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Molecular Borromean Rings

Kelly S. Chichak," Stuart J. Cantrill,’ Anthony R. Pease,’
Sheng-Hsien Chiu,” Gareth W. V. Cave,? Jerry L. Atwood,?
). Fraser Stoddart™

The realization of the Borromean link in a wholly synthetic molecular form
is reported. The self-assembly of this link, which is topologically achiral,
from 18 components by the template-directed formation of 12 imine and
30 dative bonds, associated with the coordination of three interlocked
macrocycles, each tetranucleating and decadentate overall, to a total of six
zinc(ll) ions, is near quantitative. Three macrocycles present diagonally in
pairs, six exo-bidentate bipyridyl and six endo-diiminopyridyl ligands to the
six zinc(Il) ions. The use, in concert, of coordination, supramolecular, and
dynamic covalent chemistry allowed the highly efficient construction, by
multiple cooperative self-assembly processes, of a nanoscale dodecacation
with an approximate diameter of 2.5 nanometers and an inner chamber of
volume 250 A2, lined with 12 oxygen atoms.

An object of particular interest in knot
theory is known as the Borromean rings
(BRs). It occurs in low-dimensional
topology and is comprised (Fig. 1A) of
three interlocked rings such that scission of
any one ring leads to the other two falling
apart. Although this symbol can be traced
(1) back to early Christian iconography and
Norse mythology, its proliferation on crests
and statues commissioned by the Borromeo
family in 15th-century Tuscany sealed its
etymological fate. In addition to the sym-
bol’s having made cultural inroads into art
and theology and heraldry, the last century
witnessed its emergence on the scientific
horizon in particle physics (2) and magne-
tism (3), as well as in the formidable chal-
lenge (4, 5) it presents to synthetic chemists
in search of its molecular expression. In the
wake of Wasserman’s first synthesis (6) of
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a compound—a [2]catenane—in which the
molecules have two interlocked rings, the
field of molecular topology has blossomed
(7-9). Although more elaborate examples
in chemical topology (10, /1) and topolog-
ical stereochemistry (72, 13) have emerged
(14, 15) in the shape of molecular knots, as
well as catenanes, the BRs, with the excep-
tion of Seeman’s seminal work (/6) with
single-stranded DNA, have proved to be
elusive in a wholly synthetic molecular
form (17-19).

Conceptually, there are two extreme
synthetic strategies for the construction of
molecular Borromean links: (i) a stepwise
synthesis wherein the three rings are slotted
into place by successive templation (20)
one at a time and (ii) a strict self-assembly
protocol (21, 22) that brings the compo-
nents of the three rings together in one step
under comprehensive template-directed
control (20). A ring-by-ring (23-25) ap-
proach that is predominantly kinetically ex-
ecuted offers, in principle, access to a
greater degree of structural diversity. Such
an approach, however, courts the danger of
being burdened by undesirable side reac-
tions, particularly in the formation of the
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third and final ring of the Borromean links
where the geometrical demands associated
with both noncovalent and covalent bond
formation are likely to be high.

By contrast, an all-in-one strategy,
which combines the virtues of reversi-
bility, proofreading, and the error checking
we associate with supramolecular (26) and
dynamic covalent (27) chemistry with the
geometrical precision afforded by coordi-
nation chemistry (28-30), allows the syn-
thetic chemist to take up the gauntlet of
assembling molecular BRs in the knowl-
edge that thermodynamic control can be an
efficient supplier of a complex product
(27). Such a paradigm requires that each
individual piece in the molecular self-
assembly process is programmed so that
the multiple molecular recognition between
the pieces is optimized in a highly cooper-
ative manner in the desired product. In
our bid to facilitate the self-assembly of a
BR compound, it was essential to ensure
that cooperativity between w—m stacking
interactions and coordination geometries
was highly optimized. This crucial design
element was satisfied computationally by
molecular modeling. The manner in which
the computer-aided design of the BR'>*
dodecacation led directly to its synthesis
in very high yields is rare in our own
laboratories’ experience.

