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Mechanically interlocked carbon nanostructures represent arelatively
unexplored frontier incarbon nanoscience due to the dificulty in

preparing these unusual topological materials. Here we illustrate an

active-template method in which a[n]cycloparaphenylene precursor

macrocycleisdecorated with two convergent pyridine donors that

coordinate to ametal ion. The metal ion catalyses alkyne—alkyne

cross-coupling reactions within the central cavity of the macrocycle, and

the resultantinterlocked products canbe converted into fully z-conjugated

structures in subsequent synthetic steps. Specifically, wereport the

synthesis of a family of catenanes that comprise two or three mutually

interpenetrating [n]cycloparaphenylene-derived macrocycles of various

sizes. Additionally, a fully z-conjugated [3]rotaxane was synthesized

by the same method. Thedevelopment of synthetic methods to access

mechanically interlocked carbon nanostructures of varying topology can

help elucidate the implications of mechanical bonding for this emerging

class of nanomaterials and allow structure—property relationshipsto be

established.

The optical and electronic properties of carbon nanostructures are
linked to their precise three-dimensional arrangement of carbon atoms.
Graphene, fullerene and carbon nanotubes, although they share very
similarlocal bonding environments (that is, exclusively sp*-hybridized
bonded carbon), display vastly different physical properties due to the
differing topologies of the overall structure'. Inrecent years, bottom-
up organic synthesis strategies have enabled carbon nanostructures
to be prepared that were inaccessible by more traditional thermo-
dynamically driven methods. For example, substructures of carbon
nanotubes, often referred to as carbon nanohoops? and carbon nano-
belts® ™, cannow be prepared in which the size®, connectivity’ and even
heteroatom doping® can be controlled with atomic precision. These
molecularnanocarbons are gaining traction for awide array of possible
applications in organic electronics, biology and polymer science’ .
A particularly exciting avenue is to use organic synthetic methods to
prepare topologically unique carbon nanomaterials—in particular,
mechanically interlocked structures. In2019, [tami co-workersused a
traceless silyl tethering strategy for the syntheses of catenanesand a

trefoil knot composed entirely of para-linked phenylene units (Fig. 1a)".
The catenated and knotted molecules are structurally related to the
[n]cycloparaphenylenes ([#]CPPs),but the unique topologies of these
structures giverise to dynamic motion and optical characteristics that
differ fromthose ofthe parent [n]JCPPs. General synthetic methods to
accessa wide array of interlocked carbon nanostructures in which the
structures canbe altered viaconnectivity, size and heteroatom doping
would bring about aclass of dynamic nanomaterials with engineerable
optical and electronic properties. Here we disclose a versatile active-
template (AT) methodology that can deliver an array of mechanically
interlocked nanocarbons of the catenane and rotaxane type, composed
entirely of 7-conjugated units (Fig. 1b).

Results and discussion

Method design

In 2006, Leigh and co-workers introduced the AT approach to
mechanically interlocked molecules'”. In contrast to the more com-
mon passive-template approaches'®'’, the templating moiety in this
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Fig.1|Methods to synthesize z-conjugated interlocked nanocarbon species. a, [tami and co-workers’ covalent silicon tethering approach to allbenzene catenanes
and trefoil knots'*. b, AT strategy for the synthesis of z-conjugated [n]catenanes 1la—l¢, 2 (n =2 or 3) and z-conjugated [3]rotaxane 3.

