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Self-sorting is a fundamental process in living systems[1] which
controls the spatiotemporal organization of complex mixtures
of biomolecules,[1a] such as proteins, nucleic acids, oligosac-
charides, and lipids, into large functional assemblies (e.g. the
DNA double helix,[2a] multienzyme complexes,[1a] riboso-
mes,[2b] or membranes[1a]) and beyond these assemblies into
cellular compartments essential for the development of life.[3]

Stereochemical homogeneity[4] as well as precise building-
block sequences—that is, accurate control of sequence
isomerism—are pivotal for biomolecular function. For exam-
ple, the sequence of only four DNA bases defines the genetic
code.[2a, 5] Control of the stereochemical[6] and sequence[7]

information by self-sorting is thus of prime importance for
life.

Inspired by nature, synthetic supramolecular self-sorting
systems[8,9] have developed into a high-interest research area.
Like their natural analogues, they form selectively a defined
and small number of supramolecular assemblies out of
a significantly larger pool of possible assemblies. The
efficiency of a synthetic self-sorting system is related to its
ability to discriminate between structurally similar individual
subunits. A fundamental step towards mimicking the effi-
ciency and complexity of natural systems is to design
a synthetic system able to sort species that simultaneously
differ at the sequence and stereochemical levels. Previously,
one of us reported a heteropseudo[3]rotaxane[10, 11] bearing
two similar crown ethers (dibenzo[24]crown-8 and benzo-
[21]crown-7) in a specific sequence along a constitutionally
asymmetric dialkylammonium axle.[12] To the best of our
knowledge, no examples of a system that sorts among species
that differ in sequence and stereochemistry exist so far.

Recently, we synthesized[13] pseudo[3]rotaxanes with
calix[6]arenes,[14] 1H or 1tBu (Figure 1), threaded on
a bis(benzylalkylammonium) axle, 22+ or 32+,[15] by exploiting
the weakly coordinating[15d, 16] TFPB (tetrakis(3,5-

Figure 1. Structures of calix[6]arene wheels 1H and 1tBu, dibenzyl- and
alkylbenzylammonium axles 22+–52+ (TFBP = tetrakis(3,5-bis(trifluoro-
methyl)phenyl)borate), and stereoselectively formed calix[6]arene-based
pseudo[3]rotaxanes.
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bis(trifluoromethyl)phenyl)borate or BARF) anion.[17] As the
calix[6]arene wheels are directional because of the different
upper and lower rims, three stereoisomers—head-to-head
(H,H), head-to-tail (H,T), and tail-to-tail (T,T) (Figure 1 and
Figure 2, inner black box)—can form. A clear preference for
endo-alkyl over endo-benzyl complexation is observed with
1H wheels,[13, 15d,18] whereas endo-benzyl inclusion is favored
with 1tBu. Therefore, each
stereoisomer can be formed
in a rationally controlled
way by choosing a suitable
axle/wheel combination
(Figure 1). Thus, a head-to-
head orientation can be
obtained by combining
axle 22+ with wheel 1H (to
give (H,H)-1H·22+·1H),
whereas a tail-to-tail orien-
tation can be obtained by
the combination of the
same wheel with axle 32+

(to give (T,T)-1H·32+·1H).
On the basis of these

stereochemical results, the
question arises as to
whether these pseudo[3]ro-
taxanes are also capable of
social self-sorting:[8, 9a] Do
the axles choose a pair of
identical or different wheels
when the wheels compete
for binding, and what is
then the relative orientation
of the two wheels? Figure 2
shows three different cases
in terms of the choice of
building blocks and the
pseudorotaxanes that may
form: a) When just one

wheel is combined with one axle, only the relative orientation
of the two threaded wheels plays a role, and three stereoiso-
mers (inner black box) can exist, as detailed above. Usually,
one of the stereoisomers is clearly preferred (for example, the
(H,H)-1H·22+·1H and (T,T)-1tBu·32+·1tBu pseudo[3]rotaxanes in
Figure 1).[13] b) When two different wheels are used with only
one axle, the axle may or may not have a preference for one of
the wheels in addition to its stereochemical preference.
Consequently, 10 different homo- and heteropseudo[3]rotax-
anes can form (Figure 2, red box). c) Finally, it is highly
interesting whether self-sorting also occurs for a combination
of two different wheels with two different axles, in which case
a total of 20 pseudo[3]rotaxanes can form (outer blue box).
The latter two cases were investigated in this study as a step
towards the goal to define a molecular code[9a] that would
enable the implementation of a synthetic self-sorting system
able to discriminate sequence and stereochemical isomers
simultaneously.

