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We report herein the regioselective synthesis of all-carbon lemniscular nanohoops bis-po-CC and bis-pm-TC

by the rational control of ring closures at the different positions of planar chiral tetrasubstituted [2.2]
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paracyclophane. Topological analyses reveal that bis-pm-TC is topologically chiral while bis-po-CC is

topologically achiral. X-ray crystal analysis demonstrates that bis-pm-TC adopts a lemniscular conformation
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Introduction

Molecular architectures with fascinating topological chirality
have attracted considerable attention because of their aesthetic
appeal, synthetic challenge," and potential applications in
electronic devices> and molecular machines.> Compared to
Euclidean chiral molecules having the classical stereogenic
units such as points, axes, helicenes and planes, topologically
chiral molecules require that their mirror image presentations
are topologically distinct. Therefore, it is necessary to have
nonplanar molecular graphs which cannot be converted into
their mirror images by continuous deformation in 3D space
without cutting."* Over the past few decades, the synthesis of
topologically chiral molecules has long been dominated by
mechanically interlocked molecules (MIMs),"* which were
conventionally synthesized by means of several reversible
interactions such as active-metal templates, metal-ion
templates, electrostatic interactions, stacking or
hydrogen bonding,® thus resulting in non-conjugated MIMs. In
sharp contrast, synthesis of conjugated all-carbon architectures
with topological chirality remains largely unexplored due to
their synthetic challenge and structural complexity. Limited
examples of conjugated carbon nanohoops with Mobius
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with a contiguous conjugation. CD and CPL measurements further reveal that the chiroptical properties of
bis-pm-TC are obviously different from those of bis-po-CC due to their different topological chiralities.

topology have been developed so far.” Therefore, there is a huge
demand for developing novel strategies for accessing topologi-
cally chiral all-carbon macrocycles with aesthetic structural
features, and eventually distinctive applications as functional
nanocarbon materials.
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Scheme 1 Cartoon illustrations of regioselective synthesis of isomers
bis-po-CC (CC = classical chirality) and bis-pm-TC (TC = topological
chirality) with a differently oriented [2.2]PCP core in which the
ethylene bridges are located out of and in the lemniscular framework,
respectively.
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The rapid development of cycloparaphenylenes (CPPs)®
provides an excellent platform for developing topological
conjugated nanocarbons. To date, a few elegant examples of
CPP-based “figure-eight” or lemniscular conjugated architec-
tures have been developed by introducing 3D covalent building
blocks such as pentiptycene,* bicarbazole,** spirobifluorene,*?
biphenyl,* and tetraphenylbenzene® units into the CPP back-
bone. Those obtained conjugated macrocycles are Euclidean
chiral, but no finding on topological chirality has been dis-
closed.” Remarkably, Itami et al. recently reported the first
synthesis of a topologically chiral all-benzene trefoil knot from
CPPs by using a 3D spirosilane-assisted traceless synthetic
method."

Inspired by significant advances on CPP derived architectures,
we envisioned a straightforward approach by introducing a chiral
3D building block into CPP backbones to design topologically
chiral lemniscular carbon nanohoops. To this end, 4,7,12,15-
tetrasubstituted [2.2]paracyclophane (PCP) is considered as
a promising chiral 3D candidate because its diverse substituent
positions and unique planar chirality'* allow us to fulfill regio-
selective synthesis and to control the topological chirality of
targeted nanohoops. However, none of the PCP-based macro-
cycles reported so far dealt with topological chirality,” including
our previously reported semi-macrocycles PCP-[n]CPP,'* which
are also topologically trivial (vide infra, Fig. S27). Specifically,
planar chiral 4,7,12,15-tetrasubstituted [2.2]JPCP demonstrates
a 60° orientation between pseudo-ortho(po) substituents and
a 120° orientation between pseudo-meta(pm) substituents
(Scheme 1). The obviously different orientations thus provide an
appealing option to synthesize lemniscular nanohoops bis-po-CC
and bis-pm-TC by regioselective ring closures (Scheme 1 and 2),
leading to formation of a lemniscular framework with a differ-
ently orienting [2.2]PCP core. In detail, the ethylene bridges of the
[2.2]PCP core in bis-po-CC are located out of the lemniscular
framework, while those in bis-pm-TC are encircled by the lem-
niscular framework, reminiscent of interlocked conformations in
MIMs (Scheme 1). Herein, we report the regioselective synthesis
of isomers bis-po-CC and bis-pm-TC by the rational control of
ring closures (Scheme 1 and 2) and our efforts to analyse the
influence of regioselective synthesis on their topological chirality
via molecular graphs obtained by Kauffman's approach (Fig. 2,
vide infra). We found that the regioselective synthesis exerts
a significant influence on the topological chirality of bis-pm-TC
and bis-po-CC.