The successful construction of a BR
compound from individual pieces relies on
the precise control of the six crossover
points that can be identified in the Venn
representation (Fig. 1A), where the like
signs of the three outer nodes are opposite
to those of the three inner nodes. Although
these nodes define the topology of the final
assembly, to conceive retrosynthetic dis-
connections it is advantageous to reorient
the three interlocked rings so that they are
mutually perpendicular in Cartesian space,
as depicted in the orthogonal represen-
tation (Fig. 1B). With reference to any one
of the three identical rings, the sequence of
four alternating nodes (+/—/+/-) can man-
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ifest itself in the form of exo/endo/
exo/endo binding sites in a wholly cross-
complementary fashion. In a chemical con-
text (Fig. 1C), transition metals can be
embedded into these binding sites, thus
ensuring complete three-dimensional con-
trol at all six such sites through a judicious
choice of coordination geometry. Specifi-
cally, differentiation of the exo and endo
binding sites at each of the six ring cross-
ings can be established through the union
(Fig. 1D) of bidentate and tridentate li-
gands around a five-coordinate metal ion.
The requirements for flexibility and revers-
ibility in the coordination spheres were met
by using kinetically labile zinc(II) ions,
each bound preferentially to one exo-
bipyridyl and one endo-diiminopyridyl li-
gand. Ligands of this latter class have been
used (28) to form macrocycles in the pres-
ence of metal-ion templates. It seemed pro-
pitious, therefore, to incorporate two of
these endo-tridentate ligands, as a result of
dynamic imine bond formation (27) be-
tween 2,6-diformylpyridine (DFP) and a
diamine (DAB) harboring the incipient exo-
bidentate ligands following a [2+2] mac-
rocyclization (Fig. 1E).

Whereas in the absence of a metal-ion
template, a complex mixture of polymeric
and macrocyclic products is the likely out-
come, introduction of zinc(Il) ions is expect-
ed to template the formation of molecular
BRs with maximal site occupancy (37) being
honored. Molecular modeling (32) of the
Borromean links, constructed from the appro-
priately interlocked arrangement of three of
the [2+2] macrocycles, revealed only two
molecular trinities stabilized by combinations
of 12 w—r stacking interactions and 30 dative
bonds, one with C; (= §,) symmetry and the
other, shown in Fig. 1E, with S, symmetry.

Initial "H nuclear magnetic resonance
(NMR) spectroscopic investigations, con-
ducted in a CD;0D solution containing
equimolar amounts of DFP and DAB-
H,-4TFA (TFA-trifluoroacetate), revealed
that little or no reaction occurred at room
temperature during several hours. Upon
the addition of an equivalent of Zn(OAc),
to the NMR tube, the spectrum changed
dramatically, indicating that a reaction
was occurring. To expedite the self-
assembly process, the reaction mixture
was heated under reflux for 3 days. Period-
ic monitoring of the 'H NMR spectrum
revealed that equilibrium was reached
after 2 days, affording predominantly
(90%) one highly symmetrical entity. To
isolate sufficient quantities of the major
product for characterization, the reaction
was repeated on a preparative scale, result-
ing in a pale yellow powder that was
crystallized from MeOH/Et,O to yield a
pure crystalline sample. Electrospray ion-
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ization mass spectrometric (ESI-MS)
analysis of this sample revealed three
major peaks at mass-to-charge (m/z) ratios
of 1465, 1070, and 834, corresponding
to [M-3TFA]*", [M-4TFA]**, and
[M-5TFA]°*, respectively, a situation that
is consistent with the proposed Borromean
ring compound BR:12TFA.

Comparison of the '"H NMR spectrum of
this crystalline material (Fig. 2B) with that
of DAB-H,-4TFA (Fig. 2A) (both spectra
recorded in CD;0D) reveals appreciable
changes in the chemical shifts for the aro-
matic protons of the DAB fragment. Spe-
cifically, the resonances for H-e, H-f, H-g,
and H-i are all moved upfield by as much as
from 0.1 to 0.9 parts per million (ppm),
indicating the occurrence of m—m stacking
interactions, as predicted by the computa-
tional investigations carried out on the mo-
lecular Borromean ring (BR) surrogate.
The averaged molecular symmetry (7,) of
this compound, which is fluxional on the
"H NMR time scale at 50°C, is such that we
would expect to see 'H NMR signals for
only one quadrant of one of the [2+2]
macrocycles, because all three rings are
equivalent. Inspection of the "H NMR spec-
trum shown in Fig. 2B reveals eight of the
anticipated nine signals centered on & 8.89
(H-c), 8.62 (H-a), 8.31 (H-b), 7.97 (H-1),
6.74/6.68 (H-e/f), 6.50 (H-g), and 4.84 (H-
d). It is notable that the signal for H-g on

Fig. 1. The Borromean A
rings (BRs) can be de-
picted in many ways,
including a planar
Venn representation
(A) and a more inform-
ative orthogonal ar-
rangement (B). At
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the bipyridyl ligand is broad but that the
signal for the vicinal H-h proton has
merged into the baseline between & 7 and 8
ppm. A spectrum recorded at 50°C indi-
cates that the signal for H-g becomes much
sharper, whereas that for H-h emerges out
of the baseline and resonates as a broad
singlet, centered on & 7.90 ppm. This
temperature-dependent behavior suggests
that a (co)-conformational change might be
occurring within the BR'?* dodecacation
that is on the order of the '"H NMR time
scale at room temperature.