case is actively involved in the formation of the mechanical bond.
Specifically, the AT approach relies on a macrocycle to coordinate
a catalytic metal ion endotopically (that is, at the interior of its cav-
ity). Bond-forming reactions are then facilitated by this metal, which
results ina product molecule that isthreaded through the centre of
the macrocycle. Provided the threaded species isappropriately func-
tionalized with large ‘stopper’ groups at either end, the ‘thread’ unit
becomes mechanically entrapped and unable to diffuse away from the
macrocycle. AT offers certain advantages over the passive template in
that the breadth of structures that may be formed are not dictated by
the inherent molecularrecognition between interlocking components,
but by the catalytic character of the templating metalion. Indeed, since
the initial report by Leigh, Denis and Goldup among others showed
the remarkable structural diversity and range of applications enabled
by this strategy'®. Macrocycles with radial z systems, such as [#]CPPs,
however, are challenging motifs to use in AT approaches due to their
lack of inwardly directed functional groups that might facilitate the
required endotopic metal coordination'*?. We envisioned anapproach
in which macrocyclic [#]CPP precursors, rather than the final aroma-
tized structures, areused forthe ATreaction. The methods developed
inour lab to synthesize [n]JCPPs centre on the use of cyclohexadiene
motifs as bent units that allow for the construction of low-strain mac-
rocyclic precursors, which are ultimately converted into z-conjugated
molecules viareductive aromatization’. Advantageously, these precur-
sors were prepared with a wide-ranging structural diversity, which
includes non-benzenoid aromatics, heterocycles and even antiaromatic
molecules®. We envisioned that these same cyclohexadiene systems

might also provide the basis for a ligand motifthat could enable CPP
precursors to endotopically coordinate metal ions. We hypothesized
that macrocyclicstructures that contain a cyclohexadiene motif with
two flanking pyridine rings would provide a general active templating
systemto prepare awide array of z-conjugated, interlocked structures.

To assessthe viability of this approach, pyridine-containing mac-
rocycles 4a and 4b (Fig. 2) were prepared in high yields and on the
gram and half-gram scale, respectively (Supplementary Information).
Half-axlethread components were designed to be analogous to com-
monly used synthons in CPPsyntheses but carryinga terminal alkyne
(5a) or alkyne bromide (5b) functional group handle for the AT reac-
tion. The Cu'-catalysed active-template Cadiot—Chodkiewicz (AT-CC)
reaction was chosen for this study as itis well established in mechani-
cally interlocked molecule syntheses and allows for the creation of
fully z-conjugated thread molecules®-**. Moreover, ifso desired, the
resultant diyne is easily converted into other z-conjugated units. We
anticipated that the triethylsilyl (TES) ether substituents of Saand
5b would provide a sufficient steric bulk to serve as stopper units to
preventdethreading ofthe internally cross-coupled species. Accord-
ingly, we envisioned accessing [2]rotaxane molecules that may serve
asprecursors to catenated structures consisting ofa diaza[n]CPP and
an [n+2]CPP,where the +2 of the latter denotes the sp-carbon atoms
ofthe 1,4-butadyine moiety embedded inthe CPPbackbone.

[n]catenane synthesis
Gratifyingly, both macrocycles 4a and 4b efficiently template the
AT-CCreactionto afford [2]rotaxanes 6a and 6b ina 65 and 53%yield,
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Fig.2|Preparation of z-conjugated catenanes. Syntheticroutes to
compounds la—lcand 2 The general synthetic path to the final z-conjugated
catenanes is as follows: AT-CC threading of macrocyclic ligands 4a—4c to give
[2]rotaxane intermediates 6a, 6b and 6e; Miyuaraborylation reactions to give
[2]rotaxanes 6¢, 6d and 6f with pinacol boronic ester (Bpin)-terminated thread
components; Suzuki—Miyuara cross coupling macrocyclization of [2]rotaxanes
to give [2]catenanes 7a—7cor [3]catenane 7d; reductive aromatization of the

cyclohexadiene moieties in 7a—7d to furnish fully z-conjugated [2]catenanes
la—1cand [3]catenane 2. B,pin,, bis(pinacolato)diboron; (‘Pr),NEt, N,N-
diisopropylethylamine; Pd SPhos GII, chloro(2-dicyclohexylphosphino-2’,
6'-dimethoxy-1,1"-biphenyl)[2-(2'-amino-1,1’-biphenyl)]palladium(II); r.t.,room
temperature; SPhos, dicyclohexylphosphino-2',6'-dimethoxybiphenyl;

TBAF, tetra-n-butylammonium fluoride.

