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Abstract: We report the efficient self-templated formation
of optically active 2,6-bis(1,2,3-triazol-4-yl)pyridine (btp)
derived homocircuit [2]catenane enantiomers. This repre-
sents the first example of the enantiopure formation of
chiral btp homocircuit [2]catenanes from starting materials
consisting of a classical chiral element; X-ray diffraction
crystallography enabled the structural characterization of
the [2]catenane. The self-assembly reaction was monitored
closely in solution facilitating the characterization of the
pseudo-rotaxane reaction intermediate prior to mechani-
cally interlocking the pre-organised system via ring-closing
metathesis. )

Molecular chirality presents a decisive challenge in host-guest
recognition, asymmetric catalysis, etc."? Recently attention has
been turned towards development of 3D scaffolds such as
chiral interlocked systems which are utilised both as efficient
enantioselective receptors and in the formation of molecular
machines, knots, etc.®™ Mechanically interlocked molecules,
either possessing an inherent chirality arising from the
precursors,””! or acquiring chirality as a result of the mechanical
bond (mechanically planar chiral), have been reported.*”
However, to the best of our knowledge, there are no reports of
chiral self-templated homocircuit [2]catenanes from starting
materials possessing a classical chiral element, for example a
chiral centre. The terdentate heteroaromatic 2,6-bis(1,2,3-tria-
zol-4-yl)pyridine (btp) motif has featured frequently in the
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literature in recent times.! We have investigated the chemistry
of symmetrical btp ligands with various d-,”' and f-metal ions,"”
in the formation of stimuli-responsive gels"” and as lumines-
cent cation exchange MOF materials."? We recently also
reported the ability of btp to self-template, via hydrogen
bonding, and employed this feature in the formation of
interlocked [2]catenanes; that were employed as selective
receptors for phosphate.'”” Here we show that using a chiral
btp core possessing two stereogenic centres (R,R or S,S) in
combination with the self-templated strategy, and a double
ring-closing metathesis (RCM), the formation of homocircuit
mechanically interlocked systems, with chiroptical properties,
can be achieved, Scheme 1. We also demonstrate that the
formation of such chiral [2]catenanes can be accomplished via
an initial pseudo-rotaxane formation, followed by the RCM
reaction.

The btp ligands 1R/S, functionalised at the N7 triazolyl
positions with point chirality, were synthesised according to
Scheme 1 (see the Supporting Information for more details and
characterisation of all intermediates and products). Unlike what
was previous reported™ in which the precursors were only
soluble in DMSO, the introduction of the chiral methyl groups
in 2R/S resulted in dramatically improved solubility in solvents
such as CH,Cl, and CHCl,. As is evident from 'H NMR titration
analysis (see the Supporting Information), this promoted
stronger hydrogen bonding interactions, which facilitated the
formation of the desired self-templating precursors (as depicted
in Scheme 1) through hydrogen bonding of anti-anti oriented
btp motifs (Scheme 1).1"

Initially, the RCM synthesis of the [2]catenane 1(S,S) was
deemed to be successful by 'H NMR. However, the crude 'H
NMR also showed the formation of small amounts of epimers,
one of which crystallised. Analysis showed that the root to this
epimerisation laid in the previous hydrolysis of 5(S,S) (see
Scheme 1) at elevated temperatures, and was not due to the
formation of the interlocked molecule 1S itself. Hence, carrying
out the hydrolysis of 5(S,S) at ambient temperature using
stoichiometric amount of NaOH, circumvented this problem,
and the CD spectra of 4(S,S) and 4(R,R) gave rise to spectra
with equal but opposite dichroism bands, which is consistent
with the presence of a single chiral stereoisomer in solution for
these two ligands, respectively (at elevated temperature
prolonged heating resulted in loss of the CD signature
demonstrating the formation of racemates, c.f. Supporting
Information). Hence, by using this modified procedure, the
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Scheme 1. Synthesis of chiral btp ligands 1R/S. (i) CuSO,-5H,0, ImSO,N;-H,S0, and K,CO; in CH;OH, rt, 15 h; (i) Sodium ascorbate, K,CO,;, DMF/ tBuOH/ H,0