Results and discussion

Unlike the most classic topologically chiral molecules such as
trefoil knots, whose topology and molecular graph are intuitional
and canonical, those of bis-po-CC and bis-pm-TC are not, and
thus their topological chiralities need to be detected by means of
topological analysis. In this context, we utilized the topological
approach proposed by L. Kauffman,* and further developed by E.
Flapan' to analyse the topological chirality of bis-po-CC and bis-
pm-TC. Kauffman defined an invariant which could be used for
detecting the topological chirality of rigid vertex embedded
graphs. For an embedded four-valent rigid vertex graph G, C(G) is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the collection of knots and links associated with G by replacing
all of the vertex disks and the four strands emanating from them
with each one of the four pictures on the right hand side of
Fig. 1a. Kauffman proved that the set C(G) is a topological
invariant of any embedded rigid vertex graph G.** Accordingly, if
there is a topologically chiral element of C(G) that cannot be
deformed to the mirror image of any other element of C(G), then
G is topologically chiral. A rigid vertex embedded graph (G1) was
taken as an example shown in Fig. 1b, whose C(G1) was defined
to be the collection of knots and links associated with G1 by
replacing the rigid vertex with each one of the four pictures on the
right side of Fig. 1a. The elements of C(G1) as shown in Fig. 1b
contain a trefoil knot but without its mirror image. Therefore, the
rigid vertex embedded graph (G1) is topologically chiral. Lately,
Flapan developed Kauffman's topological approach by treating
a four substituted benzene ring as the vertex disk and created an
imaginary molecule in the form of Fig. 1c. Accordingly, the
benzene ring would act as a rigid vertex disk, and as such the
graph would be topologically chiral because it contains a trefoil
knot but not its mirror image.*?

Based on the aforementioned topological approach, in
which the tetrasubstituted benzene ring acts as a four-valent
rigid vertex disk (Fig. 1b), we first address how to detect the
topological chirality of bis-po-CC and bis-pm-TC. So the tetra-
substituted benzene ring of bis-po-CC and bis-pm-TC can be
replaced by each of the four pictures (I/II/III/IV) in the four-
valent rigid vertex disk, respectively, as shown in Fig. 1b. We
take the topological transformation of Rp-bis-pm-TC into a left-
handed trefoil knot graph as an example to illustrate this
topological approach as shown in Fig. 2a. The carbon nanohoop
Rp-bis-pm-TC is reducible to graph Rp-1. The top benzene can be
moved to the right to generate graph Rp-2 containing two
alternating crossings. In graph Rp-2, the left benzene ring is
rotated 90° clockwise, while the right one is rotated anticlock-
wise to generate graph Rp-3. Subsequently, by replacing
benzene rings B1 and B2 with the pictures I and IV in Fig. 1a,
respectively, the graphs Rp-4 and Rp-4’ are obtained easily and
topologically equivalent to a left-handed trefoil knot. The
remaining graphs of bis-pm-TC can be obtained by a similar
topological approach, and are depicted in Fig. S3.1 All topo-
logically trivial and nontrivial graphs of Rp-bis-pm-TC are
summarized in Table 1. Pleasingly, no right-handed trefoil knot
is found in all graphs for Rp-bis-pm-TC, indicating that Rp-bis-
pm-TC is topologically chiral. Similarly, Sp-bis-pm-TC contains
only a right-handed trefoil knot graph but not its mirror image
and thus is topologically chiral (Fig. 2b, S4 and Table S27).
Moreover, a graph of Solomon links is also obtained for bis-pm-
TC, further confirming that bis-pm-TC has topological chirality
(Fig. S37). Accordingly, the molecular graphs of the precursor
bis-pm-11 (Scheme 2) are the same as those of bis-pm-TC
(figures not shown), and thus bis-pm-11 is also topologically
chiral. However, the topologic transformations of Rp-/Sp-bis-po-
CC only generate a planar graph (Fig. 2c and d), and thus no
topologically chiral graph is found for bis-po-CC (Fig. S5 and
Table S31), suggesting that bis-po-CC is topologically achiral.
The above topological analyses clearly demonstrate that the
orientations of the 4,7,12,15-tetrasubstituted [2.2]PCP core
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Fig.1 (a) The construction of the set C(G) for the given rigid vertex on the
left. (b) A rigid vertex embedded graph (G1) and the set C(G1) (on the right
side) obtained by Kauffman's topological approach. (c) Flapan's imaginary
molecule in which the benzene ring acts as a four-valent rigid vertex disk
and its molecular graphs (on the right side).