respectively, provided excess (2.5 equiv.) of the coupling partners (5a
and Sb)are used (Fig.2).[2]Rotaxanes 6a and 6b are subsequently trans-
formed into the corresponding bis-boronates, 6¢ and 6d, viaa Miyaura
borylation reaction. Under dilute Suzuki—Miyaura cross-coupling
conditions, 6¢ and 6d react with S5to afford [2]catenanes 7aand 7b
ina 74 and 50% yield, respectively. Subjecting 6¢ to similar macro-
cyclizationreaction conditions using the alternative coupling part-
ner S6 afforded [2]catenane 7¢in a 58% yield. This demonstrates the
modularity of these methods whereby [2]catenanes may be accessed,
inwhichthe sizeofboth the templating macrocycle and the secondary

macrocycle formed inthe laststep maybe varied. Aromatizationreac-
tions were performed via conditions adapted from those developed
by Yamago and co-workers®” to provide 1a,1band 1cina 7, 11and 6%
yield, respectively. Although the yields for these final transformations
are low, weighable quantities of the final compounds, sufficient for
their characterization, could be obtained (amore detailed discus-
sion of the issues associated with the reductive aromatization reac-
tions isprovided on Supplementary page 111).Inan attempt to access
higher-order interlocked molecules, 6a and 6¢ were subjected to dilute
Suzuki—Miyaura cross-coupling to target a[3]catenane. Thisreaction,
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la 1b

Fig.3|X-raystructures of 1a,1b and 2. a—c, Structures of 1a (a), 1b (b)and 2 (¢).
Top: ORTEP (Oakridge thermal ellipsoid) drawings with thermal ellipsoids set
to a50% probability with the hydrogen atoms and solvent molecules omitted
for clarity. Bottom: packing of the structures. Carbon, grey, yellow or green to
distinguish different macrocycles; nitrogen, blue; hydrogen, white; solvent
molecules omitted for clarity. d,e, Short contacts (A) observed inthe X-ray
structures of 1a (d) and diaza[8]CPP (e) demonstrating the relatively large

Diaza(8)CPP
2 2 contacts <3.5A

number of close contacts (distance <3.5 A) inthe catenated versus non-catenated
structures. Contacted atoms are shown as semitransparent spheres and are
coloured to distinguishbetween those thatbelong to neighbouring diaza[8]CPPs
(orange) and neighbouring [11+2]CPPs (grey). The contact drawn in magenta (e)
shows the closest contact existing between carbon atoms of the two catenated
rings. Spheres coloured blue (e) denote closely contacted nitrogen atoms of an
adjacentdiaza[8]CPP.
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Fig.4 |Synthesis of a fully z-conjugated [3]rotaxane. Synthetic route to
compound 3: AT-CC threading of macrocyclic ligand 4a to give asymmetrical
[2]rotaxane intermediate 6g; Miyuaraborylation reaction to give [2]rotaxane
6h with Bpin-terminated thread components; Suzuki—Miyuara cross-coupling
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reaction of [2]rotaxanes 6g and 6h to give [3]rotaxane 8 or [3]catenane 7d;
reductive aromatization of the cyclohexadiene moieties in 8 to furnish fully z-
conjugated [3]rotaxane 3.

however, resulted only in a complex mixture of oligomeric products.
Analysis of aspace-fillingrepresentation (Supplementary Fig. 64) of the
target moleculerevealed alarge degree of steric congestion created by
clashing TES groups ofthe two pre-existing macrocycles, which prob-
ably precludes macrocyclization and favours oligomer formation. To
circumvent these issues, analogous [2]rotaxane synthons, 6e and 6f,
were prepared using the templating macrocycle 4¢ in which the TES
substituents on the lower half (asdrawn in Fig. 2) of the macrocycle are
replaced with smaller methyl ether groups. Satisfyingly, subjecting 6e
and 6fto macrocyclizationreaction conditions afforded [3]catenane

7d inamodest yield (39%). Conversion to the aromatized structure
was accomplished viaconditions analogous to those used for la—lcto
afford 2ina 6% yield. The resulting structure consists ofa [12 +4]CPP
(“+4’now that there are two butadiyne moieties present) that threads
two diaza[8]CPPs, a [3]catenane made up of entirely z-conjugated
components.