We started with the simpler case of a [1+2] sorting system
and mixed the benzyl-terminated symmetrical axle 22+ with
two equivalents of each of the wheels 1H and 1tBu in CDCl3.

[19]

The two wheels differ only by the absence or presence of the
tert-butyl groups at the upper rim and compete with each
other for the axle. The absence of signals for 1tBu·22+·1tBu

(Figure 3a) in the 1H NMR spectrum of the mixture (Fig-
ure 3b) rules out the presence of this pseudorotaxane as well
as that of any heteropseudorotaxane,[20] for which very

Figure 2. All species that can form in mixtures of one wheel and one
axle (inner black box), mixtures of two different wheels and one axle
(red box), and mixtures of two different wheels and two different axles
(outer blue box).

Figure 3. Relevant portions of the 1H NMR spectra (CDCl3, 400 MHz, 298 K) of solutions of 22+ (3 mm) with
a) 1tBu (2 equiv), b) 1H (2 equiv) and 1tBu (2 equiv), and c) 1H (2 equiv). d) Series of IRMPD spectra of the
mass-selected heteropseudo[3]rotaxane ion 1H·22+·1tBu with increasing laser power (from 0 to 25 W).
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similar, if not identical, signal shifts would be expected. In
contrast, 1H·22+·1H (Figure 3 c) is clearly present. From the 10
possible pseudorotaxane structures, the head-to-head homo-
pseudo[3]rotaxane (H,H)-1H·22+·1H (Figure 1) emerged as the
only product (Figure 3). This result is in good agreement with
the total binding constants (Ktot = K1·K2)

[13] as evaluated by
integration of the 1H NMR signals of the pseudorotaxanes in
the [1+1] mixtures ((H,H)-1H·22+·1H : Ktot = 5.8� 0.3 � 106

m
�2;

(T,T)-1tBu·22+·1tBu : Ktot = 2.5� 0.4 � 105
m
�2). The 23-fold

higher binding constant of (H,H)-1H·22+·1H clearly renders it
the dominant product.

ESI mass spectra obtained for a 1:2:2 mixture of 22+, 1H,
and 1tBu indicate a 17:9:1 ratio for 1H·22+·1H (m/z 898),
1H·22+·1tBu (m/z 1066), and 1tBu·22+·1tBu (m/z 1234; see Fig-
ure S26 in the Supporting Information). The deviation from
the NMR spectroscopic results and with it the seemingly
imperfect self-sorting may be attributed to the different
conditions during the MS experiment.[19]

When the heteropseudo[3]rotaxane dication 1H·22+·1tBu

was mass-selected and subjected to infrared multiphoton
dissociation (IRMPD, Figure 3d), 22+·1tBu (m/z 706) was more
prominent than 22+·1H (m/z 537). As the experiment probes
the activation energies for the two possible dissociation
processes, we can conclude that 1tBu has a higher kinetic
barrier to deslipping than 1H.[21]

The above results yielded the first rules of our molecular
code (Figure 4). Rule 1 (social behavior): Benzylalkylammo-
nium sites on diammonium axles (e.g. 22+) select non-tert-

butylated calix[6]arene wheels (e.g. 1H) in preference to tert-
butylated wheels (e.g. 1tBu), which thus remain uncomplexed.
Rule 2 (stereochemistry): Threading of a directional alkyl-
benzylammonium station (e.g. in 22+) through a non-tert-
butylated hexaalkoxycalix[6]arene (e.g. 1H) occurs with
preference for the endo-alkyl orientation.[13]

These rules were corroborated by a second [1+2] sorting
system, in which the symmetrical bis(benzylalkylammonium)
axle 32+ (Figure 1), with terminal alkyl chains, was mixed with
two equivalents of each of the wheels 1H and 1tBu. As
predicted by the rules, 1H was selected also by axle 32+, so that
1H·32+·1H formed exclusively out of the 10 possible isomers
with the expected T,T configuration (see Figure S27)—again
in line with the total binding constants[13] ((T,T)-1H·32+·1H :
Ktot = 7.4� 0.2 � 105

m
�2 ; (T,T)-1tBu·32+·1tBu : Ktot = 2.2� 0.3 �

103
m
�2).

