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ABSTRACT: The formation of catenated systems can be
simplified greatly if one or more rings are generated via
self-assembly. Herein we exploit the orthogonality of
coordination-driven self-assembly and crown-ether host—
guest complexation to obtain a [4]molecular necklace and
a [7]molecular necklace based on a well-developed
recognition motif of 1,2-bis(pyridinium)ethane/
dibenzo[24]crown-8. By adapting the bis(pyridinium)
motif into the backbone of a donor building block, the
resulting semirigid dipyridyl species can serve both as a
structural element in the formation of metallacycles and as
a site for subsequent host—guest chemistry. The pseudo-
linear nature of the donor precursor lends itself to the
formation of triangular and hexagonal central metallacycles
based on the complementary acceptor unit used. This
exemplary system organizes up to 18 molecules from three
unique species in solution to afford a single supramolecular

ensemble.

O ver the past two decades, a variety of supramolecular

coordination complexes (SCCs) with well-defined shapes
and sizes such as one-dimensional (1D) helices, two-dimen-
sional (2D) polygons, and three-dimensional (3D) polyhedra
have been prepared via the combinatorial utilization of carefully
selected metal centers and organic ligands containing multiple
binding sites." The orthogonality” between coordination-driven
self-assembly and other binding motifs developed by Lehn,’
Sauvage,4 Stoddart,’ Sanders,6 Beer,” Leigh,8 Schmittel,’
Nitschke,'® Huang,11 Stang,12 and others'> has been exploited
in hierarchical schemes to construct complex supramolecular
entities, such as metallacycles, metallacages, polypseudorotax-
anes, rotaxanes, catenanes, knots, links, and supramolecular
polymers. These systems are attractive in that they oftentimes
possess facile syntheses that are reflective of the simple
intermolecular interactions present, despite possessing degrees
of structural complexity that would otherwise imply difficult
routes of formation.

[n]Molecular necklaces ([n]MNs)"* are a class of supra-
molecular constructs consisting of three or more subrings
mechanically interlocked onto a central ring. [n]MNs are
topological isomers of [n]catenanes and are uniquely defined
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for a given value of n; the central ring is threaded by (n — 1)
subrings. Sauvage et al. unexpectedly observed the existence of
a mixture of [n]MN (n = 4—7) during the synthesis of a
[3]catenane, as supported by electrospray ionization mass
spectrometry (ESI-MS)."* Stoddart et al. obtained [4]MNs as
byproducts during the synthesis of oligocatenanes'®® and
polyrotaxanes.'** Kim et al. have successfully constructed a
[4]MN'f and a [S]MN'#4f using coordination-driven self-
assembly along with cucurbit[6]uril-based host—guest chem-
istry. Later they reported the synthesis of a [6]JMN"* utilizing
selective host—guest complexation of cucurbit[8]uril with a
guest molecule containing naphthalene and dipyridyliumyl-
ethylene units. Recently, Wu et al. synthesized a kinetically
stable [S]MN"" with dialkylammonium ions as recognition
sites and DB24C8 as a macrocycle using olefin ring closing
metathesis. A [7]JMN homologue was unable to be formed
using the same protocol. Herein, we present a highly efficient
strategy to fabricate both a [4]MN and a [7]MN by utilizing
the orthogonality of coordination-driven self-assembly and
host—guest complexation based on a well-developed recog-
nition motif of 1,2-bis(pyridinium )ethane/dibenzo[24]crown-8
(DB24C8)."> To the best of our knowledge, [7]MNs are the
highest order molecular necklaces prepared. Since the metal—
ligand coordination and host—guest interactions do not disrupt
one another, the entire synthesis can take place as a single self-
assembly process, thus organizing up to 18 individual molecules
from three unique species in solution to form a single product.