X-ray crystallographic analysis
Single crystals suitable for X-ray analysis were grown for 1a (Fig. 3a),
1b (Fig. 3b) and 2 (Fig. 3c¢), which unambiguously confirmed their
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Fig.5|Photophysical characteristics of compounds. a, UV—visabsorbance
(solid lines) and fluorescence (dashed lines) spectra of diaza[#]CPPs (n =8 and 9)
and [n+2]CPPs (n=11and 12) free of mechanical linkage. b, UV—vis absorbance
(solid lines) and fluorescence (dashed lines) spectra of interlocked structures
la—1¢,2 and 3 demonstrating the dominant emission of the diaza[»#]CPP
component(s) over the diyne-containing components. a.u., arbitrary units.

catenated structures. Inthe solid state, laexists as a dimer in which
the diaza[8]CPP ofone catenane occupies the void space of the [11+2]
CPP from its dimeric partner. Increasing the size of the diaza[n]CPP by
one phenylene unit prevents this dimer formation, asevidenced by the
solid-state structure of 1b, which displays a much more open packing
motif. In contrast to the structures of laand 1b, the diaza[8]CPPs of
2 reside over the two opposing butadiyne moieties of the mutually
encapsulated [12 +4]CPP. This shiftin preference isprobably do to the
sterically congested nature of the structure in which the most efficient
separation of mass is achieved with the two diaza[8]CPPs that exist
along the major axis of the [12+4]CPP’s elliptical structure. Indeed,
the structure of the diyne-containing ring contorts substantially to
accommodate the two interlocking rings, and displays impressively
acute (C—C=C)—angles aslow as 163.8° (164.8 and 164.1° for laand 1b
respectively). The solid-state packing of organic molecules is directly
correlated to useful materials properties, such as charge-transport
characteristics?®, as well as their utility as porous molecular materi-
als?’. The introduction of mechanical linkages represents aunique
approachto influence the crystal packing of CPPsbeyond merely adjust-
ing the diameter or atomic composition. Interestingly, many close
contacts (<3.5A) were observed in the crystal structures of la—lcand
2 when compared with those in the crystal structures of diaza[8]CPP
and diaza[9]CPP. Notonly do the catenated structures show a greater
number ofthese contacts, but the mean distance between contacting
atoms is markedly lower. This ismost dramatic in the case of 1a (Fig. 3d)
in which 14 distinct intermolecular short contacts (<3.5 A) are observed
betweennon-bonded carbon (ornitrogen) atoms ofacatenane and its

neighbours. Thisisinstark contrastto the structure of diaza[8]CPP in
which only two contacts exist that are <3.5 A (Fig. 3¢), which illustrates
the large influence that catenation may have on the materials proper-
ties of molecularnanocarbons.

[3]rotaxane synthesis

Encouraged by our success in synthesizing catenated molecules, we
envisionedthat [2]rotaxane precursors similarto 6a—6f mightalsobe
used as intermediates in the synthesis of higher-order [n]rotaxanes
(n>2)that feature fully conjugated threads. To investigate, [2]rotax-
anes, 6g and 6h, were prepared (Fig. 4) in which ‘Bu-substituted trityl
groups were installed on one end of the thread. This bulky substitu-
entservedasapermanent stopper thatremains at the thread termini
following the removal of silyl groups. [3]Rotaxane 8 was readily pre-
pared by the Suzukicross-coupling of6g and 6h in 92% yield, whichon
reductive aromatization provided [3]rotaxane 3 in 5% yield. Remark-
ably, despite the 14 unsubstituted phenylrings and two interspacing
butadiene moieties that makeup the thread, 3 was completely soluble
incommon organic solvents and could be characterized by 'Hand °C
NMR spectroscopy. Given the high solubility of 3,one might imagine
that [2]rotaxanes analogous to 6a and 6g could serve as monomer
and end-capping units, respectively, in the formation of insulated
w-conjugated wires, to offer a new route to this class of electronic
material. Asitstands, the yields for the final reductive aromatization
reaction are prohibitively low for such apursuit; however, future work
will seek alternative reaction conditions that provide amore efficient
conversion to the aromatized structures.

