Angewandte

Communications

Molecular Knots

»/”” Simultaneous Self-Assembly of a [2]Catenane, a Trefoil Knot, and

DOI: 10.1002/anie.201302425

*ng%%

\ a Solomon Link from a Simple Pair of Ligands™**

9956  HWILEY i@

Thirumurugan Prakasam, Matteo Lusi, Mourad Elhabiri, Carlos Platas-Iglesias,
John-Carl Olsen, Zouhair Asfari, Sarah Cianférani-Sanglier, Francgois Debaene,

Loic J. Charbonniere,* and Ali Trabolsi*

Beyond their aesthetic appeal, molecular links and knots are
worthy synthetic targets that expand the chemist’s repertoire
of potential building blocks for engineering nanoscale devi-
ces.!'8! [2]Catenanes ([2]Cs), trefoil knots (TKs), and Solo-
mon links (SLs) are three such idealized topologies that have
been realized synthetically.”’) Although a wide variety of [2]Cs
(mechanically interlocked molecules comprised of two mac-
rocycles) have been synthesized by statistical, covalent, or
template-directed methods,'**¥! there are significantly fewer
examples of efficient construction of molecular TKs and
SLs, and examples of ligand systems that are able to
provide two or more topological links in one pot are even
more exceptional.['¥

The trefoil (or overhand) knot is a topologically nontrivial
structure comprised of a single component that has three
crossings and is unconditionally chiral."*) The groundbreak-
ing molecular synthesis was reported in 1989 by Sauvage and
Dietrich-Buchecker,'! and was followed by several other
elegant syntheses.’*17]

The Solomon link is comprised of two closed loops with
four crossings and can be regarded as a doubly braided [2]C.
Examples of molecular SLs are rare," and their preparation
remains a challenge for chemists.

Metal templation is a well-established strategy for the
formation of mechanically interlocked molecules and molec-
ular knots. Recently, this approach has been augmented by
the dynamic covalent chemistry (DCC) of imine ligands.["”]
This hybrid strategy relies on reversible (metal—ligand and
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Scheme 1. One-pot synthesis of the [2]catenane ([2]C), the trefoil knot
(TK), and the Solomon link (SL). All three structures were obtained
from the starting materials (left) diaminobipyridine (DAB), diformylpyr-
idine (DFP), and zinc acetate Zn(OAc),. The space-filling representa-
tions (right) are energy-minimized structures obtained with the aid of
computational modeling (semiempirical PM6 calculations).

imine) bond formation, which allows insitu correction of
structural errors and leads to increased yields of thermody-
namically stable products in one reaction step."31*! It can be
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Figure 1. Chemical structures and graphical representations of [2]C,
TK, and SL. Constitutionally heterotopic hydrogen atoms of TK are
labelled from a to j.

distinguished from other methods that are carried out in one
pot but involve multiple steps, or that require irreversible,
kinetically controlled link-closing reactions such as alkyla-
tion.!\8181% 15 2004, Stoddart and co-workers used the
hybrid protocol to synthesize molecular Borromean rings
(BRs), a link composed of three mechanically interlocked
macrocycles.?*?! Using the same ligand system, Solomon
links were isolated instead of Borromean rings when a 1:1
mixture of Cu" and Zn" was added as template instead of only
Zn",? a result which emphasizes the large impact that subtle
variations can have in such complex assembly processes.
Here we describe a simple pair of ligands, diformylpyr-
idine (DFP) and diamino-2,2'-bipyridine (DAB), which, when
combined with Zn" ions, self-assemble into three complex
structures (Scheme 1): a [2]catenane ([2]C), a trefoil knot
(TK), and a Solomon link (SL), in a single pot. This system
showcases the combined power of metal templation and DCC
of imine ligands to generate concomitantly the three links.
In the case of the BRs,™ strong intramolecular m—m
stacking interactions between bipyridyl and phenoxy moieties
of adjacent ligand strands were shown to be crucial to the
structural integrity of the complex. We anticipated that
symmetrical insertion of methylene groups between the
bipyridyl and phenoxy units of the diaminopyridine ligand
of the BRs would maintain the structurally important s—mr
stacking interactions, but would also provide enough rota-
tional freedom and flexibility for the ligand strands to self-
assemble into a variety of alternative and topologically
nontrivial structures, such as 2[C], TK, or SL. Molecular
modeling (PM6 calculations, see the Supporting Information)
of these three structures was consistent with our expectations.
The DAB ligand was synthesized in eight steps from
commercially available starting materials (see the Supporting
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Information for complete experimental details). Mixing
stoichiometric amounts of DFP, Zn(OAc),, and the hydro-
trifluoroacetate salt of DAB in isopropanol (iPrOH) at 70°C
for four hours led to the formation of a precipitate which was
collected by filtration and washed with /PrOH and dichloro-
methane to give the TK as a yellowish solid in 56 % yield.
High-resolution electrospray-ionization mass spectrometry
(HRMS) of the compound dissolved in MeOH showed three
major peaks (Figure S14A in the Supporting Information)
with maxima at m/z 1111.692, 704.134, and 499.355, which
correspond to  [TK4TFAJ*", [TK-3TFA]*', and
[TK-2 TFA]*', respectively (TFA = trifluoroacetate). The iso-
topic distributions of these peaks are in full agreement with
their calculated patterns.

