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ABSTRACT: We report on a complex featuring three 2,6-
pyridinedicarboxamide ligands entwined around a lantha-
nide (Ln3+) ion. The ligand strands can be cyclized by
ring-closing olefin metathesis to form a molecular trefoil
knot in 58% yield. Demetalation with tetraethylammonium
fluoride quantitatively generates the wholly organic 81-
atom-loop trefoil knot.

Molecular knots1 and entanglements are featured in cyclic
DNA2 and some proteins3 and are thought to play an

important role in the chemical and physical properties of both
natural and synthetic polymers.4 Sauvage and co-workers
prepared the first synthetic molecular trefoil knot by connecting
the end-groups of a linear two-metal-ion double helicate.5

However, the earliest published idea for a template synthesis of a
trefoil knot is Sokolov’s proposal6 for assembling three ligands
around a metal center to generate the three crossings necessary7

in the cyclized product. Several groups have attempted to prepare
trefoil knots using this strategy thus far without achieving the
ultimate goal,8 although Hunter has succeeded in synthesizing a
trefoil knot by folding a single ligand strand around a transition
metal ion,9 and Siegel has made a ‘trefoil knotted cyclophane’10

using a related triskelion approach featuring a covalently bonded
scaffold.11

Lanthanide complexes have found application for their
luminescent properties,12 as nanomaterials13 and as contrast
agents for magnetic resonance imaging.14 However, their use in
template synthesis has been limited compared to transition
metals due to their lack of preferred coordination numbers and
geometries.15 Pioneering work by Bünzli and Piguet in the
1990s16 used lanthanides in the assembly of triple linear helicates
with varying lengths, compositions, and photophysical proper-
ties. More recently, the 2,6-dicarbonylpyridyl motif has emerged
as a reliable tridentate ligand for lanthanide ions, with examples
of well-defined 3:1 ligand/metal-ion complexes including
luminescent bundles,17 cages,18 linear helicates,19 and cate-
nanes.20,21 Here we utilize this motif as the basis for a simple and
efficient Sokolov-like template synthesis of a molecular trefoil
knot using lanthanide ions.
The end-groups of three ligands symmetrically entwined about

a central metal ion can potentially be connected in different ways
(Figure 1), leading to various architectures including a trefoil
knot (3× connection a) or a topologically trivial “unknot”
macrocycle (3× connection b).1e,g,22 The groups of Muller23 and
Gunnlaugsson24 have found that aryl-substituted 2,6-diamido-
pyridyl ligands enhance the stability of 3:1 lanthanide ion
complexes through interligand π−π stacking. We reasoned that

these interactions could be used to position the end-groups of
appropriately designed ligands to favor ring-closure to form a
molecular trefoil knot rather than the isomeric unknot
macrocycle.
Ligand 1 (Scheme 1) was synthesized in three steps from

commercially available 6-cyano-2-naphthol (see Supporting
Information). Treatment of 1 with a Ln(CF3SO3)3 salt (Ln =
Eu, Lu) as a 20 mM solution in acetonitrile, followed by
precipitation with dichloromethane, generated the correspond-
ing [Ln(1)3][CF3SO3]3 complexes in 85% (Eu) and 90% (Lu)
yields (Scheme 1, step a). Electrospray ionization mass
spectrometry (ESI-MS) confirmed the stoichiometry of the
Lu(1)3 complex (peaks at 2145 ([Lu(1)3][CF3SO3]2

+), 998
([Lu(1)3][CF3SO3]

2+), and 615 ([Lu(1)3]
3+), together with

well-matching isotope patterns, see Supporting Information).
The 1H NMR spectrum of [Lu(1)3][CF3SO3]3 in CD3CN
(Figure 2b) shows the three coordinated ligands to be in
equivalent environments and the AB system of the diastereotopic
Hd methylene resonances confirm the helical nature of the cyclic
trimeric arrangement of ligands. The upfield shift of the pyridine
proton signals Ha and Hb (Δδ = 0.6 and 0.5 ppm, respectively)
compared to uncomplexed 1 (Figure 2a) are consistent with the
anticipated interligand π−π stacking interactions. 1H NMR and
mass spectrometry of the corresponding Eu(1)3 complex
indicated a similar structure (see Supporting Information).
Slow diffusion of diethyl ether into a saturated acetonitrile