Photophysical analysisof the interlocked structures

To examine the impact of the mechanical bond on the photophysical
properties of these molecules, we independently synthesized and
characterized control molecules diaza[8§]CPP and diaza[9]CPP, along
with [11+2]CPPand [12+2]CPP. Asshown in Fig. 5, the photophysical
properties of these molecules are consistent with those of the parent
CPPs, with the ultraviolet—visible (UV—vis) maximum absorptioninde-
pendent of size (4, =345 nm), but the emission maximum redshifts
with decreasing size (for example, diaza[8§]CPP isredshifted versus
diaza[9]CPP)**. The photophysical characteristics of la—1¢,2 and 3 were
also assessed by UV-vis and fluorescence spectroscopy (Fig. 5). The
UV-vis absorbance profiles of all the interlocked structures were nearly
identical to those of the control molecules, each with A,,,, = 345 nm.
In contrast, the emission profiles of the interlocked structures varied
depending on the exact composition. In each case, the dominant emis-
sion was that of the smaller diaza[n]CPP—I1chad an emission maximum
centred around 509 nm and 1a,1b,2and 3had an emission maximum
centred around 550 nm. In addition to the emission from the diaza[n]
CPP, the fluorescence profiles of each interlocked structure also dis-
played a weak blue shoulder that stemmed from the emission of the
diyne-containing CPPs (or linear thread component inthe caseof 3). As
the brightness of the CPP emissionisknown to increase with increasing
ring size’®, the rather modest contribution of the diyne-containing CPP
to the catenanes’ overall fluorescence profile is consistent with energy
transfer from the larger hoop to the smaller hoop'®. Further study of
the photophysics ofthese dynamic catenane and rotaxane systems is
an exciting prospect for the future.

Effectof nitrogen-atom placementon ligand behaviour

Very few types of macrocycles have been used in AT chemistry'®, typi-
cally being flexible ethereal macrocycles withembedded phenanthrene
or bipyridine motifs. Owingto the unusual nature of macrocyclic ligands
4a and 4b, we soughtto gainabetter understanding of the interaction
ofthese molecules with a Cu catalyst. Specifically, we were curious as
to whether both pyridine rings are required to direct reactivity towards
the interior of the macrocycle as we had originally designed. To test this,
macrocycle S15was synthesized, whichisidentical to 4a but features
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4a (W, X=N;Y,Z=CH)
4d (W, X =CH; Y, Z=N)
S8 (W=N:X,Y,Z=CH)

6a (W, X =N; Y, Z = CH) 65%
6g (W, X = CH; Y, Z = N) 82%
SS1(W=N;X,Y,Z=CH) 0%

Fig. 6 |Effectof N-atom positioning on the AT reaction. [2]rotaxane yields
from AT-CCreactions run using macrocyclic ligands in which the number and
positioning of the Natoms were varied, highlighting the necessity for more than
one Ndonor atom but atolerance for their relative positions.

only a single pyridine ring. However, no interlocked products were
observed for the AT-CCreactions with S15, which is consistent with both
pyridines acting cooperatively inthe endotopic binding ofthe Cuion
(Fig.6). We were also interested whether alternative ligand geometries
could be amenable to AT chemistry. To probe this, macrocycle 4d was
synthesized, which, like 4a, carries two nitrogen atoms but placed at
different positions along the macrocycle. Surprisingly, despite awider
bite angle and an increased distance between the two N-atom donors
4d outperformed 4a in the AT-CCreaction, to provide [2]rotaxane
6iin an 82% yield (Fig. 6). Although it seems that both pyridine rings
are essential in sequestering the Cuion within the interior cavity of
the macrocycle, the success of the AT-CCreaction using 4d suggests
that a bidentate binding model is probably an oversimplification of
amore complex and/or dynamic interaction(s). This is significant as
itdemonstrates that macrocycles with atypical ligand motifs may be
effectively employed in AT chemistry. As such, we anticipate that awider
array of macrocyclic motifs might be made suitable for AT chemistry
than previously appreciated. Further mechanistic investigations are
warranted to fullyunderstand the nature ofthese unusual ligands.

