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ABSTRACT: Conventional approaches to the synthesis of

molecular knots and links mostly rely on metal templation. We
present here an alternative strategy that uses the hydrophobic
effect to drive the formation of complex interlocked structures
in water. We designed an aqueous dynamic combinatorial sys-
tem that can generate knots and links. In this system, the self-
assembly of a topologically complex macrocycle is thermody-
namically favored only if an optimum packing of all its
components minimizes the hydrophobic surface area in contact
with water. Therefore, the size, geometry, and rigidity of the
initial building blocks can be exploited to control the formation
of a specific topology. We illustrate the validity of this concept

with the syntheses of a Hopf link, a Solomon link, and a trefoil

knot. This latter molecule, whose self-assembly is templated by halides, binds iodide with high affinity in water. Overall, this
work brings a fresh perspective on the synthesis of topologically complex molecules: Solvophobic effects can be intentionally
harnessed to direct the efficient and selective self-assembly of knots and links.

B INTRODUCTION

Nearly 30 years after the synthesis of the first molecular trefoil
knot," topologically complex molecules remain extremely diffi-
cult to produce and their properties are nearly unexplored.”
In traditional synthetic approaches, ligands are pre-organized
using metal coordination and linked together to generate molec-
ular knots and links. This approach, originally devised by
Sauvage,” who notably synthesized a trefoil knot' and a Solo-
mon link® from linear helicates, has been more recently
revisited by Leigh.Zb’s_7 The Leigh group considerably expanded
the complexity of available interlocked architectures by replacing
linear helicates with circular helicates. Their most impressive
example is probably the recent synthesis of a 8,9 knot with
eight crossings.”® Surprisingly, supramolecular interactions
other than metal coordination have rarely been employed to
promote the synthesis of knots.””'> Using donor—acceptor
7—n interactions to build structures more complex than singly
interlocked catenanes has proved challenging.”*" Recent stud-
ies by Sanders et al. demonstrated that macrocycles could
adopt nontrivial topologies in water to minimize solvent
exposed hydrophobic surfaces."”'* The idea that the hydro-
phobic effect,''™"* and perhaps more generally solvophobic
effects, could provide an alternative driving force to promote
the formation of knots and links in the absence of metals is
extremely appealing. However, translating these observations
into a reliable synthetic strategy represents a critical step that
has not been overcome until today.
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We present now a strategy that uses the hydrophobic effect
to direct the synthesis of knots and links. We considered the
virtual hydrazone-based dynamic combinatorial library'®~"*
(Figure 1) engendered by dialdehyde A (blue cartoon) and
dihydrazide H (transparent cartoon). Dialdehyde A is a hydro-
phobic building block constituted of two quinolinium-5-
carboxaldehyde units connected with a p-xylyl unit. Dihy-
drazide H is a fictive neutral hydrophobic building block that
could be ideally stretched and bent to enable the closure of any
macrocycle. Folding the quinolinium-based units (A) in a
loop-like conformation around the neutral hydrophobic moiety
of H represents the optimum way to decrease the number of
hydrophobic surfaces exposed to the environment. The
permanent positive charges of the quinolinium units remains
on the outer surface, while the neutral moiety H and a large
part of the aromatic surfaces of A are sheltered from water.

This motif was simply multiplied with an n-fold rotation axis
(C, or S,) to construct macrocycles with minimum surface area
exposed to water. Each time, we obtained a unique archi-
tecture. These architectures consistently alternated blue and
transparent components and were characterized by a topolog-
ical complexity of n crossings (Figure 1). A C, axis generated a
Hopf link or singly interlocked [2]catenane (two crossings); a
C, axis generated a trefoil knot (three crossings); a C, axis
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Figure 1. A virtual dynamic combinatorial library of knots and links generated from dialdehyde A (blue cartoon) and a fictive dihydrazide
H (transparent cartoon). All these structures were constructed from a basic motif (top right) multiplied n times using an axis of symmetry C, or S,

(represented by the red dot).

