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Despite the advances in the synthesis of mechanically

interlocked molecules, a generally applicable approach to interlocked
natural products, such as lasso peptides, is yet to be formulated. While
amino acid sequences have been introduced into several rotaxanes, the
key structural components have always been dictated by the method
used for supramolecular preorganization. In this work, we report the use
of an ester-functionalized, aromatic §-amino acid as the central covalent
templating unit in the synthesis of both a [2]catenane and a [2]rotaxane
from the same multimacrocyclic intermediate. This represents a key step

toward future synthetic peptide-based interlocked products.
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asso peptides are ribosomally derived natural products.

Their linear polypeptide precursor chain is post-transla-
tionally folded and ring-closed by multiple enzymes into a
mechanically interlocked molecule (MIM).' Although addi-
tional cross-linkages can exist between portions of the peptide
backbone, in their simplest form, these compounds can be
classified as [1]rotaxanes, in which the macrocycle and axle are
connected by a “loop”.”~* Ever since the milestone elucidation
of the structure of microcin J25, a number of analogous
compounds have been discovered. Some of these showed
potent biological activities, improved ability to penetrate the
cell membrane, and a high stability toward metabolic
breakdown, making them attractive targets in the development
of next-generation antibiotics.”~” Remarkably, almost 20 years
after their discovery, only a few attempts toward synthetic lasso
peptide-like structures have been disclosed. Several [2]-
rotaxanes featuring a crown ether macrocycle and an
ammonium ion thread were grafted with short amino acid
sequences, resulting in [1]rotaxanes that mimic the loop region
of a lasso peptide.” Ammonium ions were also used to
template the formation of [1]rotaxanes by self-entanglement or
from a polyether macrocycle bearing amide functional
groups.g’10 In both cases, poly-Gly sequences were installed
in the loop region. To achieve an entirely peptidic rotaxane
macrocycle, poly-L-ProGly cyclic peptides with cation binding
properties were combined with diammonium threads and
capped with bulky stoppers."'

Alternatively to ammonium ions, peptide sequences
themselves have also been used to template the formation of
an interlocking macrocycle onto a thread, even allowing the
controlled release of a bioactive pentapeptide.lz_14 However,

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

the limited number and variety of supramolecular strategies
employed in the synthesis of peptidic interlocked products is in
stark contrast with the otherwise extensive development of
MIM synthesis."> This urges the consideration of atypical
approaches to MIMs, such as covalent templating. Interest-
ingly, the only total synthesis of a lasso peptide known to date
took advantage of such covalent interactions; however, the
unique strategy has not been reported for the synthesis of any
other interlocked product, thus remaining an isolated and
unverified case.'®

To address the synthesis of so-called impossible MIMs,
inaccessible by supramolecular templating,'” we embarked on
the development of alternative covalent approaches. Inspired
by the landmark directed synthesis of a catenane by Schill,"®
we recently prepared a [2]catenane by templated back-
folding."” In both strategies, a ketal group was used to
reversibly bind the separate fragments and enforce a
perpendicular geometry between them before the key macro-
cyclizations. This preorganization is a strict requirement for the
formation of the desired interlocked products.””*" In addition
to the backfolding macrocyclization, we developed a rotaxane
synthesis based on terephthalic acid, which was proposed as a
template by Schill and first employed successfully by
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Figure 1. Schematic plan of the synthesis of a [2]catenane (2) and a [2]rotaxane (3) from a common multimacrocyclic intermediate (1) via either

clipping or capping approaches.
Hoger.””** In this case, perpendicularity is achieved via a
sterically congested phenol terephthalate ester bond. In this
work, we combined these two fundamentally different covalent
template-directed strategies, resulting in multimacrocyclic
intermediate 1 (Figure 1). This features an isophthalate &-
amino acid central template (in blue), equivalent in length to a
dipeptide unit or the side chain of glutamic acid and bearing an
additional carboxylic group. The template is included into one
of the interlocking fragments via two directionally aligned
amide bonds. It connects to the other (in red) via a phenol
ester and two acid-labile benzylic tethers (in black), combining
elements from our rotaxane and backfolding macrocyclization
strategies, respectively. From 1, either a precatenane or a
prerotaxane (sometimes referred to as pretzelane and [1]-
rotaxane, respectively)’* can be obtained by clipping or
capping of the thread (in blue). Cleavage of the temporary
ester and benzylic linkages then liberates [2]catenane 2 or
[2]rotaxane 3 and restores the amide and side-chain groups of
the amino acid template, yielding an approach that is
effectively traceless on one of the interlocking fragments.

Multimacrocyclic intermediate 1 is prepared in a convergent
way by introducing the macrocycle (in red) as two separate
fragments, 4 and S, onto thread fragment 6 (Scheme 1). All
three building blocks 4—6 were prepared on a gram scale (see
Supporting Information). The construction of the multicyclic
architecture starts with transesterification of methyl ester 6
with phenol § via a perfluorophenol ester intermediate. The
following deprotection of the o-hydroxyl benzylic tethers to
give 7 allows the introduction of the remaining half of the
macrocycle. This is done via a direct transesterification with
diperfluorophenol ester 4, giving macrolactone 8 in 77% yield.
The 31-membered macrocycle is then clipped around the
template via a copper-catalyzed azide—alkyne cycloaddition
reaction to give multimacrocyclic intermediate 1 in 78% yield.
Starting from the thread structure, key intermediate 1 is
accessed in a sequence of just six steps, all proceeding in good
to high yields.