solution of the [Eu(1)3][CF3SO3]3 complex afforded single
crystals suitable for X-ray diffraction (see Supporting Informa-
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Figure 1. Three identical ligands held in a cyclic helical arrangement
around a metal ion. Interligand olefin metathesis reactions can
potentially lead to a trefoil knot (3× connection a) or an “unknot”
macrocycle (3× connection b).22
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tion). In the solid state structure (Figure 3a) the three units of 1
are helically arranged around the europium ion in a nine-
coordinate trigonal prism geometry (the Eu−O and Eu−N
distances, 2.410(8)−2.439(9) and 2.54(1)−2.55(1) Å, respec-

tively, are in the expected range of values for pyridine-2,6-
dicarboxamide-based complexes).25 Aromatic stacking interac-
tions between each pyridine ring and one naphthalene group
from each of the other ligand strands serve to orientate the ligand
arms. In the crystal, the ligand end groups are positioned such
that joining each of them to their nearest neighbor would
generate a trefoil knot architecture. Indeed, comparison of the X-
ray crystal structure of [Eu(1)3][CF3SO3]3 (Figure 3a) and the
energy-minimized (MM+) structure of Ln2 (Figure 3b) shows
just how well interligand π-stacking preorganizes the complex for
trefoil-knot-forming connections. In the crystal structure, the
amide NH protons hydrogen bond with the triflate counterions
(see Supporting Information). Lu and Eu complexes of related
ligand systems are generally similar or isostructural with each
other.26 As europium is paramagnetic, [Lu(1)3][CF3SO3]3 was
used in the subsequent ring closing reactions so that 1H NMR
spectroscopy could be used to help elucidate the structure of the
products.
Complex [Lu(1)3][CF3SO3]3 was stirred overnight at 323 K

with 50 mol % (17 mol % loading per connection) of second-
generation Hoveyda−Grubbs catalyst (Scheme 1, step b). A 1:1
solvent mixture of dichloromethane and nitromethane was found
to give good catalytic activity and product solubility.27 The
resulting reaction products were precipitated from dichloro-
methane and washed thoroughly to remove traces of the catalyst.

Scheme 1. Synthesis of Molecular Trefoil Knot 2a

aReagents and conditions: (a) Eu(CF3SO3)3, CH3CN, r.t., 85%, or
Lu(CF3SO3)3, CH3CN, r.t., 90%; (b) Hoveyda−Grubbs second
generation catalyst (50 mol %), CH2Cl2/CH3NO2, 323 K, 58%
([Lu2][CF3SO3]3); (c) Et4NF, DMSO-d6, r.t., quantitative; (d) Na5-
DTPA, DMF, 17% (3; over two steps).

Figure 2. Selected regions of the 1H NMR spectra (600 MHz, CD3CN,
295 K (345 K for panel c)) of (a) ligand 1; (b) cyclic trimeric helicate
complex [Lu(1)3][CF3SO3]3; and (c) trefoil knot complex [Lu2]-
[CF3SO3]3 (345 K). *Residual solvent peak. The lettering in the figure
refers to the proton assignments shown in Scheme 1

Figure 3. (a) X-ray crystal structure of complex [Eu(1)3][CF3SO3]3
shown in a framework representation. Hydrogen atoms, solvent
molecules, and counteranions are omitted for clarity. The europium
atom is shown in gray, nitrogen atoms in purple, oxygen atoms in red,
and carbon atoms of the three ligands are shown in blue, orange, and
green. Selected metal-donor atom bond lengths (Å): Eu−O 2.410(8),
2.419(8), 2.439(9), 2.434(8), 2.424(8), 2.425(8); and Eu−N 2.54(1),
2.55(1), 2.543(9). (b) Hyperchem MM+ energy-minimized molecular
model of molecular trefoil knot Ln2.
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ESI-MS confirmed the loss of three ethene molecules per
complex (m/z 588 and 956, corresponding to [Lu2/3]3+ and
[Lu2/3][CF3SO3]