generated a Solomon link or doubly interlocked [2]catenane
(four crossings); a S, axis generated a figure-eight knot (four
crossings), etc. The list presented here, intentionally limited to
the simplest topologies tabulated by mathematicians,"” is non-
exhaustive. Many other topologies could be similarly con-
structed through the same process of multiplication. Building
blocks A and H could therefore ideally produce a complex
library of knots and links. Macrocycles with trivial topologies
may also form, but their formation should not be thermo-
dynamically favored because their hydrophobic surfaces would
remain exposed to water. Even from the simplified cartoon
representation showed in Figure 1, it is noticeable that building
block A (blue cartoon) can only generate all these topologies if
H is indefinitely stretchable and bendable. Indeed, each topol-
ogy enforces specific geometrical constraints on their back-
bone. This consideration was important as it suggested that the
geometry and the flexibility of building block H could be used
to bias the outcome of this virtual library in favor of a given
topology.

Here, we demonstrate that the choice of the dihydrazide
(H1-3) is indeed critical and allows for the selective amplifi-
cation of three topologies from the virtual pool described
above: a Hopf link, a Solomon link, and a trefoil knot. The
syntheses described here are the result of a rapid screening of
readily available dihydrazides. In the following sections, we
describe these syntheses as three independent stories. In each
case, we also investigated the role of the quinolinium coun-
terion (X7) on the outcome of the libraries. We first prepared
analytical-scale hydrazone-based dynamic combinatorial libra-
ries following a protocol optimized by Sessler'® and Li.*
Equimolar amounts of dialdehyde A-2X (2.5 mM) and dihydr-
azide H1-3 (2.5 mM) were dissolved in D,0O (700 uL, 0.01%
TFA). The libraries were stirred overnight at 70 °C. The
structures formed were all purified by semipreparative HPLC.
During the process of purification, the counterion X~ was

replaced by the trifluoroacetate anion present in the HPLC
eluent. All the products were thus isolated as trifluoroacetate
salts.

We identified knots and links using '"H NMR and ion-spray
mass spectrometry (ESI-MS). The interlocked structures repre-
sented in Figure 1 feature n equivalent arms, each comprised an
outer quinolinium-based loop (originating from dialdehyde A)
surrounding an inner thread (originating from dihydrazide H).
In all these structures, the moiety H is buried inside and
inevitably experiences a symptomatic NMR shielding.

ESI-MS provided additional structural information and
notably allowed for the characterization of the type of topology
formed: A Hopf link is a [2 + 2] species and fragments into
two [1 + 1] species; a trefoil knot is a [3 + 3] species and
fragments as a single macrocycle; a Solomon link is a [4 + 4]
species and fragments into two [2 + 2] species; a figure-eight
knot is a [4 + 4] species and fragments as a single macrocycle,
etc. If the identification of the topologies formed becomes
more difficult as the number of crossing increases, this analyt-
ical method allows for the differentiation of the simplest knots
and links shown in Figure 1.

Finally, theoretical calculations of the knots and links were
carried out using the DFT-D3 methodology, providing useful
information regarding the adequate conformation of each
building block within the interlocked architectures. The optim-
ized geometries compared well with the NMR data and pro-
vided further evidence of the structural viability of the knots
and links synthesized.

A Hopf Link, or Singly Interlocked [2]Catenane. High-
performance liquid chromatography (HPLC, Figure 2a)
revealed that A-2X and dihydrazide H1 generated a rather
simple library, mostly dominated by one product, 1 (~70%).
This outcome was independent of the choice of the counterion
X~ (Figure S51). ESI-MS analysis showed that 1 was a [2 + 2]
species. Three major peaks at mass-to-charge ratio m/z 299.15,
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Figure 2. HPLC traces of the libraries generated from dialdehyde A-
2X (2.5 mM) and dihydrazide (a) H1, (b) H2, and (c) H3 (2.5 mM).
The yields were evaluated from the integration of the peak areas using
catechol as an internal standard. The HPLC traces of the libraries
prepared from A-2X and H1, or from A-2X and H2, were identical for
any of the counterions X~ tested (Figure SS1).

398.54, and 597.29, corresponded to [1]*, [1 — H]*, and
[1 — 2H]*, respectively (Figure S15). At a collision voltage of
45V, dissociation of 1 yielded a fragmentation pattern charac-
teristic of a [2]catenane composed of two interlocked [1 + 1]
macrocycles (Figure $17).*' The [2 + 2] species 1 is relatively
simple and cannot be interlocked more than once, implying
that 1 was a singly interlocked [2]catenane, or Hopf link.