First, compound 1 was transformed into a [2]catenane.
Precatenane 9 was obtained by a Grubbs-type ring-closing
metathesis (RCM) reaction, followed by hydrogenation of the
newly formed internal alkene to remove E/Z isomerism
(Scheme 2). Despite our best efforts, RCM required high
temperatures and proceeded sluggishly. Although some
starting material could be recovered and recycled, the yield
was mediocre, likely due to an insufficient length of the
terminal alkene bearing fragments (vide infra). Subsequent
conversion of precatenane 9 to [2]catenane 10 was
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accomplished with surprising ease: mild solvolytic conditions
at room temperature were sufficient to break all three
temporary ester linkages within hours. This was unexpected,
as in our previous efforts liberation of the interlocked species
was always made difficult by a catenand effect.”**® Notably, at
this stage, no noninterlocked fragments were observed, and 10
was obtained in high yield after purification, suggesting that
compound 1 is formed solely in the expected conformation. In
order to restore the peptide-like amide bonds of the template,
the benzylic tethers were cleaved under acidic conditions.
Despite competing cleavage of the benzylic ethers in the
phenol macrocycle (in red), the final [2]catenane 2 could be
obtained in 68% yield.

After the successful synthesis of [2]catenane, our next goal
was to convert key intermediate 1 to prerotaxane 12 (Scheme
3). This was done via a Grubbs-type cross-metathesis reaction
with alkene-functionalized stopper unit 11.”° Use of this
electron-poor coupling partner in excess gave the desired
product in 76% yield, with only trace amounts of competing
RCM product 9 being observed. The higher yield and milder
conditions required to obtain 12 as compared to 9 corroborate
our hypothesis on the insufficient size of the catenane 27-
membered macrocycle (in blue). Subsequent liberation of
[2]rotaxane 13 proceeded in good yield and under mild
conditions, while cleavage of the benzylic appendages to give 3
was complicated by the same side reactions observed for
[2]catenane 2.

The identity of both compounds 2 and 3 was confirmed by
mass spectrometry and by comparison of their 'H NMR
spectra with those of equimolar mixtures of the respective
noninterlocked components (Figure 3). Regarding [2]-
catenane 2, the most striking difference is the significant
splitting of nearly all signals from the 31-membered macrocycle
(in red). In principle, [2]catenane 2 possesses the same
symmetry properties as Sauvage’s “rubber glove” system,
resulting in two enantiomorphous conformers that intercon-
vert via rotation of the terephthalic unit (Figure 2).”” This
conformational exchange follows a path devoid of achiral
intermediates, analogous to the inversion of a rubber glove by
turning it inside out. In addition, computational modeling of
structure 2 (see Supporting Information) suggests a tendency
of all aromatic rings of the 31-membered macrocycle to lie
parallel to its cavity, potentially resulting in two local
conformations for each one of them. This could explain the
observed splitting of aromatic signals h and b, while the
“rubber glove” symmetry would result in diastereotopic
environments for the two [ protons.
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Scheme 1. Synthesis of Multimacrocyclic Intermediate 1
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Furthermore, aliphatic signals d, ¢, f, g, and k display similar
or stronger splitting, suggesting the presence of significantly
different diastereotopic environments. In addition, variable-
temperature '"H NMR experiments (see Supporting Informa-
tion) reveal coalescence of the aromatic ring signals between
70 and 110 °C in DMSO-d,, which is incompatible with the
expected rate of rotation of some of the smaller aromatic rings.
Our proposed explanation is a hindered pirouetting of the 31-
membered macrocycle within the 27-membered macrocycle
due to the presence of two tetrasubstituted aromatic rings, as
depicted in Figure 3(III). As a result of this, one side of the 31-
membered macrocycle lies within the cavity of the 27-
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Scheme 2. Synthesis of [2]Catenane 2
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membered macrocycle, likely experiencing a significantly
different chemical environment compared to the opposite
side. Only upon heating beyond 70 °C, pirouetting of the 31-
membered macrocycle occurs at such a rate that the chemical
shifts of protons on both sides of the ring are averaged. This is
compatible with the steric hindrance of the terephthalic and
phenolic groups, as a simple p-tBu phenyl unit was observed to
completely prevent slippage of a 24-membered polyether
macrocycle at room temperature’® and a di-m-tBu phenyl
stopper has been used to form stable rotaxanes with a 26-
membered macrocycle.”” A fascinating consequence is that 2
possesses co-conformational “topological” chirality, due to the
directionality imparted to one of the macrocycles by the amide
bonds.”® Combined with the “rubber glove” chirality, at least
two diastereoisomers of [2]catenane 2 would be expected, but
either their NMR spectra are too similar to be resolved or
rotation of the terephthalic unit occurs too rapidly at room
temperature.