Conclusion

Insummary, wereport anew AT synthesis by which mechanically inter-
locked CPPsof varying substructure and topology maybe prepared. The
methods disclosed in this report dramatically increase the structural
space that maybe explored inthe context of topological nanocarbon spe-
ciesand lay the synthetic groundwork for the preparation of structures
ofeven greater complexity than those presented here. Importantly, the
synthetic method leverages the well-established building block approach
tonanohoop architectures, whichisalready being employed by numer-
ous research groups. Although we have confirmed the validity of this
approach forthe precursors of diaza[8]CPPand diaza[9]CPP, we antici-
pate that both smaller and larger macrocycles that bear these ligand
motifs are capable of participating in the AT-CCreaction, which allows
for a detailed analysis of the influence of the relative ring size on the
properties of nanohoop catenanes. Further, owing to the simplicity of the
mechanical bond-forming reaction, we envision that this AT methodol-
ogy may be adapted to produce a wide array of interlocked structures,
which include those decorated with functional groups or even extended
polymeric materials. We anticipate that the generality of thisapproach
willprovide accessto topological carbon nanostructures with emergent
optical and electronic characteristics that were previously inaccessible.
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Methods

General protocol for active-template reactions

To a flame-dried flask equipped with stir bar were added the macro-
cyclic ligand (1.0 equiv.), terminal alkyne (2.5 equiv.), alkyne halide
(2.5 equiv.) and [Cu(MeCN),]PF4 (0.9 equiv.). The flask wasthen evacu-
ated and backfilled with N, three times before introducing degassed
CHCl,. [Cu(MeCN),]PF, was slow to dissolve in CHCl;, so the mixture
was sonicated while sparging with N, until the catalyst completely
dissolved. Complete dissolution of the [Cu(MeCN),]PFsisimportant
to ensure that allthe Cu'ions are able to interact with the macrocyclic
ligand and effectively template the cross-couplingreaction. Once the
catalystdissolved, the reaction washeated to 50 °C. Once temperature
was reached, ("Pr),NEt (2.5 equiv.) was added, which typically caused
the reaction to turn from a pale yellow colour to bright orange. It was
found that adding (‘Pr),NEtto the reaction mixture at 50 °C provided
higher yields of the interlocked products in comparison to those of
reactions in whichthe base wasadded prior to heating. Once (‘Pr),NEt
was added, the reaction typicallyreached completion between 1.5and
3 h. Thereaction mixture wasthen transferred into aseparatory funnel
along withan aqueous solution of ammonia (18 w/w%) that contained
ethylenediaminetetraacetic acid disodium salt (NH;-EDTA). The mix-
ture was emulsified and allowed to separate twice before the organic
layer was collected. The aqueous layer was extracted with an additional
portion of fresh dichloromethane (DCM) and the organic layers were
combined and dried over Na,SO,. The reaction products were sepa-
rated viacolumn chromatography (6a, 6b, 6g and 6i: SiO,, 0—15% DCM
in hexanes to elute the freely cross-coupled threads; 15—40% DCM in
hexanes to elute the mechanically interlocked product; 0—5% EtOAc
in hexanes to elute ‘unreacted’ macrocyclic ligand); (6e: SiO,, 0—15%
DCM in hexanes to elute the freely cross-coupled threads; 15—100%
DCMinhexanesto elute the mechanicallyinterlocked product; 0—10%
EtOAcinhexanes to elute ‘unreacted’ macrocyclic ligand).

Data availability

Experimental procedures for the synthesis of all the compounds are
available in the Supplementary Information. Crystallographic data
for the structures reported in this article have been deposited at the

Cambridge Crystallographic Data Centre, under deposition numbers
CCDC 2159304 (1a),2159303 (1b), 2159302 (2), 2159305 (diaza[8]CPP)
and 2159306 (diaza[9]CPP). Copies of the data canbe obtained free of
charge viahttps:/www.ccdc.cam.ac.uk/structures/. In addition to the
spectra provided in the Supplementary Information, raw 'Hand °C
data forallthe novel structures are provided as Supplementary Data 6.
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