The hierarchical formation of the triangular [4]MN, 4, was
achieved via successive utilization of coordination-driven self-
assembly and host—guest chemistry (Scheme 1). The
unthreaded triangular metallacycle, 3, was obtained by stirring
1,2-bis([4,4’-bipyridin]-1-ium )ethane (1) with an equimolar
amount of a 60° Pt(II) acceptor (2) in water/acetone. The
triflate counterions originating from the acceptor were
exchanged such that the resulting cationic triangle was balanced
exclusively by PF,~ anions. Multinuclear NMR (*'P and 'H)
analysis of the reaction solution indicated the formation of a
highly symmetric species. The *'P{'H} NMR spectrum of 3
displayed a singlet at 12.7S ppm, flanked by Pt satellites
(Figure S1). The presence of isomer peaks in the 'H NMR
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Scheme 1. Self-Assembly of Supramolecular Triangle and [4]MN
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spectrum of 3 (Figure S2) was attributed to the conformational
isomerism of ethylene group on 1 (Figure S10). The addition
of DB24C8 to a solution of 3 resulted in the formation of
[4]MN 4 after 3 days of stirring at room temperature. During
the formation of 4, a color change from pale to bright yellow
was observed, suggestive of the presence of intermolecular
charge-transfer transitions between the host and guest.

The threading process between triangle 3 and DB24C8 was
characterized by *'P{'H} (Figures 1 and S9) and 'H NMR

///' ) \\\ \
(e) S
(c) yd ; - \
complexed! { uncomplexed

e

(a)

Figure 1. Partial *'P{'H} NMR (1214 MHz, acetone-ds, 22 °C)
spectra of (a) metallacycle 3 (1.0 mM), (b) 3 (1.0 mM) + DB24C8
(3.0 mM), (c) 3 (1.0 mM) + DB24C8 (6.0 mM), (d) 3 (1.0 mM) +
DB24C8 (9.0 mM), and (e) 3 (1.0 mM) + DB24C8 (12.0 mM).

(Figure 2). When 1.0 equiv of DB24C8 per bis(pyridinium)
ligand was added to a 1.0 mM solution of 3, new sets of peaks
appeared in both the *'P{'H} NMR (Figure 1b) and the 'H
NMR spectra (Figure 2b), corresponding to the generation of
[4]MN 4. The 'H NMR spectrum showed three sets of
resonances corresponding to uncomplexed DB24C8, uncom-
plexed 3, and 4. The simultaneous observation of peaks
associated with all three species is due to the slow rate of
exchange of 4 on the "H NMR time scale at room temperature.
This slow exchange is consistent with complexation experi-
ments between ligand 1 and DB24C8."° When additional
DB24C8 was introduced, the peaks associated with threading
intensified (Figures 1 and 2). After 4.0 equiv of DB24C8 per
bis(pyridinium) ligand was added, almost all of the free
metallacycle was threaded to form 4 (Figures le and 2e). The
phenyl protons H* and H® of DB24C8 and pyridyl protons H?

and H? of 1 move upfield upon the formation of 4, while the
pyridinium protons H' and H* and the ethylene protons H* on
1 move downfield. Upon complete threading of 3, the spectrum
was clean and sharp (Figure 2e), indicative of the formation of
a single, thermodynamically stable isomer. The conformational
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Figure 2. Partial '"H NMR (300 MHz, acetone-dg, 22 °C) spectra of
(a) metallacycle 3 (1.0 mM), (b) 3 (1.0 mM) + DB24C8 (3.0 mM),
(c) 3 (1.0 mM) + DB24C8 (6.0 mM), (d) 3 (1.0 mM) + DB24C8
(9.0 mM), and (e) 3 (1.0 mM) + DB24C8 (12.0 mM) Complexed

« »

and uncomplexed species are denoted by “c” and “uc”, respectively.

isomerization of the metallacycle core is therefore attenuated
upon guest complexation.

The hexagonal [7]MN, 7, was synthesized using a similar
strategy to that of 4 (Scheme 2). An initial self-assembly
between 1 and a 120° Pt(II) acceptor (5) furnished a hexagonal
core, 6. Multinuclear NMR (*'P and 'H) analysis of the
reaction solution supported the formation of a discrete
macrocyclic species. The *'P{'H} NMR spectrum of 6 showed
a singlet at 12.54 ppm, accompanied by '*°Pt satellites (Figure
S3). Topological isomers were also found in the 'H NMR
spectrum of 6 as with 3 (Figure S4). Threading was similarly
achieved by introducing DB24C8 to a solution of 6, thus
delivering [7]JMN 7. The threading processes between 6 and
DB24C8 were characterized by *'P{'H} (Figure 3) and 'H
NMR (Figure 4) spectra. When DB24C8 was added into a
solution of 6, new sets of peaks appeared in both the *'P{'H}
NMR spectrum (Figure 3b) and the 'H NMR spectrum
(Figure 4b), indicative of the formation of 7. After 4.0 equiv of
DB24C8 per bis(pyridinium) ligand was added, almost all of
the free metallacycle was threaded (Figures 3e and 4e). The
changes in chemical shifts of protons on both the DB24C8 and
1 are similar to what was observed in the formation of [4]MN
4. After hexagon 6 was thoroughly threaded, the 'H NMR
spectrum also appeared sharper and clearer (Figure 4e), again
indicating the presence of a single thermodynamically stable
isomer.

