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ABSTRACT

Dibenzylammonium (DBA+) ions thread through the cavity of tribenzo[27]crown-9 (TB27C9) to generate [2]pseudorotaxanes that are stabilized
principally by hydrogen-bonding interactions. The stabilities and complexation kinetics associated with these pseudorotaxanes depend markedly
on the nature of the substituents situated on the phenyl rings of the DBA+ ions. For example, the complex formed between TB27C9 and the
DBA+ ion bearing electron-withdrawing p-CO2Me substituents is stronger than that obtained from TB27C9 and the “parent”, unsubstituted
DBA+ ion itself. Furthermore, the “parent” complex equilibrates much more rapidly with its uncomplexed components than do the complexes
generated from TB27C9 and substituted DBA+ ions.

The so-called pseudorotaxanes1 are supramolecular com-
plexes in which one or more rings are pierced by one or
more rodlike components as a result of noncovalent bonding
interactions (Figure 1). They differ fundamentally from their
mechanically interlocked congeners, the rotaxanes,2 in that

the termini of their rod component(s) do not possess bulky
stopper groups that prevent dissociation of the ring(s).
Pseudorotaxanes and rotaxanes have both been incorporated
into simple molecular-sized machines3 since, in some
instances, the relative positions of their constituent parts can
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Figure 1. Schematic representation depicting the formation of a
threaded 1:1 complex (a pseudorotaxane) between two comple-
mentary species wherein the cavity of a suitably sized ring is
skewered by a linear rod.
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be altered by external stimuli. We have recently developed
a route to the noncovalent synthesis4 of multicomponent
pseudorotaxanes that relies5 on the interpenetration of crown
ethers, such as dibenzo[24]crown-8 (DB24C8)6 and dibenzo-
[30]crown-10 (DB30C10),7 by dialkylammonium ions, like

the dibenzylammonium (DBA+) cation, principally as a
consequence of [N+-H‚‚‚O] and [C-H‚‚‚O] hydrogen
bonds. Here, we report, for the first time, that the crown
ether tribenzo[27]crown-9 (TB27C9),8 which bears a mac-
rocyclic cavity that is intermediate in size between those of
DB24C8 and DB30C10, is pierced (Scheme 1) byDBA+

ions to produce [2]pseudorotaxanes as a result of hydrogen-
bonding interactions. These pseudorotaxanes have been
characterized (i) in solution by1H NMR spectroscopy, (ii)
in the gas phase by FAB mass spectrometry, and (iii) in the
solid state by X-ray crystallography.

The synthesis ofTB27C9 was first reported by Cram9 in
1977, and the hexafluorophosphate salts of1+ and2+ have

been reported6,10 recently. Condensation of commercially
available 3,5-dimethoxybenzaldehyde and 3,5-dimethoxy-
benzylamine, followed by sodium borohydride reduction,
protonation, and counterion exchange, afforded the tet-
ramethoxy-substituted dibenzylammonium salt3‚PF6 in a
75% overall yield.

The ability ofTB27C9 to act as a receptor forDBA+ ions
was first investigated by1H NMR spectroscopy. EachDBA‚
PF6 salt was dissolved with an equimolar quantity of
TB27C9 in CDCl3/CD3CN (3:1). In the case of1+, the rate
of exchange of the 1:1 complex with its free components
was fast relative to the1H NMR time scale, resulting in a
spectrum consisting of time-averaged signals. The stability
constant (Ka) for the [TB27C9‚1][PF6] complex was found
to be 270 M-1 (at 300 K) from a 1H NMR dilution11

experiment which used the CH2 protons in1+ and the Hâ

protons inTB27C9 as probes. By contrast, the1H NMR
spectrum obtained from a 1:1 mixture ofTB27C9 and 2+

contained three distinct sets of signals arising from (i) “free”
TB27C9, (ii) “free” 2+, and (iii) the [2]pseudorotaxane
[TB27C9‚2]+, indicating that the exchange between the 1:1
complex and its “free” components isslowon the1H NMR
time scale. Accordingly, aKa value of 710 M-1 could be
calculated for this process (at 300 K) by employing the
single-point method.12 Initially, no signals which indicate the
formation of a [2]pseudorotaxane are evident in the1H NMR
spectrum (Figure 2) of a 1:1 mixture ofTB27C9 and3‚PF6.

However, it soon became apparent that the kinetics associated
with the complexation process are not only slow on the NMR
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Scheme 1

Figure 2. Partial 1H NMR spectra (400 MHz, 300 K) of an
equimolar mixture ofTB27C9 and3‚PF6 in CDCl3/CD3CN (3:1)
recorded at various time intervals. Initially (t ) 0 h), no signals
corresponding to the 1:1 complex are observed. However, over a
period of weeks, signals arising from the [2]pseudorotaxane
[TB27C9‚3]+ are observed to “grow”, until equilibrium is finally
reached.
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time scale but also on thelaboratory time scale! Numerous
1H NMR spectra of an equimolar mixture ofTB27C9 and
3‚PF6 were recorded at various intervals over a period of
many weekssselected spectra are shown in Figure 2s
revealing that approximatelysix weeksare required for this
system to reach equilibrium under the conditions of the
experiment. TheKa value for this equilibrium at 300 K was
determined, by the single-point method,12 to be 270 M-1.
Additionally, by using well-known equations,13 the kinetic
and thermodynamic parametersskon, koff, ∆G‡

on, and∆G‡
offs

for this process were calculated to be 6.17× 10-5 M-1s-1,
2.29 × 10-7 s-1, 23.1 kcal mol-1, and 26.4 kcal mol-1,
respectively.

