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ABSTRACT

The synthesis and characterization of several self-assembled [4]pseudorotaxanes is reported, some of which form in a programmed way based on two
similar yet orthogonal crownether/secondaryammonium ionbindingmotifs. Apreference for the formationof a [4]pseudorotaxanewith an antiparallel rather
than parallel alignment of crown ether building blocks is observed even in the absence of such orthogonal binding sites, when a homodivalent axle is used.

Template effects,1 self-assembly,2 and self-sorting3 are
strategies to accomplish efficient supramolecular synthesis
by programming simple building blocks constituting the
final supramolecular architecture. One aim is to mimic
natural and biological systems4 and to go beyond that in
the construction of functional synthetic complexes.5 Inter-
twined molecules6 such as (pseudo)rotaxanes have been
intensely investigated in this respect. Inorder to expand the

programmability of pseudorotaxane assemblies, we re-
cently made use of the well-established crown/secondary
ammonium ion template effect7 by incorporating two
orthogonal binding motifs in one building block.8 For
example, heterodivalent guest 1-2H 3 2PF6 and heterodiva-
lent host2 (Scheme1a) self-sort into the [4]pseudorotaxane
3-4H 3 4PF6, while the 2:1:1mixture of 1-2H 3 2PF6, 4, and 5
gives rise to 6-4H 3 4PF6. The two crown ethers have
different cavity sizes. Since the 21-crown-7 moiety is too
narrow for the axle’s central phenyl group to slip through,9

the parallel or antiparallel arrangement of the axles can be
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programmed into the building blocks. Similarly, an anti-
parallel arrangement of the crown heterodimers is realized
in 3-4H 3 4PF6, while the two homodimers in 6-4H 3 4PF6

are threaded onto the axles in a sequence-controlled way.
This integrative self-sorting based on orthogonal binding
motifs incorporated in the key building blocks aims at the
programmed construction of a more complex supramole-
cular architecture.
In the present contribution, we extend this concept to

homodivalent axles 7-2H 3 2PF6 and 8-2H 3 2PF6 and their
assemblies with crown ether heterodimer 2 (Scheme 1b). A
1:1:2 mixture of these components is expected to assemble
into [4]pseudorotaxane 9-4H 3 4PF6, in which the two
crown ether heterodimers are parallel to each other. With
the help of 1H,1H COSYNMR spectra, the quite complex
1H NMR spectra (Supporting Information) can be as-
signed and complexation-induced signal shifts typical for
crown ether/ammonium ion complexes are observed.
More straightforward evidence for the formation of 9-
4H 3 4PF6 comes from tandemESImass spectrometry. The
most intense peak at m/z 1422 in the ESI mass spectrum
(Figure 1, top) of the 1:1:2 mixture in CH2Cl2 corresponds
to doubly charged [9-4H 3 2PF6]

2þ. Peaks at m/z 1418 and
1426 correspond to the two singly charged 1:1 axle/

crown ether complexes [7-2H 3PF6 3 2]
þ and [8-2H 3PF6 3 2]

þ.
They likely form during ionization by charge-repulsion-
induced fragmentation. Further losses of HPF6

10 then yield
the ions atm/z 1272 and 1280. Thus, all signals in the mass
spectrum can be traced back to [9-4H 3 2PF6]

2þ. No other
assemblies have been observed; in particular, neither 10-
4H 3 4PF6 nor 11-4H 3 4PF6 appear to point to a high self-
sorting fidelity. The infrared multiphoton dissociation
(IRMPD) experiments performed with mass-selected [9-
4H 3 2PF6]

2þ (Figure 1, bottom) clearly confirm the struc-
ture assignment. The [9-4H 3 2PF6]

2þ dication fragments
into twomonocations atm/z 1426 and 1418 (Figure 1, right
insets), which correspond to [7-2H 3PF6 3 2]

þ and [8-2H 3
PF6 3 2]

þ, respectively. This result is in agreement with
expectation based on the closed structure of [9-4H 3 2PF6]

2þ:
Charge separation is favorable, and in linewith literature,8b,10

a pseudosymmetric cleavage into two separate singly charged
axle/crown fragments thus represents the least energy-
demanding fragmentation pathway. The subsequent losses
of neutralHPF6 (orHF/PF5) are also typical for such crown
ether/secondary ammonium complexes. Therefore, the
NMR, ESI-MS, and MS/MS results indicate that the [4]-
pseudorotaxane 9-4H 3 4PF6 is the by far major assembly
product in the1:1:2mixtureof7-2H 3 2PF6,8-2H 3 2PF6,and2.