The x-ray crystallographic analysis (33)
of BR-12TFA reveals a molecular structure
(Fig. 3, A to E) with §; symmetry wherein
the three rings have the topology of a Bor-
romean link. Each of the three equivalent
rings adopts a chairlike conformation and,
consequently, the BR'?>" dodecacation can
be symmetry-related from half of one of the
rings, which is 24.5 A long from the tip of
one pyridyl unit to the tip of the other.
Molecular recognition is manifest in a mu-
tually compatible manner. The three equiv-
alent rings are held together by six Zn(II)
ions, positioned 12.7 A apart. They are
each coordinated in a slightly distorted oc-
tahedral geometry to five N atoms (Zn—N
bond lengths ranging from 2.10 to 2.24 A
with the cis N-Zn—N bond angles, ranging
from 72.4° to 109.6°), with the sixth coor-
dination site occupied by an O atom (Zn—O

each of the six cross- D
ing points on this
graph, it is possible to
embed a templating
feature [the silver
spheres shown in (C)]
to control the overall
three-dimensional ar-
chitecture in a molec-

g |
( ) ' )
Endo-Tridentate Transition Metals Exo-Bidentate

ular context. By em-
ploying transition
metal ions to gather
around themselves
appropriate ligands in
a prescribed fashion,
one can envisage a
relatively straightfor-
ward retrosynthetic
disconnection of the
BRs (D). The retrosyn-
thesis in chemical
terms (E) anticipates
the use of an exo-

bidentate bipyridyl ligand and an endo-tridentate diiminopyridyl ligand that is formed reversibly
upon the reaction of DFP with DAB in a [2+2] macrocyclization. Molecular modeling (E, left)
confirms that three such [2+2] macrocycles can be slotted together to form a highly stabilized

assembly with a BR topology.
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bond length of 2.06 A and cis O-Zn-N
bond angles, ranging from 89.0° to 99.3°)
belonging to aTFA™ anion with a disor-
dered trifluoromethyl group. The six
equivalent bipyridyl ligands are sand-
| wiched unsymmetrically between six pairs
: of phenolic rings, such that the m— stack-
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d ing distance is 3.61 A in one direction and
3.66 A in the other. The BR'2* dodecaca-
tion contains an inner chamber (34) of
volume 250 A3 lined with the van der
Waals surfaces of 12 O atoms that are
oriented in the form of a cuboctahedral

c/c' a/a’ b’ g’ ele'& '
* { L |
w o
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array toward the center of the chamber,
which contains species that give rise to
nonresolved and diffuse electron density.
H|l At a supramolecular level, the BR!?*
J| dodecactions are arranged (Fig. 3E) in hex-
agonal arrays with close (3.31 A) intermo-

lecular m—m stacking interactions between

8.0 7.5 7.0 6.5 6.0 55

Fig. 2. The "H NMR spectra (CD,0OD, 298 K) of (A) the exo-bidentate ligand-containing starting
material DAB-H,-4TFA (500 MHz), (B) the molecular Borromean rings BR-12TFA (600 MHz), and (C)
an inseparable mixture of “empty” and “filled” Borromean rings, namely BR-12TFA and
Zn@BR-14TFA, respectively (600 MHz). The letters a to i are defined for BR'* with respect to the
appropriate protons on the structural formulas shown in Fig. 1E. Primed letters represent the

corresponding protons in Zn@BR™™.