resulting from the regioselective synthesis in the lemniscular
conformation play a vital role in controlling the topological
chirality of conjugated carbon nanohoops.

With the results from topological analysis in hand, we next
set about synthesizing bis-po-CC and bis-pm-TC by regiose-
lective synthesis (Scheme 2). For the synthesis of bis-po-CC
(Scheme 2, Strategy A), we commenced with the Sonogashira-
Hagihara coupling reaction with compounds bis-po-3'* and 1'**
to afford intermediate bis-po-4 in 35% yield, which then
underwent Yamamoto coupling to give the macrocyclic
precursor bis-po-5 (in 37% yield) as the dominant product in
which the ring closures occurred at the pseudo-ortho position of
[2.2]PCP. Unsurprisingly, no product with the ring closures at

Rp-2

/ Rp-3
planar graph
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the pseudo-meta position was detected and isolated due to the
larger distance for ring closure at this position. The final
reductive aromatization was carried out using a freshly
prepared H,SnCl, solution, providing bis-po-CC as a yellow
solid in 40% yield.

In order to synthesize bis-pm-TC, we adopted step-wise ring
closures at the pseudo-meta positions of 4,15-bis[(trimethylsilyl)
ethynyl]-7,12-bis[(triisopropylsilyl) ethynyl] [2.2]PCP (Scheme 2:
Strategy B) obtained by selective deprotection of TMS/TIPS-
ethynyl groups. First, TMS groups in bis-pm-5 were selectively
removed by K,CO;/MeOH to obtain4,15-bis(ethynyl)-7,12-
bis(TIPS-ethynyl) [2.2]PCP and then underwent Sonogashira-
Hagihara coupling with 1 to generate bis-pm-7, which was
further converted to semi-macrocyclic intermediate bis-pm-8
through Yamamoto coupling. The precursor bis-pm-11 was ob-
tained by similar synthetic procedures after the deprotection of
TIPS groups in bis-pm-8. The final reductive aromatization in
a freshly prepared H,SnCl, solution produced the desired bis-
pm-TC as a yellow solid.

"H-NMR spectra of bis-po-CC and bis-pm-TC reveal a sharp
difference in chemical shifts of all protons (Fig. 3 and S67).
Particularly, the "H NMR spectrum of bis-po-CC shows a pair of
multiplets at 3.59 and 3.04 ppm assignable to the protons of
ethylene bridges and a singlet at 6.98 ppm assignable to the
protons of benzene rings in the [2.2]PCP core. In contrast, the
"H-NMR spectrum of bis-pm-TC displays a pair of multiplets at
2.87 and 2.58 ppm and a singlet at 6.84 ppm belonging to the
protons of ethylene bridges and benzene rings, respectively. The

Left-handed trefoil knot
. Both are not right-handed trefoil knot

D

Right-handed trefoil knot
Both are not left-handed trefoil knot

4 Sp-3
planar graph

Sp-2
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Fig. 2 Topological analyses: (a and b) representative topological transformations of Rp-bis-pm-TC and Sp-bis-pm-TC into the left- and right-
handed trefoil knot graphs, respectively. (c and d) Representative topological transformation of Rp-bis-po-CC and Sp-bis-po-CC into the planar

graphs.
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Strategy A: One step ring closures at the pseudo-ortho position of [2.2]PCP for the synthesis of bis-po-CC
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Strategy B: Stepwise ring closures at the pseudo-meta position of [2.2]PCP for the synthesis of bis-pm-TC
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Scheme 2 Regioselective synthesis of isomers bis-po-CC and bis-pm-TC.