Scheme 1 a

a (a) Self-assembly of [4]pseuodorotaxanes 3-4H 3 4PF6 and 6-4H 3 4PF6 from heterodivalent axle 1-2H 3 2PF6 and crown ether dimers 2, 4, and 5 as
reported earlier.8 (b) Self-sorting of 9-4H 3 4PF6 from homodivalent axles 7-2H 3 2PF6, 8-2H 3 2PF6, and crown ether dimer 2. (c) The equilibrium of 10-
4H 3 4PF6 and 11-4H 3 4PF6 is shifted far to the antiparallel crown ether arrangement (>49:1).



4504 Org. Lett., Vol. 13, No. 17, 2011

Hydroxypentyl-substituted ammonium ions are able to
complex both crown ethers.8,9 Therefore, axle 8-2H 3 2PF6

and wheel 2 (1:1) are expected to even form [4]pseudo-
rotaxanes in the absence of 7-2H 3 2PF6. Two constitu-
tional isomers may form: 10-4H 3 4PF6 with two parallel
hosts and 11-4H 3 4PF6 with both crown dimers in an
antiparallel arrangement. These two isomers have exactly
the same binding motifs. Thus, no significant stability
difference would be expected and both isomers should
coexist in solution.The two isomers, however, have differ-
ent symmetries.While 10-4H 3 4PF6 contains amirror plane
between the two crown ether dimers, a center of inversion
exists in 11-4H 3 4PF6. Although both pseudorotaxanes
have the samenumber of sets ofNMRsignals, the coupling
patterns differ. In complex 10-4H 3 4PF6, two sets of signals
for axle protons are expected, because both axles reside in
different environments. Each of the axles bears two equiva-
lent binding sites so that protons H-5 in the central axle
phenyl group do not couple and two singlets should be
observed, one for each of the axles. In pseudorotaxane 11-
4H 3 4PF6, both axles are in identical environments, but
each one has two nonequivalent binding sites. Therefore,
the H-5 protons should couple yielding AA0XX0 systems.
The 1HNMR spectrum (Figure 2c) of the 1:1 mixture of

8-2H 3 2PF6 and 2 exhibits only two sets of signals suggest-
ing the predominance of only one isomer. Complexation-
induced shifts relative to the signals of the two free
components (Figure 2a,b) indicate the formation of the
crown/ammonium complexes. In particular, protons H-3

and H-4 of the central anthracene moiety and, most
prominently, the H-5 protons experience upfield shifts.
The 1H,1H COSYNMR spectrum helps to assign the H-5
protons to the two unresolvedAA0XX0 systems at 7.25 and
6.81 ppm. The coupling between these two H-5 protons
thus identifies 11-4H 3 4PF6 to be the by far predominant
isomer in solution. Next to both of these AA0XX0 systems,
i.e. at 7.20 and 6.76 ppm, two very small singlets appear,
which we assign to H-5 of the 10-4H 3 4PF6 isomer. From
the g49:1 integral ratio (Figure 2, inset), we obtain an
equilibrium constant ofKg 49 relating to aΔΔGog 9.6 kJ
mol�1 between 10-4H 3 4PF6 and 11-4H 3 4PF6.
Figure 3 depicts the solid-state structure11 of 11-

4H 3 4PF6 which is in good agreement with the observed
NMR shifts of the pseudorotaxane in solution. The axle
phenyl groups are located within the plane of one anthra-
cene and above the other anthracene spacer (plane-to-
plane distance of 3.37 Å) thus experiencing the aromatic
anisotropy and therefore, the correspondingNMR signals

Figure 1. Top: ESI-FTICR mass spectrum of the 1:1:2 mixture
of 7-2H 3 2PF6, 8-2H 3 2PF6, and 2 in CH2Cl2. Bottom: IRMPD
experiments (MS/MS) of mass-selected [9-4H 3 2PF6]

2þ.