(5:5:3), rt, 18 h; (iii) NaOH,,), MeOH, rt, 17 h (iv) 1) Et;N, DMAP, CH,Cl,/ DMF (4:1),

Gen. Catalyst, DCM (anhydrous), rt, 7 days.

formation of enantiomerically pure forms of the [2]catenanes
1(S,S) and 1(R,R) was successfully achieved, through stirring a
solution containing 2R/S and Hoveyda-Grubbs 2™ generation
catalyst in anhydrous CH,Cl, under argon at room temperature
in darkness for 7 days, before purification of the reaction
mixture by flash chromatography.

The [2]catenanes 1R/S were obtained in yields of 42% and
43% for 1R/S, respectively, which is similar to that seen for the
achiral [2]catenane previously developed in our laboratory,™
indicating the chiral groups do not affect the efficiency of the
catenation step. The by-products of the synthesis 1R/S
(Scheme 1) were the corresponding macrocycles 3R/S, which
were also isolated during the flash chromatography purification
of 1R/S (see Supporting Information for details). The low
isolated yield of both enantiomers, 8% and 14% for 3(R,R) and
3(S,S), respectively, was evidence that the [2]catenane forma-
tion is favoured in these cases (c.f. '"H NMR of 3(R,R) and 3(S,S),
shown in Figures S10/S11, as well as Figure4 for 3(S,S)
Supporting Information).

For both enantiomers 1R/S, resonances indicative of [2]
catenane formation were observed by 'H NMR, Figure 1. The
resonances assigned to the aryl rings were heavily shielded, the
two resonances moving from 7.86 and 7.43 ppm for 2(R,R) to
7.26 and 6.32 ppm for 1(R,R) (w and x, respectively). This was
indicative of a freely-rotating mechanically interlocked struc-
ture, where the protons of one ring were able to reside in close
proximity to the aromatic rings of the other macrocycle."”
Furthermore, weak through-space interactions between the aryl
rings and the btp motif were observed using ROESY NMR
spectroscopy (Figure S12, Supporting Information), which was
consistent with formation of the desired interlocked species.
ROESY NMR experiments indicated the presence of a stronger
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Figure 1. 'H NMR spectra of chiral btp olefin precursor 2(R,R) (A) and chiral
btp [2]catenane 1(R,R) (B) (400 MHz, DMSO-d,) with resonances labelled.

through-space interaction between aryl protons w and pyridyl
protons u compared with that seen for aryl protons labelled x
and the latter. Aryl protons w also interacted more strongly
than aryl protons x with pyridyl proton v indicating a closer
proximity of that end of the aryl aromatic rings with the btp
motif. In contrast, then by using a less polar solvent, the 'H
NMR of [2]catenane 1R/S in CDCl; displayed pronounced
broadening of particular proton resonances (Figure S26). The
broadened nature of the triazolyl (t), aryl (x), methine (y) and
methyl (z) proton resonances, and to a lesser extent the pyridyl
resonances (u and v), indicated some fluxional processes arising
as a result of the movement of the component macrocycles
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relative to each other.™ The formation of the [2]catenane was
further confirmed by the appearance of characteristic peaks
upon HRMS analysis. The MALDI* spectra showed peaks at m/
z=1141.4824 and m/z=1141.4813 corresponding to the [M +
HI* species for 1(R,R) and 1(S,S), respectively.

When the RCM was carried out using a 1:1 mixture of 2R:2S
and the epimer 2(R,S), a mixture of interlocked systems were
produced, giving rise to a complex '"H NMR spectrum (See
Supporting Information). The mixture consisted of a potential
number of components such as enantiomers 1R and 1S, and
their diastereomers 1(R,R)(S,S), 1(RR)(RS), 1(RR)S,R), 1(55)(RS)
and 1(5,5)(S,R). The different orientations of the methyl groups
of diastereomers 1(R,R)(R,S) and 1(RR)(S,R), for example, when
closely packed in their respective [2]catenane systems trans-
ferred notably different chemical environments to their protons
resulting in groups of overlapping multiplet resonances. In
particular, resonances associated with the btp motif and
adjacent chiral centres were widely dispersed, whereas reso-
nances such as w, r, g and to a lesser extent x, were
concentrated in narrower chemical shift ranges (c.f. Figure 1 for
numbering, and Supporting Information for NMR of the
products). This was evidence that the self-templated [2]
catenane formation was not affected by the presence of the
chiral centre as enantiomers and diastereomers alike templated
the formation of mixed mechanically interlocked systems under
the same reaction conditions used to obtain the enantiopure
homocircuit [2]catenanes. No evidence of self-sorting was
observed.