Fig. 3. Different structural and superstructur-
al representations of the BR'?2* dodecaca-
tion(s) in the solid state as deduced from
x-ray crystallography carried out on single
crystals of BR-12TFA. In the case of the illus-
trations of the single BR'* dodecacation,
the three equivalent macrocycles are fea-
tured, as tubular and space-filling represen-
tations, in the three primary colors, green,
red, and blue. The six Zn(ll) ions are depicted
in silver. (A) Tubular representation viewed
down the S, (and collinear C;) axis of BR'?™".
(B) Space-filling representation of A, showing
the pore with a diameter of 2.08 A in BR'2¥,
which leads to an inner chamber. (C) Space-
filling representation of BR'2™, highlighting
the mutually orthogonal arrangement of the
three interlocked macrocycles adopting
chairlike conformations wherein the distance
from the tip of one pyridyl ring to the other,
in any given macrocycle, is 24.5 A. Multiple
- stacking interactions are evident to the
extent that all six equivalent bipyridyl ligands
are sandwiched between six pairs of flanking
phenolic rings, such that the plane-to-plane
separations are 3.61 A in one direction and
3.66 A in the other. In addition, there are six
[C—H--7] interactions (H-m distance 2.78 A)
between H-h on all of the bipyridyl ligands and the faces of the six
pyridyl rings. The coordination sphere around each of the six equiva-
lent Zn(Il) ions exhibits distorted octahedral geometry, with a single
TFA~ anion (not shown) occupying the sixth coordination site in all
cases. (D) A stick representation of BR'2*, upon which are superim-
posed a platonic solid (i.e., the silver octahedron with its vertices
defined by the six Zn(Il) ions and having edges that are all equal to
12.7 A) and a slightly distorted Archimedean solid [i.e., the red cuboc-
tahedron with its vertices defined by 12 O atoms (each 5.1 A distant from
the centroid of BR'27") that line the inner chamber of BR'?" and with a
volume of ~250 A%]. (E) Space-filling representation of the hexagonal
array of six individual columnar stacks of three BR'?" dodecacations
clustered around a central column viewed down the c direction of the
crystal lattice, showing the TFA~ anions (red and blue) coordinated to the

pairs of pyridyl rings in adjacent dodeca-
cations, which form (Fig. 3F) columnar
arrays in the orthogonal ¢ direction that are
stabilized by six [C—H:+-O=C] interactions
between each BR'?" dodecacation, the
centers of which are 16.3 A apart. The six
cylindrical channels that surround each col-

Zn(ll) ions. Neighboring BR'?" dodecacations are held together by
intermolecular m—m stacking interactions (3.31 A) between matching
pairs of pyridyl rings. The small channels that run through the center of
the superstructures are separated by 22.5 A, and the large channels,
which are 4.2 A in diameter, are filled with Zn(ll)-coordinated TFA~
anions (not shown) and separated from each other by 13.0 A. (F)
Space-filling representation of three interdigitated BR'>* dodecacations
present in superstructural columns that run through the crystal in the ¢
direction. Each BR'?* (green) in the columnar array is linked above
(purple) and below (blue) itself by six [C—H--O=C] hydrogen bonds (with
a [H-O] distance of 2.52 A), which arise from an interaction between
H-g in one BR'?" and the carbonyl oxygen atom of a Zn(ll)-bound TFA~
anion in the neighboring BR'2". The distance within the columns be-
tween the centers of repeating BR'2" dodecacations is 16.3 A.
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umn have a diameter of 4.2 A and are filled
with [ZnTFA,]*" counterions.

When the self-assembly process was
repeated in 95% ethanol, we noted
(Fig. 4) the appearance of additional peaks
in the ESI mass spectrum at m/z 1563 and
1143 corresponding to [M-3TFA]** and
[M—4TFA]**, respectively, a situation that
can be explained if an additional Zn-2TFA
is associated with BR-12TFA. We propose
that the central electron-rich cavity, deco-
rated with 12 donor O atoms, and so
qualitatively reminiscent of Cram’s
spherands (35), hosts the seventh Zn(II)
ion. This hypothesis is supported by an 'H
NMR spectrum (Fig. 2C) that shows an
additional set of signals—some of which
correspond to protons (H-c/c’, H-b/b’, and
H-a/a’) on the periphery of the molecule
and overlap with those for BR-12TFA—
attributable to another highly symmetrical
species that we propose is Zn@BR-14TFA,
i.e., a seventh Zn(Il) ion occupies the
central electron-rich cavity of BR'>*. Of
further importance is that resonances cor-
responding to the protons H-i" and H-g’,
located much closer to the core of the
molecule, are influenced most in their
chemical shifts by the incarcerated guest.

The ability to produce gram quantities
of highly soluble hosts that can locate a
range of different transition metals in an
insulated octahedral array around an inner
heteroatom-lined chamber, which can
provide a welcoming home for many dif-
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ferent guest species, suggests numerous
ideas in which these BR compounds could
be exploited as highly organized nano-
clusters in a materials setting such as spin-
tronics (36) or in a biological context such
as medical imaging (37).
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Multiple Catenanes Derived

from Calix[4]arenes

Leyong Wang," Myroslav O. Vysotsky,' Anca Bogdan,’
Michael Bolte,? Volker Bohmer'*

A multicatenane is described in which two belts consisting of four annelated
rings attached to the wide rims of two calix[4]arenes are interwoven in such
a way that each ring of one belt penetrates two adjacent rings of the other belt
and vice versa. The key step of the synthesis of this [8]catenane is the exclusive
formation of preorganized heterodimers between a multimacrocyclic tetraurea
calix[4]arene and an “open-chain” tetraurea calix[4]arene containing eight
o-alkenyl groups. When a tetraurea calix[4]arene containing four alkenyl groups
is used, a bis-[3]catenane is formed analogously.