After the TK precipitate was separated from the reaction
mixture, slow evaporation of /PrOH produced tiny cubic
crystals. HRMS analysis of the crystals (Figure S14B in the
Supporting Informaton) showed two major peaks with
maxima at m/z 704.132 and 431.760, which were consistent
with [[2]C2TFAJ*" and [[2]C-TFAJ**, respectively. The
crystals were isolated in 22% yield. The mechanically
interlocked structure (Figure 1) was further confirmed by
"H NMR spectroscopy and X-ray crystallography (see Fig-
ures 2 and 3 and text below).

A

Figure 2. X-ray crystal structure of [2]C. A) Space-filling representation
of the solid-state structure obtained from single-crystal X-ray analysis
of [2]C. B) Side view of the wire-frame X-ray structure showing the m-
(phenoxy---bipyridyl---phenoxy) triplet stacking between the two phen-
oxy rings of one macrocycle and the bipyridine unit of the other
macrocycle.

[2]C crystallized in the triclinic P1 space group with one
[2]C molecule per asymmetric unit cell (Figure2). Each
molecule of [2]C is composed of two identical interlocked
macrocycles held together by two Zn" ions. Each macrocycle
is the result of the condensation of one DAB and one DFP
through the formation of two imine bonds. The Zn" ions
adopt a distorted octahedral geometry and are coordinated by
the bidentate bipyridyl unit of one macrocycle and the
tridentate diimino pyridyl moiety of the other macrocycle. A
pair of phenoxy rings in each macrocycle sandwiches a bipyr-
idyl moiety of the other macrocycle to form two compact -
(phenoxy---bipyridine---phenoxy) triplet stacks per [2]C. The
phenoxy bipyridine distances (Figure 2B) are 3.4 A. The sixth
coordination site of one Zn" ion is occupied by an oxygen
atom of a TFA anion, while the other Zn" ion is coordinated
by an oxygen atom of a water molecule. The coordinated
water molecule is hydrogen-bonded to two TFA anions.

The structures of [2]C and TK were also investigated in
solution by 'HNMR spectroscopy. 'HNMR spectra
(Figure 3) of [2]C, TK, and the free ligands DAB and DFP
were measured in CD;OD at room temperature. The
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Figure 3. 'H NMR spectra of TK and [2]C (600 MHz, CD,0D, 298 K)
aligned with those of the starting materials DAB (as its tetrahydrotri-
fluoroacetate salt DAB-H,-4TFA) and DFP.