The photophysical properties of 2R/S, 1R/S, as well as of the
macrocycles 3R/S, were also investigated and the UV-Vis
absorption spectra of 2R/S and 1R/S are shown in Figure 2A (c.f.
also Supporting Information). As discussed above for 5(S,S) and
5(R,R), the introduction of chiral centres in close proximity to
the btp moieties results in chiroptical activity.'*'* This allowed
us to observe the effect of the stereochemistry in the
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Figure 2. Photophysical spectra of ligands olefin precursor 2R/S and [2]
catenane 1R/S measured in CH,CN at room temperature (c=1x10"° M): (A)
UV-vis absorption spectra comparison of 2R/S and 1R/S; (B) CD spectra of
1R/S.
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spectroscopic properties of 2R/S (see the Supporting Informa-
tion) and in the resulting chiral [2]catenane products 1R/S.
Indeed the CD analysis showed that the self-templated syn-
thesis of [2]catenanes from 2R/S gave indeed rise to the
formation of 1R/S as pair of enantiomers, Figure 2B. This
analysis also showed that there was a dramatic difference in the
CD spectra of 1R/S vs. that seen for the btp precursors 2R/S
(see Figure S23, Supporting Information), demonstrating that
the two systems had clear chiral and distinguishable signatures.

The CD spectra of 1R/S are shown in Figure 2B, exhibiting
CD-signals of opposite signs of equal magnitude;"® and display
the Cotton effect in both of the bands centred at 231 nm and
306 nm, respectively. This due to an exciton coupling between
the chromophores of similar energy in close proximity, brought
together by the self-templated [2]catenane formation. In the
case of 1(S,S) a large positive exciton couplet with a Davydov
splitting of ca. 20 nm, arising from splitting of the 306 nm-
centred btp n—x* transition was observed. The Cotton effect
was also observed in the 231 nm centred mt—t* transition. In
this case, an exciton couplet with a Davydov splitting of ca.
15 nm, was observed also arising due to the close proximity of
the aromatic rings as a result of the [2]catenane formation.

The formation of the [2]catenane was also confirmed by
single crystal X-ray diffraction analysis (All crystal structure
refinement details are provided in Table S1).'”7 We were unable
to obtain suitable crystals from the enantiomerically pure forms
of 1(R,R) or 1(5,S). However, blade-like single crystals were
obtained by slow evaporation of a solution consisting of
CH,OH:CH.Cl, (9:1) from the epimerised mixture of the [2]
catenane ‘1S’ discussed above. The data was solved and refined
in the triclinic P-1 space group with one crystallographically
distinct molecule in the asymmetric unit, see Figure 3. The
asymmetric unit also contained a number of partially occupied
methanol solvent molecule clusters. P-1 was used to retain the
data:parameter ratio and keep Z’=1 in order to avoid
correlations on the atomic displacement parameters (ADPs) of
the pseudo-equivalent atoms, accepting that no information
could be extracted about the relative or absolute stereo-
chemistry in either case. The resulting molecular structure (1) is
shown in Figure 3, demonstrating that the successful formation
of the mechanical bond does not give rise to topological
chirality due to the symmetric nature of the component
macrocycles ensuring there is no directionality in their rings
after RCM unlike other homocircuit systems.”

