the disorder
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were carried out using the SHELXTL program package version 5.03.

Figure 1. Noncovalent syntheses of the interwoven supramolecular
bundles [1‚2]3+ and [3‚2]3+.

Figure 2. Solid-state superstructure of the [1‚2]3+ supermolecule:
(a) elevation and (b) plan view.
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the tricationic component has a propeller-like conformation
with the three radial phenylene rings rotated by between 15
and 23°out of the plane of the central A ring. There is a
parallel, but smaller, deformation (twists of between 2 and
7°) in the triphenylene ring of the triscrown component. The
two components overlay each other (Figure 2b) with rings
A and B aligned nearly parallel (7° between their planes)
with a centroid-centroid separation of 3.6 Å, consistent with
stabilizing π-π stacking interactions. The three NH2

+

nitrogen atoms are all directed inward toward the center of
the complex and lie within 2.9 Å of polyether oxygen atoms,
indicative of [N+-H‚‚‚O] hydrogen bonding interactions
which aid the maintenance of the three latches holding the
two components of the supermolecule together. The only
intercomplex interaction of note is a back-to-backπ-π
stacking (3.65 Å interplanar separation) of rings C ofCi

related pairs of supermolecules.
The1H NMR spectrum of an equimolar mixture (7.5 mM)

of 1‚3PF6 and2, recorded in CDCl3/CD3CN (1:1), reveals
(Figures 3a and d) a complex array of well-defined reso-
nances. With the help of1H-1H COSY and TROESY11 2-D
1H NMR experiments, it has been possible to assign these
resonances to a singleC3 symmetrical speciessviz., the
[1‚2]3+ superbundlesthat is believed to be kinetically stable
on the1H NMR time scale.12 A comparison of the1H NMR
spectrum (Figure 3a and d) for [1‚2]‚3PF6 with those for2
(Figures 3b and 3e) and1‚3PF6 (Figures 3c and 3f) indicates
that there are no resonances corresponding to free species
in the spectrum of the 1:1 complex. Moreover, significant
changes in the chemical shifts of the aromatic core protonss
namely, Ha in 13+ and Hf in 2sand of the OCH2 protons
Hi/i′ and Hj/j′ are observed, in keeping with a co-conformation
for the 1:1 complex in solution that is probably very similar
to that in the solid-state superstructure (Figure 2) of [1‚2]3+.
The fact that the diastereotopicities of the OCH2 protons Hi/i′

and Hj/j′ in 2 are so clearly evident in the1H NMR spectrum
(Figure 3d) of [1‚2]‚3PF6 lends very strong support to the
contention that [1‚2]3+ is a highly stable supramolecular
trication in CDCl3/CD3CN.13 Indeed, only when the concen-
tration of [1‚2]‚3PF6 is lowered from 7.5 to 0.05 mM is there
any evidence of free species being present in the CDCl3/
CD3CN (1:1) solution. On the other hand, addition of CD3-
SOCD3 to the 7.5 mM CDCl3/CD3CN (1:1) solution causes
decomplexation. This observation is undoubtedly a conse-
quence of CD3SOCD3 being a much better hydrogen-bond
acceptor than either CDCl3 or CD3CN, and it thus competes
successfully with the crown ethers’ oxygen atoms for the
NH2

+ centers. Since the addition of CD3SOCD3 to the CDCl3/
CD3CN solution results in a mixture of triply, doubly, and
singly threaded 1:1 complexes, as well as free species, under

slow exchange, the1H NMR spectra become increasingly
complicated. We sought a solution to this problem by
incorporating methyl groups as1H NMR probes into the
trication; therefore, we used3‚3PF6 instead of1‚3PF6 in
subsequent investigations.14

