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ABSTRACT: Homochiral strands of alternating alleno-
acetylenes and phenanthroline ligands (P)-1 and (P2)-2, as
well as their corresponding enantiomers, selectively
assemble with the addition of silver(I) salt to yield
dinuclear and trinuclear double helicates, respectively.
Upon increasing the solvent polarity, the dinuclear and
trinuclear helicates interlock to form a [2]catenane and
bis[2]catenane, bearing 14 chirality elements, respectively.
The solid-state structure of the [2]catenane reveals a
nearly perfect fit of the interlocked strands, and the ECD
spectra show a significant amplification of the chiroptical
properties upon catenation, indicating stabilization of the
helical secondary structure. Highly selective narcissistic
self-sorting was demonstrated for a racemic mixture
consisting of both short and long alleno-acetylenic strands,
highlighting their potential for the preparation of linear
catenanes of higher order.

Mechanically interlocked molecules, catenanes, besides
rotaxanes and knots, have been fascinating chemists for

the past decades, owing to their structural beauty as well as for
their potential applications as molecular switches, selective hosts,
and even as 2D chainmail networks.1,2 Catenation is also
observed in biomolecules such as DNA and proteins.3 The most
common structural feature is the simple Hopf link,4 with only a
handful of higher-order links reported, such as the Solomon
link,5 Borromean rings,6 and the star of David.7,8 Only few
examples of homochiral catenanes have been reported.9 To date,
there is no general method to cleanly produce catenanes of
higher complexity or to control their stereochemistry.1d While
[n]catenanes can be assembled from n macrocycles as
demonstrated by Sauvage,10 Stoddart,11 Stang,12 Sanders,13

and others,14 this process often yields a mixture of catenanes in
various sizes.
In this respect, self-sorting processes are crucial for the

formation of large supramolecular assemblies in a multi-
component environment.15,16 Social self-sorting is relatively
common and was previously demonstrated by Fujita for a
dynamic catenation process,17 but narcissistic self-sorting is far
less abundant.15 While narcissistic chiral self-sorting was
demonstrated for metallacycles formed from chiral ligands,18

no such example is known for catenanes.19 Composed of several
mechanically interlocked macrocycles, catenanes represent
structures of higher complexity and are therefore more prone
to yield undesired assemblies. Side products in the form of
“meso” catenanes should be considered as well as cross-

catenation (interlocking of different macrocycles).17 Indeed,
the catenation of a racemic mixture of (R)- and (S)-binaphthyl
ligands led to “meso” (RS) rather than enantiopure (RR and SS)
catenanes.20 Spontaneous resolution was observed by Stoddart
for [2]catenanes with planar chirality only upon crystallization,
while the “meso” compound was always present in solution.21

Our group introduced enantiomerically pure 1,3-alleno-
acetylenes as stable building blocks for the construction of
optically active macrocycles and acyclic oligomers featuring all-
carbon backbones and outstanding chiroptical properties.22 We
used these building blocks to construct enantiopure triple-
stranded helicates from ligands (P)-1 and (M)-1, with a helical
cage (“helicage”) for the encapsulation and detection of small
organic molecules.23 The formation of this cavity resulted from a
combination of the lean alleno-acetylenic moieties and the all-
carbon backbone. We were therefore interested in exploring
further topologies formed by these scaffolds.
Here, we report the highly selective catenation of the

homochiral alleno-acetylenic strands (P)-1 and (P2)-2 (Scheme
1) and their corresponding enantiomers.24 The strands assemble

with silver(I) to form helicates (Δ2)-(P2)-3 and (Δ3)-(P4)-4,
which reversibly catenate to form [2]catenane (Δ4)-(P4)-5 and
bis[2]catenane (Δ6)-(P8)-6, respectively. A significant enhance-
ment of chiroptical properties was observed for both catenanes
with respect to the corresponding helicates. When a racemic
mixture containing (M/P)-1 and (M2/P2)-2 was mixed with
silver(I), a clean conversion either to helicates (Λ2M2/Δ2P2)-3
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Scheme 1. Structures of Ligands, Helicates, and Catenanes
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and (Λ3M4/Δ3P4)-4 or to catenanes (Λ4M4/Δ4P4)-5 and
(Λ6M8/Δ6P8)-6 was observed with no cross-catenation or
formation of “meso” catenanes, demonstrating a high degree of
narcissistic self-sorting.
Mixing solutions of (P)-1with AgPF6 or AgOTf in CD2Cl2 in a

ratio of 1:1 resulted in the clean formation of double stranded
helicate (Δ2)-(P2)-3. The 1H NMR spectrum (Figure 1a)

displayed only 7 aromatic signals (a−g) corresponding to the
formation of a single species and excluding the formation of
nonsymmetrical “mesocate” (nonhelical conformer with the two
metal centers in the Δ,Λ conformation). Rotating frame nuclear
Overhauser effect spectroscopy (ROESY) NMR reveals
correlation between Hh located on the tert-butyl (tBu) and Hf

