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ABSTRACT

A new templating motif for the formation of [2]pseudorotaxanes is described in which T-shaped axles with a benzimidazolium core and aromatic
substituents at the 2-, 4-, and 7-positions interact with [24]crown-8 ether wheels ([24]crown-8, dibenzo[24]crown-8, and dinaphtho[24]crown-8).
The T-shape greatly enhances the association between axle and wheel when compared to simple imidazolium or benzimidazolium cations. A
series of interpenetrated molecules are characterized by 1H NMR spectroscopy and single crystal X-ray crystallography.

[2]Pseudorotaxanes formedbetween electron-richmacro-
cyclic wheels and charged, electron-poor axles are often
essential precursors for the synthesis of [2]rotaxanes via the
threading-followed-by-stoppering protocol.1,2 Indeed, dis-
covering new templating pairs of axles and wheels for
[2]pseudorotaxane formation and investigating the funda-
mentalnatureof their interactions is vital for thedevelopment

of new mechanically interlocked molecules (MIMs) and
their applications as molecular switches and machinery.3,4

In our search for new axles to create [2]rotaxane ligands
for applications in condensed materials,5,6 we were intri-
gued by the 2,4,7-substitution pattern of the benzimidazo-
lium ion because this arrangement provides a rare example
of an organic molecule with a rigid core and right angle
(90�) turn. Unfortunately, the interaction of dibenzo-
[24]crown-8 (DB24C8) with either the imidazolium (Ka =
8M�1)7 or phenylbenzimidazolium8 (Ka=54M�1) cation
is quite weak. Tiburcio9 and Clarkson10 have reported
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that, similar to 1,2-bis(pyridinium)ethane axles,2,11,12

when benzimidazolium groups are linked by a two-carbon
chain, the association constant can be effectively increased,
but this type of flexible axle was not suitable for our
purposes and is not easily functionalized.13

As a preliminary test, we prepared the T-shaped 2,4,7-
triphenylbenzimidazolium cation as the BF4 salt (Scheme 1)
and measured the association constant for [2]pseudoro-
taxane formation with DB24C8. The 1H NMR spectrum
of a CD3CN solution comprising equimolar amounts of
[5a]þ andDB24C8 (1.0� 10�3M, 298 K) showed efficient
formation of [2]pseudorotaxane [5a⊂DB24C8]þ. Surpris-
ingly, the resulting association constant (1.78 � 103 M�1)
was orders ofmagnitude larger than those found for simple
imidazolium or benzimidazolium derivatives.7,8

Based on the efficient [2]pseudorotaxane formation
observed for [5a⊂DB24C8]þ, we undertook a detailed
study of this new templating motif to (1) pinpoint the
source of the dramatic increase in association relative to
simple imidazolium cations and (2) determine the breadth
and tunability of the interaction. Three 24-membered

Scheme 1. Synthesis of 2,4,7-Triphenylbenzimidazolium Axlesa,b

a See the Supporting Information for details.
bFor 5a: MX = NH4BF4, NH4PF6, NH4OTf, LiClO4 or LiNTf2. For 5b�i: MX = NH4BF4 only.

Table 1. Effect of Solvent and Counterion on Association
Constant for [2]Pseudorotaxane [5a⊂DB24C8]þa

counterionb solvent Kassoc
c (M�1)

PF6 CD3CN 1290

OTf CD3CN 300

NTf2 CD3CN 370

ClO4 CD3CN 390

BF4 CD3CN 1780

BF4 CD3OD 90

BF4 (CD3)2CO 400

BF4 CD3NO2 3900

BF4 CD2Cl2 75200

a 1H NMR spectroscopy (1.0 � 10�3 M, 298 K). bOTf = CF3SO3,
NTf2 = N(CF3SO2)2.

cErrors are estimated to be less than 10%.

Table 2. Effect of Axle Substituents on Association Constantsa

Kassoc
b (M�1)

axle R1 R2 DN24C8 24C8 DB24C8

[5a]þ H H 1300 1670 1780

[5b]þ OMe H 820 1170 760

[5c] þ Me H 880 1180 850

[5d]þ COOMe H 3840 3720 4410

[5e] þ NO2 H 6180 5970 6930

[5f] þ H OMe 1880 1350 1120

[5g]þ H Me 1520 1030 890

[5h]þ H COOMe 2810 1710 2580

[5i] þ H NO2 2900 2430 3520

a 1H NMR spectroscopy (CD3CN, 1.0 � 10�3 M, 298 K). bErrors
are estimated to be less than 10%.
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crown ether wheels, 24C8 ([24]crown-8), DB24C8, and
DN24C8 (dinaphtho[24]crown-8), were combined with
benzimidazolium axles containing various electron-donat-
ing (EDG) and withdrawing groups (EWG) as substitu-
ents (R1 and R2) on the three aromatic rings.
The2,4,7-triphenylbenzimidazoliuumcations ([5a]þ�[5i]þ)

were prepared in good yields as outlined in Scheme 1.Only
those axles with either R1 or R2 = H were studied to
simplify the analysis of EDG and EWG contributions. As
outlined in Scheme 1, two synthetic routes were employed;
(1) R1 groups were introduced using a condensation/
oxidation step14 from the diamine 3 where R2 = H and
(2) R2 groups were introduced via Suzuki coupling using
the 4,7-dibromobenzimidazole 4 where R1 = H.
Association constants were determined by 1H NMR

spectroscopy and are summarized in Tables 1 and 2.
Exchange between complexed and uncomplexed species
was slow on the NMR time scale for all samples. In each
case, significant shifts to higher frequency were observed
for the NH and c resonances on the axle indicative of
hydrogen-bonding between axle and wheel. Shifts to lower
frequency for aromatic proton d on the axle and Ar
protons on the wheel also occur with DB24C8 or
DN24C8 due to efficient π-stacking between the electron
poor benzimidazolium ring and the electron-rich catechol
rings of the crown ether (Figure 1).
Initially, the salts [5a][X] (X = PF6, CF3SO3,