The host—guest interactions in [4]MN 4 and [7]MN 7 were
further confirmed by 2D NOESY NMR experiments. NOE was
observed between the ether protons H*™ on DB24C8 and the
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Scheme 2. Self-Assembly of Supramolecular Hexagon and [7]MN
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Figure 3. ¥P{'H} NMR (121.4 MHz, acetone-dg, 22 °C) spectra of
(a) metallacycle 6 (0.5 mM), (b) 6 (0.5 mM) + DB24C8 (3.0 mM),
(c) 6 (0.5 mM) + DB24C8 (6.0 mM), (d) 6 (0.5 mM) + DB24C8
(9.0 mM), and (e) 6 (0.5 mM) + DB24C8 (12.0 mM).
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Figure 4. Partial '"H NMR (300 MHz, acetone-dg, 22 °C) spectra of
(a) metallacycle 6 (0.5 mM), (b) 6 (0.5 mM) + DB24C8 (3.0 mM),
(c) 6 (0.5 mM) + DB24C8 (6.0 mM), (d) 6 (0.5 mM) + DB24C8
(9.0 mM), and (e) 6 (0.5 mM) + DB24C8 (12.0 mM). Complexed

and uncomplexed species are denoted by “c” and “uc”, respectively.

pyridinium protons H** on 3 in the NOESY NMR spectrum of
a mixture of 3 and DB24C8 (Figure S11). NOEs were also
found between the ether protons H*™ on DB24C8 and the
pyridinium protons H** and H*® on 6 in the NOESY NMR
spectrum of a mixture of 6 and DB24C8 (Figure S12).
ESI-MS studies provided further evidence for the stoichiom-
etry of formation of the assembled metallacycles and molecular
necklaces. In the ESI mass spectrum for 4, 10 related peaks
(Figure S1S5) were observed that supported the [4]MN
structural assignment, including a peak at m/z 1696.98,
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attributed to [4 — 4PF4]*" (Figure S). For 7, four peaks (Figure
S16) were found that supported the [7]MN structural

16955 16960 16965 1697.0 16975 16980 16985 1699.0
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Figure 5. ESI-MS spectra of [4 — 4PF]* (left, bottom, blue) and [7
— 20HPF, + 1K + INa + 3H]*" (right, bottom, blue), and their
simulated spectra (top, red).

assignment, including a peak at m/z = 2196.59, attributed to
[7 — 20HPF, + 1K + 1Na + 3H]** (Figure 5). Four related
peaks were found for triangular metallacycle 3 (Figure S13),
and two related peaks were found for hexagon 6 (Figure S14).
All of these peaks were isotopically resolved and agreed very
well with their calculated theoretical distributions.

In conclusion, we have described the highly eflicient
construction of two catenane systems, a [4]MN and a
[7JMN. The facile syntheses of these structurally complex
supramolecules are based on hierarchical assembly methods
wherein coordination-driven self-assembly and the host—guest
chemistry of DB24C8 and 1,2-bis([4,4 -bipyridin]-1-ium)-
ethane are used in a complementary fashion. The dynamics
of threading and structural studies on the resulting molecular
necklaces were investigated using 'H NMR, *'P NMR, 2D
NOESY NMR, and ESI-MS. In the case of the [7]MN, 18
individual molecules from three unique species assemble
quantitatively to deliver the final supramolecular ensemble.
The highly efficient self-assembly of topologically complex
supermolecules provides pathways to new nanoscopic designs
with interesting structures and functions while avoiding the
lengthy procedures associated with traditional synthetic routes.
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Experimental procedures and characterization data for the
metallacycles and molecular necklaces. This material is available
free of charge via the Internet at http://pubs.acs.org.
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