The Hopf link 1 was isolated by HPLC and further charac-
terized by '"H NMR in D,0. The spectrum of 1:4CF;CO, at
298 K (Figure 3a) confirmed that it was composed of two
identical arms, each constituted of a quinolinium-based loop
(A) threaded by the aliphatic chain (H1). Threading of the
aliphatic chain was clearly manifested by a significant upfield
shift of the aliphatic protons k, 1, and m (below 0 ppm)
compared to the same protons in the parent building block H1
(~1.16—1.78 ppm). Moreover, relatively intense nuclear
Overhauser effect (NOE) cross-peaks between the aliphatic
protons and the surrounding quinolinium and xylyl protons
supported the proposed structure (Figure S10). In spite of its
interlocked nature, 1 remained a flexible structure. The ability
of the hydrazone bond to rotate freely was notably highlighted
by the presence of NOE correlations between the hydrazone
proton a and both protons b and g of the neighboring
quinolinium (Figure S9). Furthermore, the presence of several
minor conformations in dynamic exchange was noticeable at
298 K. Their proportion considerably increased at lower
temperatures (below 298 K, Figure S7).

The minimum energy structure of the Hopf link is repre-
sented in Figure 3c. The H atoms of the flexible aliphatic chain
were located between the quinolinium 7-systems, in agreement
with the upfield shift observed by NMR. The analysis of bond
lengths and angles indicated that this link did not present any

strained functional group, bond or ring, thus explaining its
dominant formation (~70%).

The same library also contained a small amount of the
[1 + 1] macrocycle 1’ (~25%, Figure 2a). We isolated
1'-2CF;CO, to compare its NMR features to that of the Hopf
link 1-4CF;CO,. Macrocycle 1’ can only be topologically trivial
and did not feature any major change of chemical environment
compared to the original building blocks (Figure S6). The only
noteworthy exception was that of the aldehyde proton a
(1042 ppm in A) transformed during the reaction into a
hydrazone proton (8.65 ppm in 1°).

The self-assembly of a Hopf link (1), driven by the hydro-
phobicity of the aliphatic moiety, is in full agreement with
findings reported in other studies.”** We also explored the
effect of the length of the aliphatic chains (Figure S57). The
formation of the Hopf link was always favored if the length of
the aliphatic chain was superior or equal to (—CH,—);. In all
these cases, the simplest nontrivial topology is formed because
the aliphatic chain is highly flexible. Introducing more rigidity
in the backbone of the dihydrazide building block should pre-
vent the formation of a Hopf link, thereby opening up the possi-
bility to build other more complex topologies. It is precisely what
was observed in the two following libraries, obtained from the
rigid isophthalic (H2) and 2,7-naphthalene (H3) building
blocks.

A Solomon Link, or Doubly Interlocked [2]Catenane.
The HPLC trace in Figure 2b showed that reaction between
A-2X and the isophthalic dihydrazide H2 almost exclusively
generated a single product, 2 (>90%). Here again, this outcome
was independent of the counterion X~ used (Figure SS1).
To our surprise, ESI-MS indicated that 2 was a [4 + 4] species
(m/z [2 — 4H]* = §75.18, [2 — SH]* = 766.91, [2 — 6H]*" =
1150.36, Figure S30). The exclusive self-assembly of such a large
macrocycle was remarkable and immediately caught our atten-
tion. Collision-induced dissociation of 2 produced a fragmenta-
tion pattern corresponding to a [2]catenane composed of two
interlocked [2 + 2] macrocycles (Figure S31)."* This fragmen-
tation pattern immediately ruled out the possibility that
2 could be a trivial or a knotted macrocycle, such as a figure-
eight knot. On the other hand, two [2 + 2] macrocycles may
be interlocked more than once, raising our hope that 2 would
exhibit a topology more complex than that of a Hopf link.