(Figure S27, see SI), confirming that the phenanthroline (phen)
conformation is the same as observed for the free ligand. This
should result in right-handed helicates for (P)-1 and left-handed
helicates for (M)-1 ligands. Upon switching to more polar
solvents (CD3OD or CD3CN), the symmetry breaks, and a new
set of 14 peaks appears, which can be assigned to the 14 aromatic
protons (a−g and a′−g′, Figure 1b) of the inner and outer phen
in an interlocked structure. Particularly noticeable is the upfield
shift of Hb′ to 6.39 ppm, whereas the analogous Hb is shifted
downfield to 8.09 ppm (Δδ = 1.70 ppm), indicating significantly
different chemical environments. Such upfield shift for Hb′ is
expected when the two phen moieties adopt a parallel-displaced
alignment relative to each other, resulting in significant shielding
of Hb′ by the π system of the outer phen and deshielding of the
external Hb.25 Indeed, ROESY NMR reveals correlation between
the inner and outer phens and with Ha′ and Hg protons in close
proximity (Figure 1c) as well as a correlation betweenHb′ andHh

located on the tBu moiety (Figure 1d), both consistent with the
formation of [2]catenane (Δ4)-(P4)-5 (Figure 1).
While [2]catenane (Δ4)-(P4)-5 represents a common

structural motif (Hopf link), we were interested in exploring
new morphologies by extending the chiral strands. We therefore
synthesized ligands (P2)-2 and (M2)-2 consisting of two alleno-
acetylenic and three phen units (see the SI for synthetic details).
Mixing (P2)-2with AgPF6 or AgOTf in a ratio of 2:3 in (CDCl2)2

resulted in the formation of double helicate (Δ3)-(P4)-4, as
indicated by 10 phen resonances in the 1H NMR spectrum
expected for a C2 symmetric helicate (Figure 2a).

26 In addition,

ROESY correlation is observed between the tBu protons and
both Hk and Hf as expected for the helicate conformations
(Figure S34 in SI). Upon dissolving in CD3CN, the symmetry
breaks, resulting in a total of 20 phen signals, displaying similar
features to those observed for (Δ4)-(P4)-5. The resonance of H

b′
is shifted upfield (Δδ = 1.70 ppm) relative toHb (Figure 2b). The
ROESY NMR spectrum reveals correlation between Ha′ and Hg,
between Hb′ and Hi, and between Hk and Hi′ (Figure 2c,d,
respectively). Overall, the NMR spectra provide strong evidence
that (Δ6)-(P8)-6 is interlocked in a similar manner to (Δ4)-(P4)-
5, yielding a bis[2]catenane structure. The reversibility of
catenane/helicate transformation was tested for both catenanes
by redissolving the catenanes in CD2Cl2 or (CDCl2)2, which
resulted in complete reversion to the helicates (see SI Section
S5).
At room temperature (RT), cross peaks could be observed by

ROESY NMR between the two sets of peaks of (Δ4)-(P4)-5, an
indication of dynamic exchange on the NMR time scale. This
allowed to study the kinetics of the dynamic catenation process
by varying the mixing times at different temperatures (see SI).27

The values ofΔH⧧ = 12.4 kcal mol−1 andΔG⧧ = 17.4 kcal mol−1

are in agreement with the observation that catenation readily
takes place at RT. The negative value of ΔS⧧ = −16.9 cal K−1

mol−1 is an indication of an associative transition state. In
contrast, no cross-correlation could be observed between the
inner and outer protons for (Δ6)-(P8)-6, even upon heating to 65
°C, an indication that the dynamic catenation process is slow on
the NMR time scale for the longer bis[2]catenane. The third
metal coordination most likely reduces the rate of ligand
dissociation.
The ESI-MS analysis of (Δ2)-(P2)-3 and (Δ3)-(P4)-4 reveals

the influence of the solvent polarity on the catenane↔helicate
equilibrium. In CH2Cl2, helicate [(Δ2)-(P2)-3]

2+ is exclusively
dominating, while in CH3CN, the [2]catenane [(Δ4)-(P4)-5]

4+ is

Figure 1. 1H NMR spectra of (a) (Δ2)-(P2)-3 in CD2Cl2 and (b) (Δ4)-
(P4)-5 in CD3CN measured at 298 K. (c) and (d) Expansion of the
ROESY NMR spectrum of (Δ4)-(P4)5 in CD3CN measured at 253 K.