The crystal structure is worth further commenting on as
there exists a number of intramolecular hydrogen bonding
interactions. This includes a pair of hydrogen bonding inter-
actions per interlocked macrocycle between btp motifs,
directed to the pyridyl nitrogen atom acceptor of one
constituent molecule from each triazolyl CH donor of the other
interlocked constituent macrocycle. Hence, in these, each pair
of triazole donors binds to the pyridine acceptor of the other
catenane ‘thread’. The geometry of this hydrogen bonding
moiety is pseudo-octahedral with the pyridyl nitrogen atoms of
opposite macrocycles occupying the polyhedron apices and the
triazolyl hydrogen atoms occupying the equatorial positions
with hydrogen bonding distances (| Cyip,—Nyy, |) of~35A and
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Figure 3. (A) Perspective view of the molecular structure of [2]catenane 1.
Selected heteroatom labelling shown. Disordered contributor, selected
hydrogen atoms and solvent molecules omitted for clarity. (B) Spacefill
representation of [2]catenane 1. (C) Extended structure of [2]catenane 1
illustrating hydrogen bonding interactions between adjacent moieties.

angles <(C—H--N) of ~170° (see Table S2, Supporting Informa-
tion). The pseudo-octahedral polyhedron of the btp-btp hydro-
gen bonding moiety arises as a result of the planar btp motifs
oriented essentially orthogonally to each other (the angle
between the mean planes of the btp motifs is 97.5°). Significant
-1t stacking is observed as the two aryl rings of both
constituent macrocycles overlap with the pyridine-triazole unit
of the btp motifs of the opposite constituent macrocycles. Thus,
the four of these stacking interactions have perpendicular plane
to plane centroid distances of between 3.4 A-3.8 A and angles
between mean plane normals ranging from 11.9°-23.2°. The
stacking behaviour seen in the solid-state structure is consistent
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with the weak through-space interactions between the aryl
rings and the btp motif observed using ROESY NMR spectro-
scopy, discussed earlier.

The extended structure is supported through various net-
works of hydrogen bonding interactions between one triazolyl
nitrogen atom acceptor per [2]catenane constituent molecule
and the amide nitrogen atom hydrogen bond donor on its
interlocked equivalent. One of the hydrogen bonding inter-
actions is between the cisoid amide N26 donor and the medial
triazolyl nitrogen atom N52 of the other macrocycle. Here the
distance |N—H--N| is 3.239(1) A and the angle (N-H-N) is
134.4(2)°. The second hydrogen bonding interaction is between
the transoid amide N65 donor of the other macrocycle and the
medial triazolyl N9 acceptor of its equivalent consistent
interlocked molecule. Hence the distance |N—H--N| is 3.412(1) A
and the angle (N—H--N) is 143.7°. There are also intermolecular
hydrogen bonding interactions involving the amides. One of
the cisoid amides is involved in a pair of hydrogen bonding
interactions, firstly a hydrogen bond donor interaction between
its NH and 064 oxygen of one of the transoid amides N21 of a
neighbouring molecule. The distance |[N-H--O| is 2.874(4) A
with angle / (N-H--N) is 150.4(3)°.

Having successfully demonstrated the formation of these
chiral [2]catenanes, we next investigated if the self-templating
effect could also be used in the formation of the pseudo-
rotaxane and if that product could be converted to the [2]
catenane using RCM in situ. To achieve this, a CDCl; solution of
2(S,S) (1.07 mM, 1 mL) as a thread, and a CDCl; solution of the
macrocycle 3(S,S) (1.07 mM, 1 mL) were analysed by 'H NMR,
prior to and after mixing, and upon subjecting such a mixture
to RCM reaction. The results are shown in Figure 4, showing the
aforementioned broadening of certain proton resonances i.e.
the triazolyl (t) aryl (x) and NH (p) for 2(S,S) as shown in
Figure 4a, and the sharp resonances observed 3(S,S) as shown
in Figure 4b. The two solutions were then mixed. After initial
mixing, all of the relatively sharp proton resonances for 2(S,S)
and 3(S,S) became broadened. As remarked before, this broad-
ening is indicative of a dynamic fluxional process involving the
relative rotation of the self-assembly components, which would
indicate the self-association of 2(S,S) and potential threading of
2(S,S) through 3(S,S) to give the pseudo-rotaxane, both of
which would consist of the hydrogen bonding interactions
discussed above.™ In fact, (and as shown in Figure 4c) there
was no change in this broadening after (stirring for) 120 h, and
little information could be gained from the spectrum at room
temperature. However, upon carrying out the '"H NMR experi-
ment at —20°C (as shown in Figure 4d) the resulting spectrum
closely began to resemble that observed for the chiral [2]
catenane (as shown in Figure 4e), particularly in relation to the
proximity of the chemical shifts of the now deshielded olefin
proton signal r, around 6.2 ppm, and amide proton p around
6.7 ppm and of the now shielded aryl signals, w and x, at
7.3 ppm and 6.3 ppm, respectively. This was strong evidence
that the threading of the open form 2(S,S) through the cavity of
the macrocycle 3(S,S) to yield the desired chiral pseudo-
rotaxane possessing four stereogenic centres was occurring.
Furthermore, the resonances for the 3(S,S) macrocycle were to