'"H NMR signals for the phenoxy hydrogen atoms e and f in
the spectrum of [2]C are shifted upfield (Ad=+0.78 and
+1.07 ppm, respectively) relative to their positions in the
spectrum of DAB. The spectrum of TK is consistent with the
presence of a single, highly symmetrical species in solution,
with the e and fresonances also being upfield shifted (Ad =+
0.76 and +0.91 ppm, respectively). For both [2]C and TK,
these shifts are a strong indication of the increased shielding
that the hydrogen atoms experience within the m—s stacking
arrangements of the two structures. The downfield shifts of
the a and b signals are similar for both topologies and are
a consequence of Zn" coordination. Regarding the signals of
the bipyridyl protons, while # remains nearly unchanged in
the spectra of [2]C, TK, and DAB, i is shifted upfield in [2]C
and TK as a consequence of Zn" complexation and the
concomitant syn conformation of the bipyridyl moieties.
Importantly, the j signal allows for distinctions to be made
between the two structures in relation to the sizes of their
cavities. With respect to its position in the spectrum of DAB,
the j proton resonance is shifted upfield by + 0.75 ppm in the
spectrum of [2]C and downfield by —0.51 ppm in the spectrum
of TK. Close examination of the crystal structure of 2[C] and
the PM6 model of TK shows that the j protons of 2[C] are in
close proximity to the j protons of the second macrocyle
(2.54 A), whereas the corresponding distance in TK (3.67 A,
Figure S12 in the Supporting Information) is far longer.
Different degrees of solvent exposure might also be respon-
sible, in part, for the observed chemical shift differences.
Another significant difference between the spectra of the two
links involves the methylene resonances g and d. For both
[2]C and TK, the g signal is shifted upfield and the d signal is
shifted downfield relative to their respective positions in the
spectrum of DAB. However, whereas the g and d signals are
singlets in the spectrum of [2]C (as a result of an effective C,,
symmetry), they are each split into doublets in the spectrum
of TK, reflecting the diastereotopic nature of these protons
brought about by the knot topology. A '"H NMR spectrum
recorded in the presence of Pirkle’s reagent (Figure S11 in the
Supporting Information) further confirms the chirality of TK.
Numerous multiplets in this spectrum indicate the formation
of diastereomeric complexes composed of the enantiomers of
TK and the optically pure reagent. Diffusion-ordered NMR
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spectroscopy (DOSY) showed diffusion coefficients for [2]C
and TK of 5.38x107 " m?s™" and 4.31 x 107" m?*s™!, respec-
tively, and further distinguished the two links (Figure S9 in the
Supporting Information).

The evolution of intermediate formation was monitored
by HRMS. After the temperature of the reaction had reached
70°C (t=0min), aliquots of the reaction mixture were
removed after r=0, 15, 30, 45, 60, 120, 180, 300, and
3600 min, and the solid and solution phases of each aliquot
were separated by centrifugation and analyzed by HRMS in
H,0:MeCN (1:1 by volume; see the Supporting Information
for experimental details). Characteristic peaks for
[[2]C-TFAJ" (max. at m/z =431.760) and [TK-TFA]*" (max.
at m/z =376.887) were present in the mass spectrum of the
very first aliquot of the solution phase (t=0). Peaks
corresponding to SL were first detected in the aliquot that
was removed after 30 minutes and in all subsequent aliquots.
Separate analysis of the precipitates showed a gradual
disappearance of DAB and increasing amounts of both SL
and TK. In the solid samples, over the course of one hour, the
relative intensities of SL and TK peaks changed markedly,
with those corresponding to the SL gradually decreasing to
very low levels, and those corresponding to TK remaining
prominent.

A thorough analysis of the first 30 minutes of the reaction
was particularly informative regarding the presence of several
key-intermediate species (Figure S22 in the Supporting Infor-
mation). Peaks corresponding to the general formula
[Zn,DAB,DFP,-nH,0] (hereafter abbreviated as xyz-
nH,0) could be arranged in an order that suggests a mech-
anistic pathway leading to all three products as depicted in
Figure 4 (details of the MS results are reported in Figure S22
in the Supporting Information).

The presence of 2[C] and TK in the first minutes of the
reaction together with the transient appearance of SL
followed by its disassembly clearly indicates that the assem-
bly/disassembly processes occur on the time scale of minutes
in solution.

At no point during the reaction were oligomers of DAB
and DFP detected in the dynamic library. The only species
discovered were [2]C, TK, SL, and their associated inter-
mediates. These observations are consistent with a key
feature of the assembly process: apart from the very first
condensation between DFP and DAB to form the 011-H,O
intermediate (Figure 4), the addition of DFP is always
accompanied by the addition of a Zn" cation and the loss of
water through imine bond formation. This suggests that
elongation results from the coordination of a Zn(DFP) to
a bipyridyl moiety, with imine bond formation catalyzed by
Zn" and n—m stacking interactions. It is the acute curvature of
each newly added Zn(DFP) chelate and the clamping of the
chelate to a bipyridyl unit by m—m stacking that ensure that
a growing structure forms a discrete link in a limited number
of steps rather than an extended linear oligomer of variable
length. Others have described the phenomenon of template-
directed macrocylization®™ and how noncovalent forces
facilitate the synthesis of large rings and avoid the formation
of linear oligomeric side products. In our experiments, neither
linear species nor free macrocycles were observed. This result
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Figure 4. Mechanistic pathway for the formation of [2]C, TK, and SL.
The color-coded pathway illustrates a possible mechanistic route that
was inferred from species detected by HRMS analysis. Species are
designated by the abbreviated formulas xyz-nH,0, where x, y, and z
correspond to the subscripts for Zn", DAB, and DFP, respectively, and
n is the number of water molecules lost through imine bond
formation.