To expand the code, we synthesized axle 42+ with two
dibenzylammonium stations.[19] First, we tested the binding of
the new axle to the tert-butylated calix[6]arene 1tBu. The
1H NMR spectrum of a 1:2 mixture of 42+ and 1tBu in CDCl3

(see Figure S22) reveals shielded benzylic resonances in the
4–6 ppm region, whereas no signals for shielded p-alkoxy-
benzyl moieties were found. Thus, double endo-benzyl
complexation of 42+ to yield the pseudo[3]rotaxane (T,T)-
1tBu·42+·1tBu (Figure 1) was observed (Ktot = 1.8� 0.3 �
104

m
�2).[19] Twofold complexation of the wheel was confirmed

by the presence of the 1tBu·42+·1tBu dication at m/z 1298 in the
ESI mass spectrum (see Figure S23).[19] Regarding the binding
ability of 42+ toward non-tert-butylated calix[6]arene 1H, the
1H NMR spectrum of a 1:2 mixture of 42+ and 1H (see
Figure S28a) showed shielded p-alkoxybenzyl resonances
(AX systems) in the 4–6 ppm region. This result was
confirmed by a COSY spectrum, which indicated the presence
of three pseudo[3]rotaxanes with a slight preference for endo-
p-alkoxybenzyl complexation.

In a [1+2] self-sorting experiment, axle 42+ and wheels 1H

and 1tBu were used in a 1:2:2 ratio in CDCl3. The correspond-
ing 1H NMR spectrum (see Figure S28b) clearly shows endo-
benzyl resonances corresponding to (T,T)-1tBu·42+·1tBu in the
4–6 ppm region and rules out the presence of other homo- or
heteropseudorotaxanes.

On the basis of this result, the molecular code could now
be expanded with two new rules (Figure 4). Rule 3 (social
behavior): Benzyl-p-alkoxybenzylammonium sites on a dia-
mmonium axle (e.g. 42+) select tert-butylated calix[6]arenes
(e.g. 1tBu) over non-tert-butylated calix[6]arenes (e.g. 1H),
which remain uncomplexed. Rule 4 (stereochemistry):
Threading of a benzyl-p-alkoxybenzylammonium site (e.g.
in 42+) through a tert-butylated hexaalkoxycalix[6]arene (e.g.
1tBu) occurs with preference for the endo-benzyl configura-
tion.

On the basis of the complete set of all four rules,[22] we
could now probe the validity of the code in more complex
systems. Therefore, [2+2] self-sorting experiments with two
different axles and two different wheels were performed. As
shown in Figure 2 (blue box), a total of 20 possible homo- and
heteropseudo[3]rotaxanes can form with symmetrical axles.
In a [2+2] self-sorting experiment, axles 22+ and 42+ and
wheels 1H and 1tBu were used in a 1:1:2:2 ratio in CDCl3. The
corresponding 1H NMR spectrum (see Figure S30b) was
clearly the superposition of the spectra for the individual
pseudo[3]rotaxanes (H,H)-1H·22+·1H and (T,T)-1tBu·42+·1tBu

(see Figure S30a,c), whereas alternative combinations of
axles and wheels were not found. The formation of these
pseudo[3]rotaxanes was evident from the endo-benzyl reso-
nances corresponding to (T,T)-1tBu·42+·1tBu in the 4–6 ppm
region and the characteristic endo-alkyl resonances for
(H,H)-1H·22+·1H at negative ppm values. As above, the ESI
mass spectra did not show a perfect self-sorting picture, but
the trend towards the situation expressed in the NMR spectra
was clearly observed (see Figure S31). These results clearly
confirm the validity of the molecular code even for the more
complex [2+2] system, in which only two out of 20 possible
pseudo[3]rotaxanes formed stereospecifically. Further experi-
ments with different [2+2] systems corroborated a wider

Figure 4. The “molecular code” with respect to both benzylalkylammo-
nium and benzyl-p-alkoxybenzylammonium sites.
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scope for our molecular code. In fact, a [2+2] self-sorting
experiment was performed in which axles 32+, with terminal
alkyl chains, and 42+ were mixed with wheels 1H and 1tBu in
a 1:1:2:2 ratio in CDCl3. The corresponding 1H NMR
spectrum (see Figure S32) was clearly the superposition of
the spectra for the individual pseudo[3]rotaxanes (T,T)-
1H·32+·1H and (T,T)-1tBu·42+·1tBu, and alternative combinations
of axles and wheels were not found.