The “gas-phase” behavior of these systems was also
investigated using fast atom bombardment mass spectrometry
(FAB-MS). In the case of both1+ and2+, strong signalss
corresponding to the 1:1 complexes formed withTB27C9s
were observed in the mass spectra withm/zvalues of 739
and 855, respectively. However, mass spectrometric analysis
of a freshly prepared 3:1 CDCl3/CD3CN solution containing
an equimolar mixture ofTB27C9 and3‚PF6 gave rise to a
spectrum in which no signal could be observed for the 1:1
complex. However, after being allowed to equilibrate (1000
h), this sample was subjected to a repeat analysis, resulting
in a spectrum thatdid contain a strong peak (m/z ) 859)
corresponding to the desired 1:1 complex, thus demonstrating
the very slow kinetics of complexation. This point was
reinforced by performing a “competition” experiment, in
which a solution containing approximately equimolar amounts
of TB27C9, 1‚PF6, 2‚PF6, and 3‚PF6 was subjected to
repeated FAB-MS analysis (Figure 3) over a period of 2

weeks. Initially (t ) 0 d), peaks arising from [TB27C9‚1]+

and [TB27C9‚2]+ were observed, whereas no signal was
present for [TB27C9‚3]+. However, after 6 days, a peak
corresponding to the 1:1 complex formed betweenTB27C9
and 3+ was noted, and its intensity was found to have
increased when the analysis was repeated after a total of 14
days.

X-ray quality single crystals14 of the [2]pseudorotaxane
[TB27C9‚2][PF6] were obtained upon layering a CH2Cl2/
CH3CN (6:1) solutionscontaining an equimolar mixture of
TB27C9and2‚PF6swith hexane. The X-ray analysis shows
the crown ether component to have a distinctly twisted
conformation, with all three catechol units steeply inclined
to each other and with all nine oxygen atoms directed inwards
toward the macroring center. The 1:1 complex is stabilized
by a combination of (i) [N+-H‚‚‚O] hydrogen bonds (a, b,
and c in Figure 4), (ii)π-π stacking (d) between one of the

catechol rings of the crown ether and one of the phenyl rings
of the cation, and (iii) a [C-H‚‚‚π] interaction (e) between
one of the OCH2 protons ofTB27C9 and the phenyl ring of
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Figure 3. FAB mass spectra of an equimolar mixture ofTB27C9,
1‚PF6, 2‚PF6, and3‚PF6, analyzed at various time intervals after
the initial mixing. A peak with anm/zvalue of 859, corresponding
to a 1:1 aggregate ofTB27C9 and 3+, is not present in the first
spectrum (t ) 0 d). However, as the solution equilibrates over time,
mass spectrometric analysis reveals the emergence of an intense
peak for this 1:1 complex.

Figure 4. Solid-state superstructure of the 1:1 complex formed
betweenTB27C9 and2+. The hydrogen-bonding geometries are
as follows{[N+‚‚‚O], [H‚‚‚O] Å, [N+-H‚‚‚O] (deg)}: (a) 2.88,
2.06, 155; (b) 3.17, 2.31, 158; (c) 2.99, 2.36, 127. The geometry
of theπ-π stacking interaction (d): centroid-centroid separation
3.76 Å, mean interplanar separation 3.49 Å, the rings are inclined
by 5°. The [H‚‚‚π] distance and [C-H‚‚‚π] angle for the [C-H‚‚‚π]
interaction (e) are 2.86 Å and 170°.
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the cation that also participates in theπ-π stacking. The
1:1 complexes pack to form sheets held together by an array
of [C-H‚‚‚π] interactions (f-h in Figure 5).

As part of our ongoing study15 into the nature of the
dialkylammonium ion/crown ether interaction, we have

demonstrated here that the crown etherTB27C9 is an
effective receptor forDBA+ ions. The size of this macro-
cyclesintermediate between that of the well-studied [24]-
crown-8 and [30]crown-10 systemssintroduces yet another
element of control into the self-assembly16 processes associ-
ated with this recognition motif. As in previous examples,17

the strength of the association between these complementary
subunits can be controlled via judicious substitution of the
phenyl rings of theDBA+ ion with either electron-withdraw-
ing or electron-donating moieties. However, our preliminary
investigations have revealed that the kinetics associated with
theTB27C9macrocycle forming [2]pseudorotaxanes depend
dramatically upon the size and disposition of substituents
appended to the phenyl rings of theDBA+ ion. Indeed, the
rates of complexation/decomplexation are reflected in the
nature of the1H NMR spectroscopic experiments required
to determine the stability constants for these systems, i.e.,
dilution or single point methodologies over a range of time
scales. The rate of exchange between “free” and “bound”
species is reduced significantly on going from the parent
DBA+ ion (1+) to the p-CO2Me-substituted system (2+), with
the most dramatic slowing down being observed for the 3,5-
di-OMe ion (3+).

Furthermore, the 3-fold symmetry ofTB27C9 and the
potential to functionalize each aromatic ring of this crown
ether offer an attractive route to the formation of interpen-
etrating/interlocked three-dimensional networks. The forma-
tion of hydrogen-bonded linear “one-dimensional” tapes18

and two-dimensional sheets19 has been achieved previously,
in the solid state, with carboxyl-substitutedDBA+ ions and
DB24C8. The successful union of this paradigm with that
of TB27C9/dialkylammonium ion binding will allow us to
branch out into the next dimension using this reliable and
versatile supramolecular synthon.20
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Figure 5. Part of one of the [C-H‚‚‚π] linked sheets of the 1:1
complexes formed betweenTB27C9and2+. The [H‚‚‚π] distances
(Å) and [C-H‚‚‚π] angles (deg) are (f) 2.91, 164; (g) 2.72, 143;
and (h) 2.92, 124.
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