The resonances of the 27-membered macrocycle (in blue)
show interesting differences, as well: aliphatic signals A, B, F,
and H, together with the majority of signals around 1.2 ppm
shift significantly upfield, likely due to the aromatic ring
current effects within the 31-membered macrocycle.”’ In
addition, signals A, B, and F appear to split into an
asymmetrical pattern. These likely correspond to two co-
conformations of the 27-membered macrocycle within the 31-
membered macrocycle, with either one of the amide groups
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Scheme 3. Synthesis of [2]Rotaxane 3
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Figure 2. Enantiomorphous conformations of [2]catenane 2
according to the “topological rubber glove” model. The conformers
are related by the mirror plane marked with a dashed line and
interconverted by rotation of the terephthalic unit.

hydrogen bonding with the phenol or triazole groups,
indicated by the downfield shift of amide proton C. It should
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be noted that these conformers are unlikely to be the origin of
the large splitting in the macrocycle signals, as these have a 1:1
ratio and only coalesce at high temperature, whereas the only
barrier to this conformational exchange appears to be the
amide hydrogen bonding.

Contrary to what is observed for [2]catenane 2, most signals
relative to the thread component (in blue) of [2]rotaxane 3
appear to split. This can be explained by a hindered movement
of the 31-membered macrocycle along the axle, as depicted in
Figure 3(VI). The amide bond directionality in the thread
fragment results in the formation of two isomers, each with its
unique set of peaks. This is most clearly visible for the thread
template signals D. Moving away from the central template, the
two sides of the thread become nearly indistinguishable, except
for the presence or absence of the encircling macrocycle. As a
result, trivial thread signals A, B, F, H, ], K, and N only have
two discernible counterparts in the spectrum of [2]rotaxane 3:
one with a little shift relative to the noninterlocked component
and another one upfield of the first. This shift is caused by the
ring current effects exerted by the surrounding macrocycle and
can only affect one side of the thread at a time. In contrast, the
average chemical shift of the template and stopper units, D and
P, are barely affected. This indicates that the macrocycle
occupies two favored positions on the thread, corresponding to
the unhindered aliphatic regions.

Aside from steric hindrance, hydrogen bonding is likely to
play a role in this equilibrium. In fact, the significant downfield
shift of NH protons C, G, and M (~0.8 ppm for all four)
suggests a substantial interaction with the triazole (peak h
shifts by 0.3 ppm) and phenol groups.””*” Notably, the NH
signals appear to split in two sets, with only one being affected
by the macrocycle, consistent with the fact that this can only
interact with one side of the thread at a time.

As expected, increasing the temperature causes peaks D to
coalesce into a single set of three in DMSO-dj (see Supporting
Information), as the rate of the shuttling motion of the
macrocycle increases. However, aromatic ring signals b, h, and |
and those of their methyl substituents, a and m, already appear
as single peaks in DMSO-dg at room temperature, suggesting
their splitting in CDCl; is the result of a different process. In
this case, it is the “rubber glove” symmetry of the terephthalic
unit and a hindered rotation of the triazole and phenol rings
that causes the splitting, which is notably absent for the
nonaromatic protons of the macrocycle. Due to the hindered
shuttling motion, one face of the 31-membered macrocycle is
directly adjacent to the template unit, while the other is next to
one of the stoppers, resulting in completely different chemical
environments. This helps to explain why at room temperature
this effect is only observed for [2]rotaxane 3 and not for
[2]catenane 2, as in the latter the differences between the
environments on the two faces are far more subtle.

In conclusion, we were able to synthesize both a [2]catenane
and a [2]rotaxane from a common multimacrocyclic
intermediate. These complex structures, featuring translational
isomerism or co-conformational chirality, were obtained in a
convergent synthesis, requiring a relatively brief number of
steps, with most key reactions proceeding in good yield. All
covalent templating interactions were based on a dipeptide-like
unit and took advantage of functional groups and motifs which
are commonly found in peptides. This showcases the potential
for the application of this strategy to the synthesis of lasso
peptide analogues with closer resemblance to their target
structure. Work is in progress to replace the isophthalic moiety
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Figure 3. (I) "H NMR spectrum of an equimolar mixture of the noninterlocked components of 2. (II) '"H NMR spectrum of [2]catenane 2. (III)
Schematic representation of the proposed pirouetting-derived enantiomeric conformers of 3. (IV) 'H NMR spectrum of an equimolar mixture of
the noninterlocked components of 3. (V) 'H NMR spectrum of [2]rotaxane 3. (VI) Schematic representation of the proposed translational isomers
of 3. All NMR spectra were recorded in CDCl; at a concentration of ~13 mM at 500 MHz. Signals are color coded based on their respective
component. The blue arrows in the schemes represent the directionality of the template amide bonds.

by a glutamic, aspartic, or dipeptide moiety as covalent
templates and the further incorporation of peptide fragments
with the aim to develop a general route to peptidic MIMs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00017.
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