(11) Hwang, T.-L.; Shaka, A. J.J. Am. Chem. Soc.1992,114, 3157-
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(13) Note that the pairs of N+CH2 protons Hd and He in 13+ are
enantiotopic and so have the same chemical shifts in the1H NMR spectrum
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Figure 3. 1H NMR spectra (500 MHz, CDCl3/CD3CN (1:1), 7.5
mM, 300 K) showing the resonances in the aromatic regions for
(a) an equimolar mixture of1‚3PF6 and 2, (b) 2, and (c)1‚3PF6

and the corresponding resonances (d), (e), and (f) in the aliphatic
regions.
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Thus, decomplexation of [3‚2]3+ was followed by adding
aliquots of CD3SOCD3 to [3‚2]‚3PF6 in CDCl3/CD3CN (1:
1) solution and monitoring the resonances for the different
methyl groups by1H NMR spectroscopy (Figure 4). In

principle, there are six different methyl groups present in
these four possible species. In practice, four different signals
are observed (δ2.350 (B), 2.345 (C), 2.336 (D) and 2.311
(A)) in the spectrum (Figure 4c) recorded with 13.8% CD3-
SOCD3 present, reflecting the factswe surmisesthat the
methyl groups in all of the bound sidearms resonate with
identical or near-identical chemical shifts (A), irrespective
of whether they are located in the singly, doubly, or triply
threaded species, and that it is the methyl groups in the
unbound arms of the free, singly, and doubly threaded species
that give rise (Figure 5) to signalsC, B, andD, respectively.
It is evident from inspection of the partial spectra portrayed
in Figure 4 that, as the proportion of CD3SOCD3 is raised,

the intensity of resonanceC increases while those of
resonancesB andD decrease.15 And so it would appear that
the cooperative recognition between2 and33+ can be reduced
in a stepwise manner by changing the nature of the solvent,
so that the supermolecule unlatches one latch at a time.

A triply cooperative,16 stepwise, reversible binding motif,
which utilizes the interpenetration of a tritopic triscrown ether
by a complementary trifurcated trisammonium trication and
which is extremely strong under favorable conditions, has
been established. The use of this kind of binding motif in
self-assembling supramolecular polymers17 is now being
pursued.
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(14) In the1H NMR spectrum (CD3CN/CDCl3) of an equimolar mixture
of p-Me2-DBA‚PF6 and DB24C8, the signals for the methyl groups in the
1:1 complex and the freep-Me2-DBA+ cation (which are in slow exchange)
resonate atδ 2.19 and 2.35, respectively. See: Ashton, P. R.; Fyfe, M. C.
T.; Hickingbottom, S. K.; Stoddart, J. F.; White, A. J. P.; Williams, D. J.
J. Chem. Soc., Perkin Trans. 21998, 2117-2128.

(15) ResonancesB andD can be assigned speculatively. Since resonance
B, in general, has a greater intensity than that ofD, then resonanceB
probably corresponds to the uncomplexed methyl protons in the singly
threaded species leaving resonanceD to correspond to the uncomplexed
methyl protons in the doubly threaded species.
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See: Meillon, J.-C.; Voyer, N.; Biron, E.; Sanschagrin, F.; Stoddart, J. F.
Angew. Chem., Int. Ed.2000,39, 143-145.

(17) For recent examples of linear supramolecular polymerizations
involving the DBA+/DB24C8 recognition motif, see (a) Yamaguchi, N.;
Gibson, H. W.Angew. Chem., Int. Ed.1999, 38, 143-147. (b) Yamaguchi,
N.; Gibson, H. W.Chem. Commun.1999, 789-790.

Figure 4. Partial 1H NMR spectra showing the resonances
corresponding to the methyl groups in an equimolar mixture of
3‚3PF6 and2 (500 MHz, (100- x) % CDCl3/CD3CN (1:1)+ x %
CD3SOCD3, x ) (a) 0, (b) 7.4, (c) 13.8, (d) 19.4, (e) 24.3, (f) 28.6,
and (g) 33.3.

Figure 5. Schematic representation of the equilibration between
2 and33+ involving species that are (a) triply, (b) doubly, and (c)
singly threaded, as well as (d) free.
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