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 4. 'H NMR spectra of the dimerisation of A) btp olefin (2S,S) with B) macrocycle (3S,S). C-D) Initial broadening of the proton resonance signals followed
by a change in signal chemical shifts, resulting in a spectrum closely resembling that of E) [2]catenane (1S,S), indicated threading of (2S,S) through macrocycle
3S i.e. pseudo-rotaxane formation. F-H) Addition of RCM catalyst demonstrated a 'H spectrum which closely resembled that of the [2]catenane. (enlarged

version can be seen in the Supporting Information).

a greater extent absent from the NMR spectrum. Consequently,
to this solution, the Hoveyda-Grubbs 2™ generation catalyst
was added (0.5 equiv. in CDCl,) as illustrated in Figures 4f-h and
the RCM reaction was followed in situ. Shortly after adding the
catalyst, the proton resonances regained their broadened
appearance at room temperature. However, after 24 h, a clear
resemblance with the NMR spectrum of the [2]catenane was
observed, and there was little change to the 'H NMR spectrum
after 48 h. The newly formed olefin proton’s signal, r, appeared
at 6.25 ppm, exactly coincident with the corresponding peak of
the [2]catenane 1(S,S), while the same observation was made
for the amide proton’s resonance and the aryl proton’s signals,
w and x, at 6.73 ppm, 7.14 ppm and 6.31 ppm, respectively,
with no evidence of the appreciative amount of 3(S,S) existing
in solution.

To further investigate the self-templating effect in the
formation of the above pseudo-rotaxane (and the [2]catenane)
the same in situ '"H NMR experiment was carried out in DMSO-
ds. We had anticipated that the use of more polar solvent would
prevent the self-templating effect, and this was indeed found to
be the case, as upon mixing of btp olefin 2(S,S) and macrocycle
3(S,S), no signal broadening, nor any shift in the key resonances
was observed, even after 120 h of stirring at room temperature
(Figure S12, Supporting Information). In fact, the spectrum after
120 h of mixing 2(S,S) and 3(S,S) did not resemble that of the
[2]catenane (Figure 1) which can be rationalised by the more
polar DMSO solvent molecules out-competing the self-templat-
ing effect. The threading of 2(S,S) through macrocycle 3(S,S) is
an important step in understanding the process which leads to
the formation of self-templated mechanically interlocked btp
molecules. A process, which can be extended to the formation
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of pseudo-rotaxanes (as demonstrated here), as well as rotax-
anes, and heterocircuit [2]catenane formation. We are currently
working on developing such chiral and achiral examples.

Herein, we have demonstrated that the enantiomerically
pure btp based [2]catenane 1R/S was successfully formed from
the chiral precursors 2R/S, respectively, through the use of self-
templated synthesis. Moreover, the mechanical bond did not
give rise to topological chirality due to the symmetric nature of
the component macrocycles. To the best of our knowledge, the
synthesis of 1R/S represents the first instance of the formation
of chiral self-templated homocircuit [2]catenanes from starting
materials possessing a classical chiral element.

Experimental Section

Experimental Details can be found in the Supporting Information.
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