N(CF3SO2)2, ClO4, and BF4) were studied with DB24C8

in CD3CN. It was observed that the BF4 salts yielded the

largest association constants under these conditions
(Table 1).15 The effect of solvent on the formation of
[5a⊂DB24C8]þ was shown to be CD3OD < (CD3)2CO
< CD3CN < CD3NO2 < CD2Cl2 (Table 1).16 The
combination of X = BF4 and CD3CN was chosen for
the detailed study involving variation of the axle substitu-
ents in order to allow for a large range in association
constants and ensure the solubility of all the components.
Association constants for [2]pseudorotaxane formation

Figure 1. 1H NMR spectra (298 K, CD3CN, 1.0� 10�2 M) of (a) wheel DB24C8; (b) an equimolar solution of [5d][BF4] andDB24C8

showing formation of [2]pseudorotaxane [5d⊂DB24C8][BF4]; (c) axle [5d][BF4].

Figure 2. Plot illustrating the variation in association constant
for [2]pseudorotaxane formation as a function of axle substitu-
ents and crown ether wheel.
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between 24C8, DB24C8, and DN234C8 and nine axles
([5a]þ�[5i]þ) containing R1 or R2 = H, OMe, Me,
COOMe, NO2 were measured (Table 2).
When either R1 or R2 is an EWG, the hydrogen-

bonding, ion-dipole, and π-stacking interactions are all
strengthened due to an increase in acidity of hydrogen-
bond donors and an increase in charge on the benzimida-
zolium rings; the presence of an EDG lowers the associa-
tion constant byweakening these same interactions.12a The
effect is more pronounced for R1 because substitution at
the 2-position results in a more direct effect on the imida-
zolium moiety. A Van’t Hoff plot [5a⊂DB24C8]þ (see the
Supporting Information) shows that the interaction be-
tween axle and wheel is driven primarily by enthalpic
gain.16Hammett plots for variations inR1with each crown
ether are linear, supporting the straightforward effect of
the added EDG/EWG substituents on hydrogen-bonding
(see the Supporting Information).17 Figure 2 shows the
variations in association constant with different axles and
wheels in graphical format. In general, the addition of a
larger aromatic ring system (changing from DB24C8 to
DN24C8) does not enhance binding due to increased steric
interactions with the R2-substituted rings at the 4- and
7-positions of the benzimidazolium ring.
The X-ray structure18 of [5a⊂DB24C8]þ (Figure 3, left)

represents the simplest of axle (R1 = R2 = H) and wheel

(24C8) pairing. There are three pairs of hydrogen-bonding
interactions between axle and wheel; NH 3 3 3O (bifurcated
2.85 Å, 143�; 3.04 Å, 138�; bifurcated 2.93 Å, 138�; 3.03 Å,
143�), CHc 3 3 3O (bifurcated 3.44 Å, 137�; 3.69 Å, 147�;
bifurcated 3.33 Å, 130�; 3.64 Å, 149�), andCHe 3 3 3O(3.89 Å,
173�; 3.83 Å, 171�). This hydrogen-bonding array is
accompanied by significant ion-dipole interactions be-
tween the cationic charge on the benzimidazolium ring
and the crown ether oxygen atoms. The extra stability
afforded by the 2,4,7-substitution pattern appears to come
from the extra CH 3 3 3O hydrogen-bonding provided by
the added aromatic rings; this is consistent with shifts
observed for these protons (c and e) in solution by 1H
NMRspectroscopy. The rigidity of the axles also probably
contributes to an increase in association constant by limit-
ing entropic effects.
The X-ray structure18 of [5g⊂DB24C8]þ (Figure 3,

right) was also determined and the hydrogen-bonding
interactions are very similar to those observed for
[5g⊂DB24C8]þ; NH 3 3 3O (2.84 Å, 160�; 2.86 Å, 160�),
CHc 3 3 3O (3.81 Å, 160�; 3.54 Å, 151�) and CHe 3 3 3O (3.63
Å, 152�; 3.55 Å, 153�). TheC-shape conformation adopted
by the DB24C8 macrocycle allows for the addition of
π-stacking interactions by clamping around the electron
poor benzimidazolium ring (3.64�4.76 Å).
The major advantages of this new templating motif

reported herein are (1) a much stronger association be-
tween axle and crown ether wheel due to the T-shape of the
benzimidazolium cation, (2) a modular synthesis which
allows for the incorporation of a wide variety of function-
alized aromatics onto the molecular scaffold utilizing
commercially available materials with well established
coupling methodologies, and (3) the potential to easily
incorporate this new template into MIMs by incorpo-
rating the appropriate functional group at R1, for
example, aldehyde for further condensation8 or olefin for
metathesis.
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Figure 3. Ball-and-stick representations of the cationic portions
of the single-crystal X-ray structures of [5a⊂24C8][BF4] (left)
and [5g⊂DB24C8][BF4] (right). H-atoms not involved in hydro-
gen bonding have been omitted for clarity.
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