Topologically interesting molecules represent a
permanent challenge for synthetic chemists (7).
Mobius strips (2), various knots (3), KS mole-
cules (4), or first steps toward Borromean rings
(5) may be cited as a somewhat arbitrary selec-
tion of examples. The interest is justified not
only by the potential application of such sys-
tems, which has already been demonstrated for
rotaxanes (6) and catenanes in the areas of
molecular devices [for reviews, see (7—9)] and
information storage (10, 11), but also because,
in nature, topologically nontrivial forms of
DNA play a crucial role in the correct replica-
tion and translation processes (/2). An increas-
ing understanding of the preorganization of
suitable precursor molecules by reversible
bonds (“self-assembly™) is responsible for the
rapid progress in this area.

We recently have shown that the pre-
organization of tetraurea  calix[4]arenes
(Scheme 1, formula 1) in hydrogen-bonded
dimers (/3) (Fig. 1) can be used to synthesize
novel bis-[2]catenanes by metathesis reaction
between alkenyl groups attached to the urea
residues R (74). A “statistical approach” with
homodimers (1), led to three possible topolog-
ical isomers: bis-[2]catenanes (5 to 12%), dou-
bly bridged mono-[2]catenanes (26 to 32%),
and tetrabridged capsules (10 to 15%). Howev-
er, the bis-[2]catenane is the only identified
reaction product when heterodimers of prefab-

Fachbereich Chemie und Pharmazie, Abteilung Lehramt
Chemie, Johannes Gutenberg-Universitét, Duesbergweg
10-14, D-55099, Mainz, Germany. 2Fachbereich Chemie
und pharmazeutische Wissenschaften, Institut fiir Orga-
nische Chemie, J.-W. Goethe Universitdt, Marie-Curie
Strafle 11, 60439 Frankfurt/Main, Germany.

*To whom correspondence should be addressed. E-
mail: vboehmer@mail.uni-mainz.de

ricated double-loop derivative 3 with a tetraurea
of type 1 (bearing 5-hexenyloxy chains instead
of 7-octenyloxy chains) are reacted (/5). Here,
we show how such double-loop derivatives 3
and analogous tetra-loop derivatives 4 (16) of
calix[4]arenes can be used as building blocks
for novel multicatenanes.

“Open-chain” tetraureas 1 and 2 exist as
well-defined homodimers in aprotic solvents
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(Fig. 2A). Tetraureas of type 3 and 4 do not
homodimerize (Fig. 2B), because this would
necessarily lead to a sterically unfavorable
overlap of the loops. Thus, a solution of a 1:1
mixture of 4 and 1 or 2 in apolar solvents contains
exclusively the heterodimers 1+4 or 2+4 as the only
species that can be detected by proton nuclear
magnetic resonance ("H NMR) spectra (Fig. 2C),
because this is the only way by which all urea
functions can be involved in the usual belt of 16
NH: - ‘O=C hydrogen bonds (/7).

Metathesis reaction of such pseudorotaxane-
like heterodimers (/&) under the conditions
described before (15, 19) leads (after hydro-
genation) to a single reaction product 5 or 6,
as schematically represented in Fig. 1B (re-
actions a and b).

Both compounds were isolated in >50% yield
after a simple purification by column chromatog-
raphy and recrystallization. Their unprecedented
multicatenane ~ structure was unambiguously
proved by electrospray ionization mass spectrom-
etry (20) and "H and '*C NMR. Compound 6,
especially, shows in apolar solvents the usual Sg
symmetry of a homodimer of type (1), with two
(and only two) singlets for NH protons and two

Fig. 1. (A) Hydrogen-
bonded dimer of a tet-
raurea calix[4]arene 1 or
2, showing the mutual
orientation of the urea
residues R. Ether groups
are omitted for clarity.
(B) Schematic represen-
tation of the synthesis of
multicatenanes 5 and 6
by metathesis reaction
of selectively formed
heterodimers 1-4 and
2a-4 followed by hydro-
genation (reactions a
and b). While reaction d
led to a complicated
mixture of products, re-
action ¢ (which has not
yet been checked)
seems at least an alter-
native to a, although
wrong connections be-
tween double bonds
are possible for ¢ in
contrast to a.
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