The 'H NMR spectrum of the isolated [4 + 4] species
2-8CF;CO, in D,0 was significantly complex (Figure 4a),
with aromatic protons spanning an astonishingly wide range of
chemical shifts from 1091 to 3.88 ppm. The spectrum
displayed sharp signals corresponding to a molecule composed
of four identical arms, each constituted of a quinolinium-based
loop (A) threaded by an isophthalic moiety (H2). The unex-
pected complexity of the spectrum arose from the inequiv-
alence of every proton within an individual arm. The most signif-
icant upfield shifts, compared to the parent building blocks, were
observed for the isophthalic protons k (7.94 ppm in H2 to
3.88 ppm in 2) and 1 (7.66 ppm in H2 to 6.04 ppm in 2).
These shifts not only indicated that the isophtahlic moiety was
stacked between the quinolinium units but also that protons k
and 1 were pointing directly toward the perpendicular xylyl
unit. Proton j, located on the opposite side of the isophathlic
unit, was therefore oriented toward the central cavity of the
molecule. As a consequence, it did not experience any strong
shielding effect from nearby aromatic units (8.07 ppm in H2
versus 7.98 ppm in 2).
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Figure 3. Comparison between the "H NMR spectra (500 MHz, 298 K, D,0) of (a) the Hopf link 1-4CF;CO, and (b) the parent dihydrazide
building block H1. (c) BP86-D3/def2-TZVP optimized geometry of Hopf link 1 in sticks (left) and space filling (right). H atoms were omitted for
clarity. The hydrazone bonds were represented in yellow, moiety A in blue, and moiety H1 in red.

Each arm of the structure possessed two hydrazone bonds,
with one on each side of the isophthalic moiety. NOE corre-
lations obtained in a 95:5 H,0/D,0 mixture (Figure S25)
disclosed that these two hydrazone bonds adopted different
conformations, with one NH pointing toward the interior
(observed correlations: j <& NH < a < b) and another one
pointing toward the exterior (observed correlations: k' <> NH’
< a’ © g') of the structure. To conclude, the full analysis of
this spectrum highlighted that 2 was a rigid, twisted molecule
locked into a well-defined conformation. Importantly, two
pairs of diastereotopic protons (h and h’) suggested that the
topology of 2 induced a chiral environment. The only topology
consistent with such an NMR spectrum, with the mass of a
[4 + 4] species and with the MS/MS fragmentation pattern
observed, is the topology of a Solomon link, or doubly inter-
locked [2]catenane.

At higher temperatures, exchange cross-peaks appeared
between pairs of inequivalent protons (a < a’, b < b/, etc.),
corresponding to a global inversion of the conformation of all
the eight hydrazone bonds (NH <> NH') of the molecule. The
activation parameters were calculated from the cross-peaks
intensity at variable temperatures (Figures S22 and $23).*”
An unfavorable enthalpy of activation (AH* = +115 kJ-mol™)
and a favorable entropy of activation (AS* = +106 J-K~'-mol™")
contributed to a rather large energy barrier (AG¥ = +838 kJ-mol
at 298 K), reflecting the penalty associated with the reorga-
nization of the entire structure.

The C,-symmetric Solomon link was easy to model using an
antiparallel conformation of the quinolinium moieties in each
arm and an opposite conformation of the two hydrazone bonds
located at both sides of the isophthalic moiety (see Figure 4c,
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pink fragments). The minimum energy structure agrees well
with the NOE correlations (Figures S24 and S25), providing
further support to the formation of the Solomon link.
In addition, the DFT-D3 study on this system strongly sup-
ported the idea that the formation of a figure-eight knot from
building blocks A and H2 was not possible: All attempts to
model the figure-eight knot topology were unsuccessful due to
its highly strained geometry.

The near-quantitative self-assembly of Solomon link 2
demonstrated the importance of introducing rigidity in the
design of the dihydrazide building block to favor the formation
of complex topologies. The yield of the synthesis was partic-
ularly impressive, presumably because the geometry of each
unit allowed an optimum packing of all the hydrophobic
aromatic surfaces. Indeed, when the same reaction was per-
formed with the closely related terephthalic dihydrazide, we
only observed the formation of a complex mixture of products
with undecipherable NMR features (Figure S56). The angle
between the hydrazide bonds thus seemed to be of crucial
importance. Therefore, when we designed building block H3,
we maintained a similar rigidity and a similar angle between
the hydrazide bonds, and we chose to increase the 7 surface.