As highlighted by Fuller et al. ,[7] the minimal structural
requirement for sequence isomerism in pseudorotaxanes is
the use of two different wheels and a directional (i.e.
constitutionally nonsymmetrical) thread. Our final aim to
create self-sorting pseudorotaxanes selective for both
sequence and stereochemical configuration thus required
a new directional axle, 52+, with two different ammonium
binding sites. A [1+2] self-sorting system would potentially
give rise to a total of 16 structures (Figure 5), 8 homo- and 8
heteropseudo[3]rotaxanes, which also comprise species simul-
taneously isomeric in sequence and configuration.

On the basis of the molecular code (Figure 4), we encoded
the sequence of alkylbenzylammonium and benzyl-p-alkox-
ybenzylammonium binding sites along the thread of 52+

(Figure 1).[19] In the presence of 1H and 1tBu, the first site
was predicted to select endo-alkyl binding of 1H, whereas the
second site should prefer endo-benzyl complexation of 1tBu to
yield the (H,T)-pseudo[3]rotaxane shown in Figure 6.

In line with this prediction, the ESI mass spectrum (see
Figure S35a) of a 1:2:2 mixture of 52+, 1H, and 1tBu in CHCl3

showed only one intense peak at m/z 1091,[19] which corre-
sponds to the 1H·52+·1tBu heteropseudo[3]rotaxane dication.
Furthermore, 1H NMR (Figure 6) and 2D ROESY[19] spectra
confirmed that wheels 1H and 1tBu were anchored at the
alkylbenzyl- and benzyl-p-alkoxybenzylammonium sites,
respectively, as evidenced by signals at negative chemical
shifts for the endo-complexed alkyl chain of 52+ and the
shielded benzylic resonances in the 4–6 ppm region for the
endo-complexed benzyl group of 52+ (see Figures S33 and
S34). The location of the benzyl moiety of 52+ inside the
aromatic cavity of 1tBu was confirmed by diagnostic cross-
peaks between the tert-butyl groups of 1tBu and the shielded
benzyl resonances of the axle in the 2D ROESY spectrum
(see Figure S34).[19]

In analogy to 1H·22+·1tBu (Figure 3d), when the hetero-
pseudo[3]rotaxane dication 1H·52+·1tBu was mass-selected and

subjected to infrared multiphoton dissociation (IRMPD; see
Figure S35b), ion 52+·1tBu (m/z 731) was more prominent than
52+·1H (m/z 562). This result confirmed the higher kinetic
barrier to deslipping of 1tBu relative to that of 1H.[21]

In conclusion, we have successfully demonstrated that
calix[6]arene-based pseudo[3]rotaxanes with bisammonium
axles have intriguing self-sorting capabilities, even when
structural differences are small and located remote from the
binding sites. This is the first reported integrative self-sorting
system that is able to discriminate simultaneously at the
sequence and stereochemical level. All these aspects can be
considered a further significant step toward mimicking the
efficiency and complexity of natural systems.
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of only one aliphatic chain (a–e in Figure 3 and Figure S26)
inside a calix cavity. These data, coupled with the signal
integration, are in accordance with the presence of two
equivalent calix wheels at the extremities of 22+. The presence
of only one type of calix wheel was confirmed by the observation
of a single AX system for calixarene ArCH2Ar groups in the 3–
5 ppm region of the COSY-45 spectrum.[19] In fact, as detailed
previously,[13, 15] these ArCH2Ar hydrogen atoms appear as
a broad singlet for the conformationally mobile free wheel,
whereas they give rise to two doublets (AX system) when the
wheel is conformationally blocked by pseudorotaxane forma-
tion.

[21] The slower kinetics of threading/dethreading of a tert-butylated
calix[6]arene with respect to a non-tert-butylated calix[6]arene
was observed previously in equilibration experiments in
CDCl3.

[15a]

[22] As suggested by one referee, an additional rule can be obtained
from the 1:1:2 competition experiment with the two axles 22+ and
32+ and wheel 1H. The corresponding 1H NMR spectrum (see
Figure S36) clearly shows the formation of (H,H)-1H·22+·1H and
thus indicates a clear preference for inner- over outer-alkyl
complexation. Since this additional rule is not relevant to the
development of integrative self-sorting system, it was not
included in the main text.
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