Figure 2. 1H NMR spectra of (a) (Δ3)-(P4)-4 in (CDCl2)2 and (b)
(Δ6)-(P8)-6 in CD3CN at 298 K. (c) and (d) Expansion of the ROESY
NMR spectrum of (Δ6)-(P8)-6 in CD3CN measured at 298 K.
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clearly detectable (∼30%) and co-existent with the helicate
[(Δ2)-(P2)-3]

2+. In a similar but more pronounced manner, the
ESI-MS of (Δ3)-(P4)-4 in CH2Cl2 showed the expected [(Δ3)-
(P4)-4]

3+ species with a small ratio of [(Δ6)-(P8)-6]
6+, while in

CH3CN the ions of bis[2]catenane (Δ6)-(P8)-6 are prevailingly
observed (see SI Section S3.8).
The X-ray structure of single crystals of (Δ4)-(P4)-5 obtained

by slow evaporation of methanol confirms the expected
interlocked motif (Figure 3). The distance between Hb′ and

the plane of the outer phen is 3.125 Å. Such proximity can explain
the significant chemical shift of the inner and outer sets of
protons, as observed in the 1H NMR spectrum. In addition, the
short distance of 2.206 Å between Hg and Ha′ is consistent with
the strong ROESY correlation observed between these protons.
The parallel-displaced alignment of the phen units supports the
assumption that the driving forces for catenation in the more
polar media are enthalpically favored cavity desolvation and π−π
interactions,28 overcoming the entropically favored helicate
formation.29 The average distance between the two acetylenic
carbons and the parallel phen plane is 7.897 Å, providing suitable
space for intercalation. Indeed, the space-filling model shows a
nearly perfect fit of the interlocked helicate (Figure 3b).
The intensity of the ECD spectra was found to be significantly

stronger for catenanes than for the corresponding helicates. For
example, the Δε values for (Δ6)-(P8)-6 are by up to 2.5-fold
higher, compared with (Δ3)-(P4)-4 (measured with the same
ligand molarity).9a This amplification presumably results from
rigidification of the secondary helical structure, with the
interlocked assemblies reducing the conformational “wiggling”
compared with the corresponding helicate (see Section S6 in the
SI for detailed analysis).
We have previously reported the enantioselective self-sorting

of triple helicates consisting of racemic (M/P)-1.23 It was
therefore not surprising that self-sorting was also observed for the
assembly in the presence of silver(I) ions of both helicates
(Λ2M2/Δ2P2)-3 and (Λ3M4/Δ3P4)-4 from racemic mixtures of
(M/P)-1 or (M2/P2)-2, respectively. While narcissistic self-
sorting of helicates is commonly observed, and is in fact rather
the rule than the exception,30 this is not the case for catenanes.
Narcissistic self-sorting is more challenging in such systems, since
catenation can also result from the interaction of Δ and Λ
helicates. To ultimately test the sorting of a 4-component system,
we combined racemic mixtures (Λ2M2/Δ2P2)-3 and (Λ3M4/
Δ3P4)-4, redissolved in acetonitrile (Figure 4). Complete
enantioselective and stereoselective narcissistic self-sorting was
observed for both the helicates and the catenanes. The 1H NMR

spectrum shows only two sets of peaks corresponding to (Λ4M4/
Δ4P4)-5 and (Λ6M8/Δ6P8)-6, and the DOSY NMR spectrum
clearly shows the two different catenanes, with the smaller
(Λ4M4/Δ4P4)-5 displaying a faster diffusion rate than (Λ6M8/
Δ6P8)-6 (Figure 4b). Importantly, no “meso” catenanes,
previously observed for similar systems,20 or of any mixed
species consisting of short and long helicates were detected. We
explain the high degree of self-sorting in our system by the
combination of relatively rigid ligand systems, with no sp3

carbons in the backbone as well as by the nearly perfect fit of
the interlocked structures.
In conclusion, we demonstrated the selective metal ion-

mediated assembly of short and long alleno-acetylenic ligands to
double-stranded helicates, which reversibly form [2]catenane
and bis[2]catenanes, respectively. The X-ray structure of the
[2]catenane reveals a perfect fit for the interlocked strands, and
ECD spectra demonstrate significantly stronger Cotton effect for
the catenanes over the corresponding helicates, indicating a more
rigid structure. Highly selective narcissistic self-sorting is
demonstrated for a racemic mixture, consisting of both short
and long ligands. It is reasonable to assume that further
elongation of the alleno-acetylenic strands can result in even
longer catenanes, and we therefore suggest this method for the
selective assembly of poly[2]catenanes from n nuclear helicates.
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Figure 3.X-ray crystal structure of (Δ4)-(P4)-5 in (a) stick and (b) space
filling representations. Counter anions, solvent molecules, and hydro-
gens (in (a)) were omitted for clarity.

Figure 4. (a) Narcissistic self-sorting in a racemic mixture of (M/P)-1
and (M2/P2)-2 to yield (Λ2M2/Δ2P2)-3 and (Λ3M4/Δ3P4)-4 or (Λ4M4/
Δ4P4)-5 and (Λ6M8/Δ6P8)-6. (b)

1H and DOSY NMR spectrum of a
mixture containing racemic (Λ4M4/Δ4P4)-5 and (Λ6M8/Δ6P8)-6 in
CD3CN, measured at 298 K. Blue rhombus represents (Λ4M4/Δ4P4)-5
and green rhombus represents (Λ6M8/Δ6P8)-6.
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