A Trefoil Knot. The 2,7-naphthalene-based dihydrazide
building block H3 (Figure 2c) also generated a relatively sim-
ple library composed of two main species, a [3 + 3] species
(3, m/z [3 — 3H]*" = 625.23, [3 — 4H]*" = 937.84, Figure S45)
and a [4 + 4] species (3', m/z [3'-2H]*" = 417.14, [3' — 3H}** =
500.57, [3 — 4H]*" = 625.20, Figure $46). The formation of
two such large macrocycles was already intriguing. More
importantly, the HPLC traces depicted in Figure 2¢ showed
that the outcome of the library was highly dependent on the
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Figure 4. Comparison between the "H NMR spectra (500 MHz, 298 K, D,0) of (a) the Solomon link 2-8CF;CO, and (b) the parent dihydrazide
building block H2. (c) Several views of the BP86-D3/def2-TZVP optimized geometry of Solomon link 2. H atoms were omitted for clarity.
The hydrazone bonds were represented in yellow, moiety A in blue, and moiety H2 in pink.

choice of the counterion X. Only trace amounts of 3 were
found in the absence of halides (X~ = CF,CO,”). In the
presence of halides (X~ = CI7, Br™ or I7), 3 was formed in
non-negligible quantities. The yield of 3 increased regularly
with the size of the anion, from ~45% for the smallest halide
used (CI7) to ~72% for the largest one (I7). This amplification
phenomenon™’ strongly suggested that 3 was binding halides
in a size-dependent manner. Selective anion recognition is
challenging in pure water,”* so we focused our attention on the
characterization of 3.

After HPLC purification, the [3 + 3] macrocycle 3:6CF;CO,
displayed broad, featureless, uninterpretable 'H MNR signals in
D,O (Figure Sa), indicating its ability to adopt many confor-
mations in slow exchange. We were delighted to observe a
progressive signal sharpening upon addition of either NaCl,
NaBr, or Nal (Figure $34). Figure Sb shows, as a typical example,
the spectrum of 3*6CF;CO, after addition of ca. 10 equiv of
NaBr. Minor conformations remained visible in the spectrum
baseline after addition of NaBr (Figures S34 and S39). How-
ever, the spectrum of the bromide-bound macrocycle mainly
showed a single conformation that echoed a highly symmetri-
cal structure, consistent with a molecule composed of three
identical arms, each constituted of a quinolinium-based loop
(A) threaded by the naphthalene moiety (H3). Compared to
the parent building block H3, the symptomatic upfield shift of
the naphthalene protons 1 (7.91 to 4.14 ppm) and k (8.10 to
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6.98 ppm) suggested that (1) each naphthalene moiety was
stacked between two quinoliniums and (2) protons 1 and k
were pointing toward the xylyl unit.

Such a spectrum and the mass of a [3 + 3] species were indic-
ative of a trefoil knot topology.” In agreement with this interpre-
tation, the presence of diastereotopic protons (hl and h2)
reflected a topologically chiral environment. NOE correlations
(b & a & NH © j, Figure $37) in a 95:5 H,0/D,O mixture
revealed that all the six hydrazone bonds of the bromide-bond
macrocycle adopted an identical conformation. Protons NH
and j were both oriented toward the center of the molecule,
and a total of six NH hydrazone pointing toward the central
cavity provided an ideal binding site for halides. The presence
of bromide at the center of the molecule was further confirmed
by a downfield shift of the nearby proton j (from 8.14 in H3 to
9.32 ppm in 3).