2+, respectively) and 1H NMR showed the
absence of terminal alkene protons and the presence of two
species in a ∼7:3 ratio.
Treatment of a DMF solution of the mixture of products with

the chelating agent pentasodium diethylenetriaminepentaacetate
(Na5DTPA; Scheme 1, step d), followed by extraction into 1:1
acetonitrile/methanol, resulted in the major species (58%
isolated yield) remaining in solution, still complexed to Lu3+.
The 1H NMR of this compound (ultimately shown to be
[Lu2][CF3SO3]3) in CD3CN was broad at room temperature,
but sharpened at 345 K to the spectrum shown in Figure 2c.28

The pyridine Ha and Hb protons are significantly shifted upfield
(Δδ = 1.6 and 0.8 ppm, respectively) compared to [Lu(1)3]-
[CF3SO3]3 (Figure 2b), suggesting a more compact structure in
the ring-closed complex that brings the naphthalene rings closer
to the pyridine groups. Methylene groups Hd andHk both appear
as AB systems, indicating the protons within each methylene
group are diastereotopic.
The colorless solid, 3, precipitated during the Na5DTPA

extraction process was shown by ESI-MS to be a demetalated
cyclized ligand (17% isolated yield; m/z 1611 [3 + Na]+). The
solid was not soluble in CD3CN, but its

1H NMR spectrum in
DMSO-d6 (Figure 4b) is very similar to that of uncoordinated

ligand 1 (Figure 4a), other than the absence of terminal alkene
protons (Hm/Hn). In particular, there is no indication that the
protons of methylene groups Hd or Hk of 3 are in diastereotopic
environments.
The similarity of the 1H NMR spectra of 1 and 3 in DMSO-d6

(Figure 4a,b) meant that 3 (the minor product of the olefin
metathesis reaction) could confidently be assigned as the unknot
macrocycle; however, the shifts in the 1H NMR spectra in
CD3CN (Figure 2c) of the major product (58%) suggested it was
the trefoil knot complex [Lu2][CF3SO3]3. Furthermore, the
tightly entwined trefoil knot architecture could account for the
exceptional stability of [Lu2][CF3SO3]3 to demetalation with
Na5DTPA.
Lanthanide trications form stable complexes with fluoride,29

and we reasoned that the small size of this anion might be

advantageous in extracting themetal ion through the narrow gaps
in the knotted ligand. Indeed, we were delighted to find that
treatment of [Lu2][CF3SO3]3 with Et4NF in DMSO-d6
smoothly afforded the demetalated trefoil knot 2 (Scheme 1,
step c).30 Like its unknot isomer, 3, the demetalated trefoil knot
(2) is not soluble in CD3CN, but the

1H NMR spectrum of 2 in
DMSO-d6 (Figure 4d) shows considerable shielding of the
naphthalene ring protons compared to either 1 or 3 (presumably
resulting from π−π stacking in the entwined structure similar to
Figure 3). TheHkmethylene groups of 2 appear as an AB system,
indicating the protons are diastereotopic, which in the
uncomplexed ligand can only result from the inherently chiral
architecture of a trefoil knot.
In conclusion, we have demonstrated the lanthanide template

synthesis of a molecular trefoil knot, in a manner reminiscent of
the strategy first envisioned by Sokolov 41 years ago.6 Europium
or lutetium trications form nine-coordinate trimeric circular
helicates with 2,6-amidopyridine ligands in which the sub-
stitution pattern of pendent naphthalene groups and interligand
aromatic stacking interactions position alkene end groups that
can subsequently be joined to form the knotted architecture. The
resulting 81-atom-loop trefoil knot is formed in 58% yield
together with 17% of the topologically trivial unknot macrocycle
isomer. The products are easily separated from each other as a
result of the enhanced stability of the trefoil-knot-lanthanide
complex.
The use of lanthanide ions as templates expands the chemical

toolbox available for the synthesis of molecular knots. The well-
expressed chiral environments of knotted ligands may offer an
intriguing means of influencing the photophysical properties of
encapsulated lanthanide ions.31
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