Figure 2. 1HNMRspectra (500MHz, 298K,CDCl3/CD3CN=
2:1, 2.0 mM) of (a) 2, (b) 8-2H 3 2PF6, and (c) the equimolar
mixture of 8-2H 3 2PF6 and 2. Dotted lines indicate complexa-
tion-induced signal shifts of guest and host protons. (d) 1H,1H
COSY spectrum(500MHz, 298K,CDCl3/CD3CN=2:1, 2.0mM)
of the equimolar mixture of 8-2H 3 2PF6 and 2. Inset: Relative
integration of signals for H-5 in 10-4H 3 4PF6 and 11-4H 3 4PF6.
Numbersdenoteprotonsasassigned inScheme1.Asterisk=solvent
residue (CHCl3).

(10) Jiang, W.; Schalley, C. A. J. Mass Spectrom. 2010, 45, 788–798.

(11) CCDC-829618.M=2981.2, colorless prisms, 0.10� 0.10� 0.15
mm3,monoclinic, space groupP21/n, a=14.1502(6) Å, b=21.638(1) Å,
c = 27.734(1) Å, β = 95.860(4)�, V = 8446.9(6) Å3, Z = 2, Dc =
1.172 g/cm3, T = 173(2) K, 917 parameters, R = 0.1646 [Io > 2σ(Io)],
wR = 0.4406 (all reflections).
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shift upfield. Also H-3 and H-4 shift upfield due to
aromatic anisotropy of the two anthracenes, which are

parallel but shifted sideways to each other. The crown-
to-ammonium binding is mediated by N�H 3 3 3O and
C�H 3 3 3O hydrogen bonds as indicated in Figure 3. In
addition, aromatic stacking results in an attractive
interaction between the two anthracenes, which are
shifted against each other. The centrosymmetrical 11-
4H 3 4PF6 complexes form loosely interacting rows
which pack on top of each other with a half-a-molecule
shift.
One of the reasons for the predominant formation of

11-4H 3 4PF6 is likely a favorable alignment of dipoles in
the antiparallel arrangement of the two crown ether di-
mers. In addition, the two differently sized crown ethers
alsodiffer in rigidity,when the axle complexes to them.The
24-crown-8/ammonium complex is more flexible due to
the larger cavity size. Both isomers, 10-4H 3 4PF6 and 11-
4H 3 4PF6, therefore may well suffer from different geo-
metric strain which accounts at least for part of the ca.
9.6 kJ mol�1 energy difference between them. Finally,
the two quinoxaline heterocycles would be close to each
other in 10-4H 3 4PF6, which might lead to an unfavorable
arrangement of local dipoles.
In conclusion, the [4]pseudorotaxane architectures un-

der study show interesting self-sorting properties based on
orthogonal binding motifs as in 3-4H 3 4PF6,

8 6-4H 3 4PF6,
and 9-4H 3 4PF6. But even in the absence of orthogonal
binding motifs, i.e. when only one axle, 8-4H 3 4PF6, is
used, subtle effects lead to a precise control over the overall
geometry of the complexes and 11-4H 3 4PF6 predominates
over its isomer 10-4H 3 4PF6. Understanding these subtle
effects will have a significant impact on our ability to
program the outcome of self-assembly reactions and to
construct the supramolecular architecture forming the
basis of molecular devices.
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Figure 3. Crystal structure of 11-4H 3 4PF6. Top: Ball-and-stick
representation with the pseudorotaxane components color-
coded. Center: crown/ammonium binding motifs (left: 24-
crown-8, right: 21-crown-7) with NH 3 3 3O and CH 3 3 3O hydro-
gen-bond lengths (A�B distances in Å) and angles (in degrees).
Bottom: Packing pattern with two complexes in space-filling
representation. The building blocks of the central complex are
color-coded for clarity.