We also succeeded in constructing and optimizing the trefoil
knot using DFT-D3 calculations. The optimized geometry in
water showed that the central cavity should be able to incor-
porate two spherical anions (CI7, Br~, or I7) since six NH
groups were pointing to the main symmetry axis in two dif-
ferent layers, thus generating a ditopic cavity (Figure SS8).
In Figure 5d, we show the optimized geometry of the trefoil knot
interacting with two bromide anions in water. The minimum
energy structure presents C; symmetry where each Br atom
interacts with three NH and three CH groups, thus
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Figure 5. Comparison between the 'H NMR spectra (500 MHz, 298 K, D,0) of (a) the trefoil knot 3:6CF;CO,, (b) the trefoil knot 3:6CF;CO,
in the presence of ca. 10 equiv of NaBr, and (c) the parent dihydrazide building block H3. (d) Several views (sticks and CPK) of the BP86-D3/
def2-TZVP optimized geometry of the trefoil knot 3 complexed to two bromide anions (3 could also accommodate two iodide ions). H atoms were
omitted for clarity. The hydrazone bonds were represented in yellow, moiety A in blue, and moiety H3 in gold.

establishing six hydrogen bonds (Figure S58B). We concluded
that the amplification originally observed in the libraries
(Figure 2c) could be explained by the selective binding of
halides to the central cavity of the [3 + 3] trefoil knot 3-6CF;CO,
rather than to the [4 + 4] macrocycle 3'8CF;CO,. Indeed, no
interaction between the [4 + 4] macrocycle 3'-8CF;CO, and
halides could be evidenced by NMR (Figure S3S), micro-
calorimetry (Figure S50), and ESI-MS (Figure S47).
Unfortunately, 3"-8CF;CO, displayed broad NMR signals in
D,O, even at high temperatures and after addition of NaBr
(Figure S35). Consequently, the structural basis underlying its
lack of interaction with halides remained unknown.

We explored the interaction between the [3 + 3] macrocycle
3-6CF;CO, and each halide by microcalorimetry (Figure $49).%
As expected, the strongest binding was observed with iodide
(Nal). The data confirmed that 2 equiv of iodide could bind

with high affinity (K = 1.6 X 10* M™"). Binding was driven
both by enthalpy (AH = —20.2 kJ-mol™") and by entropy (AS =
+12.8 J-K™"-mol™"). Early saturation during the titration with
NaBr indicated that binding with bromide was about an order
of magnitude lower, but the binding constant could not be
measured. Nevertheless, the stoichiometry of both the iodide
and the bromide complexes were confirmed by ESI-MS, as
both the unbound ([3 — 2H]*) and bound ([3 + 2X]*)
species were identified (Figure S47) in the MS spectra of the
crude libraries. We compared theoretically the affinity of 3 for
bromide and iodide by evaluating the following substitution
reaction:

3-2Br~ + 2[I(H,0)s]” — 3-2I" + 2[Br(H,0),]” (1)

We used explicit water molecules in the first coordination
sphere and a dielectric continuum model (COSMO) to
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account for solvent effects. This procedure was more conve-
nient than the direct comparison of interaction energies because
the energy of the free knot at room temperature was not
needed. The reaction energy of the substitution of bromide by
iodide (eq 1 and Figure S59) at the BP86-D3/def2-TZVP level
of theory was energetically favorable (AG = —10.03 kJ-mol "),
which was good agreement with the experimental data that
suggested that binding of bromide was an order of magnitude
lower compared to iodide. Binding with chloride, presumably
even weaker, could not be measured by microcalorimetry
either. The adduct [3 + 2Cl]*" also remained elusive in ESI-
MS. Overall, the affinity of 3:6CF;CO, with halides appeared
to be weaker than we had expected from the magnitude of the
amplifications observed during the synthesis. It is noteworthy
to mention that the CF;CO,™ anion is likely to interact with
the NHs of the trefoil knot and probably competes with the
binding of halides during the microcalorimetric titrations
performed on the isolated trifluoroacetate salt 3:6CF;CO.,.
In contrast, only a catalytic amount of trifluoroacetic acid was
present during the syntheses carried out using the halide salts
A-2X.