highlights the strong, template-directed propensity of our
system to form links.

Of the three links that were formed, [2]C and TK were
favored. SL was observed in both solid and liquid phases
during the reaction; however, its presence was transient. The
reversible nature of imine bond formation allowed for its
conversion to smaller structures. This impermanence suggests
that SL is thermodynamically less stable than either [2]C or
TK and is consistent with computational modeling experi-
ments. For example, the angles between the averaged planes
of the bipyridyl units and the phenoxy rings were found to be
11.7° in SL versus 7.4° in both TK and [2]C, a difference of
4.3° that points to weaker m— stacking in SL.

The relative thermodynamic stabilities of [2]C and TK
were more difficult to determine. However, 'H NMR, X-ray,
and computational data seem to indicate that [2]C is the most
stable molecule. Strong evidence indicates that [2]C is more
compact than TK. The Hj—Hj distance in [2]C was found by
X-ray analysis to be only 2.54 A (Figure S13 in the Supporting
Information), whereas in TK, this distance was determined by
computational modeling to be 3.67 A (Figure S12 in the
Supporting Information). The shorter distance in [2]C is
corroborated by the larger upfield shift of its j proton
resonances in the "H NMR spectra. Furthermore, the calcu-
lated volumes of the two structures are 1318 and 2206 A® for
[2]C and TK, respectively, corresponding to 659 and 735 A’
per Zn(DAB)(DFP) subunit. The greater compactness of
[2]C suggests stronger intramolecular attractions, which are
enthalpically favorable. The angles between the bipyridyl and
phenoxy rings in both molecules were determined by
computational modeling to be 7.4°, in other words, small
and conducive to m—m stacking interactions. (In the case of
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[2]C, the calculated structure and X-ray analysis are in
excellent agreement). Nevertheless, [2]C has a specific
enthalpic advantage over TK as the result of having nearly
distortion-free bipyridyl dihedral angles. In [2]C, both of these
angles are 8.8°, whereas in TK, they are 2.8, 6.9, and 15.4°, the
latter being a significant and energetically unfavorable
deviation, one that may contribute to the more positive heat
of formation calculated for TK (—37.70 kcalmol™!) versus
[2]C (—48.99 kcal mol ™ !). Finally, the physical behavior of the
reaction itself supports the conclusion that [2]C is more stable.
Although the equilibrium is shifted by the precipitation of
TK, [2]C remains the major product in solution, even after
4 hours of reaction. Assuming a higher stability for TK, one
would expect a complete displacement of the reaction
equilibrium toward TK, but such a displacement does not
occur.

In summary, we have utilized a simple pair of chelating
ligands that, when combined with Zn" ions, furnishes three
topologically nontrivial structures: a [2]catenane, a trefoil
knot, and a Solomon link in an all-in-one-pot reaction. The
[2]catenane, [2]C, was isolated from the solution phase of the
reaction, whereas the trefoil knot, TK, precipitated and was
isolated by filtration. The Solomon link, SL, was only detected
by mass spectrometry. The formation of all three products can
be rationalized by a mechanism deduced from mass spec-
trometry data. Mass spectrometric kinetic analysis of the
reaction suggests that [2]C and TK are thermodynamically
more stable than the SL, which appears only transiently. The
pair of ligands, DFP and DAB, are achiral and produce the
achiral [2]C, as well as racemic mixtures of TK and SL, which
are both topologically chiral. The adjustment of metal-ligand,
dynamic covalent, and m—m stacking interactions in modular
systems of this type provides access to a range of target
molecules from simple precursors. Our results and those of
others!""l demonstrate that the all-in-one metal-templa-
tion/DCC synthetic strategy is a powerful method for the
design and synthesis of molecular knots and links.
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