The self-assembly of trefoil knot 3 is driven by the hydro-
phobicity of the naphthalene moiety and is templated by
halides, which presumably direct all the hydrazone bonds in
the conformation required to close the structure. Several knots
and links bindinzg7 halides in their central cavities have already
been reported.””’~*” Here, this last example highlights that a
complex interplay of subtle interactions can participate in
the selection of a specific topology. The broad NMR features
of 3:6CF;CO, in D,0 in the absence of halides (Figure Sa)
remained puzzling. To complete this study, we performed
additional experiments to ascertain the knotted topology of
3'6CF;CO,. The ability of a molecule to adopt many
conformations in slow exchange is highly dependent on the
solvent used. On the other hand, a knot cannot unfold once it
has been closed and maintains its topology independently of
the solvent used. Illustrating these two statements, we observed
that the "H NMR signals of 3:-6CF;CO, in CD;CN were sharp
and retained all the symptomatic features characteristic of a
trefoil knot (e.g, diasteretopic protons and significantly
upfield-shifted naphthalene protons, Figure $43). Furthermore,
splitting of the signals upon addition of the anionic chiral shift
reagent (R)-2-phenyl-propioniate corroborated that 3 was
produced as a racemic mixture of two enantiomers, the right-
and left-handed knots (Figure S44).

With this trefoil knot, we complete a first catalogue of
several structures with complex topologies. The hydrodynamic
radii Ry, evaluated from the NMR diffusion coeflicients
(Figures S11, S26, and $38), mirrored the difference in size
between all these species: 0.66 nm for the [1 + 1] species 1';
0.72 nm for the [2 + 2] species 1; 0.87 nm for the [3 + 3]
species 3; and 1.06 nm for the [4 + 4] species 2. These values are
in reasonable agreement with the theoretical values (0.57 nm for
1, 0.64 nm for 1, 0.92 nm for 3, and 1.12 nm for 2).

B CONCLUSIONS

To conclude, we proposed an original strategy to synthesize
molecules with complex topologies, and we illustrated our
approach with the synthesis of three structures: a Hopf link
(1), a Solomon link (2), and a trefoil knot (3). We are working
on obtaining crystals suitable for diffraction to prove these
topologies unambiguously. Identifying topologies before
obtaining an X-ray crystal structure is a challenging intellectual
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puzzle. We applied a solution-based analytic method to
characterize the type of topology formed, and the results of
our interpretation were all confronted with success to DFT
calculations. In some cases (3 and 3’), the lack of '"H NMR
signals in D,0O increased the difficulty to assign the topology of
the isolated macrocycles. If crystal structures ultimately con-
firm the topology of all three molecules 1—3, this work will
probably represent the simplest strategy to date to access
molecular knots and links. Our approach is simple, cheap,
particularly high-yielding, and requires minimum effort in
terms of synthesis and purification.

The formation of these interlocked architectures was
relatively fast (<3 h, Figure SS5) and mostly driven by the
hydrophobic effect. Indeed, the yield of the three macrocycles
1-3 decreased when the libraries were prepared in water/
DMSO mixtures (Figure S52). However, the structures
survived a relatively large ratio of DMSO (>20% of DMSO
in the case of 2 and 3), suggesting that several supramolecular
interactions such as intramolecular hydrogen bonds, hydrogen
halide bonds, and 7—x interactions also intervene in the
process of self-assembly.

The interlocked structures 1—3 are stable in the aqueous
medium for several weeks. The hydrazone bond is reversible,
but each intertwined molecule represents a kinetic trap from
which it is difficult to escape (Figure SS3). In contrast, non-
interlocked macrocycles such as the trivial [1 + 1] macrocycle
1’ continue to evolve over time. The NMR spectrum of the
isolated sample of 1'-4CF;CO, left for two months in the
fridge (278 K) in D,O in neutral conditions showed a slow
reorganization into the more stable Hopf link 1 (Figure S54).

From a more fundamental perspective, the hydrophobicity,
the size, and the geometry of the building blocks are certainly
determining factors in the process of selection and
amplification of a specific topology from a virtual dynamic
pool of knots and links. The exact nature of the relationship
between the type of dihydrazide building block employed and
the topology naturally selected is not yet understood. It is
currently impossible to predict the formation of a knot or a link
in our system. Due to the simplicity of implementation, the
system presented here should nevertheless allow us to
understand better how the hydrophobic effect can be exploited
to construct specific topologies. The hydrophobicity of the
building blocks is undoubtedly the main feature that drives the
formation of metal-free molecular knots and links in water.
Therefore, we expect that our strategy will not be limited to
quinolinium-based building blocks and may be generalizable to
other hydrophobic chemical structures. A synergetic combina-
tion of the hydrophobic effect and donor—acceptor 7—7 inter-
actions or metal templation may prove particularly powerful in
the future.
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