Table1 Alltopologically trivial and nontrivial species of Rp-bis-pm-TC significant upfield shifts of the protons of ethylene bridges can
be interpreted as the shielding effects from lemniscular nano-
hoops (Scheme 1 and 2).

m v The X-ray crystallographic analysis of single crystals of bis-
pm-11 and bis-pm-TC, obtained by the slow vapor diffusion of
hexane into a CHCI; solution at room temperature, gave
unequivocal confirmation of their topological structures. The
structural analysis revealed that bis-pm-11 shows a bow-shaped
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pm-TC display significant upfield chemical shifts with Ad up to S/ppm

0.72 ppm in comparison with those in bis-po-CC. The Fig.3 Comparison of the 'H NMR spectra (600 MHz, CDCls, 298 K) of
(a) bis-po-CC and (b) bis-pm-TC.
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conformation (Fig. 4a). Its unit cell is triclinic with a space
group of P1 with two opposite enantiomers in a crystal cell
(Fig. S117). The enantiomers of bis-pm-11 adopt an interlaced
network in the solid state (Fig. 4b). The crystal analysis revealed
that bis-pm-TC adopts a twisted lemniscular structure (Fig. 4c).
The unit cell is monoclinic with a space group of P2,/n. Exam-
ination of the solid-state packing of bis-pm-TC reveals the
ordered supramolecular alignment of long-channels (Fig. 4d).
Many attempts to grow suitable crystals of bis-po-CC failed.

The photophysical properties of bis-po-CC and bis-pm-TC were
investigated in dichloromethane solutions (Fig. 5). The absorp-
tion spectrum of bis-po-CC exhibits two major absorption peaks
at 334 nm (e = 2.5 x 10° M~ " cm ') and 361 nm (¢ = 2.4 x 10°
M~' em™"), which are ascribed to the electronic transitions of
HOMO—-2 — LUMO+2 (Apgr = 328 nm) and HOMO—2 — LUMO
(Appr = 367 nm), respectively, according to time-dependent
density functional theory (TD-DFT) calculations (Fig. S18 and
Table S91). In contrast, bis-pm-TC shows only one intense
absorption band at 338 nm (¢ = 2.7 x 10° M~ ' cm™") correlating
with the transitions of HOMO — LUMO and HOMO-2 —
LUMO*1 (Apgr = 341 nm) (Fig. S19 and Table S117).

The fluorescence emission spectrum of bis-po-CC exhibits
one emission band with a maximum peak at 495 nm under
excitation at 330 nm (Fig. 5), while the emission spectrum of bis-
pm-TC shows a slight blueshift feature with a maximum peak at
484 nm. It is worth noting that these emission peaks obviously
shifted towards lower energy in comparison with their semi-
macrocycle pm-PCP-[6]CPP (A.,, = 472 nm),’* indicative of
a contiguous conjugation in the lemniscular conformations.
The fluorescence quantum yields of bis-po-CC and bis-pm-TC
were determined to be 33% and 51%, respectively. In addition,
the fluorescence lifetimes (1) of bis-po-CC and bis-pm-TC were
calculated to be 2.4 and 3.2 ns, respectively, fitting with a single
exponential relationship (Fig. S157).

The enantiomers of bis-po-CC and bis-pm-TC were separated
by chiral HPLC (Fig. S13 and S147), respectively, and their CD
spectra are depicted in Fig. 6a. The absolute configurations of the
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Fig.4 X-ray crystal structures of the bow-shaped bis-pm-11 (a) and its
crystal packing (b). X-ray crystal structures of the figure-eight shaped
bis-pm-TC (c) and its crystal packing (d).
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Fig. 5 UV-vis absorption (solid lines) and fluorescence (dashed lines)

spectra of bis-po-CC and bis-pm-TC in dichloromethane (c = 1.0 x
107° M). Photograph showing the fluorescence of bis-po-CC(), and
bis-pm-TC(i) under 365 nm using a UV lamp (inset).

enantiomers were assigned according to TD-DFT calculations
(Fig. S207). The CD spectra of enantiomers bis-po-CC and bis-pm-
TC feature bands with variable intensities between 250 and
450 nm with a maximum at 393 nm (|Ae| = 54 M~ " cm™ ") for bis-
po-CC and at 337 nm (|A¢| =57 M~ " ecm ") for his-pm-TC (Fig. 6a).
The CD spectrum of Rp-bis-po-CC shows the positive of negative
sign for any given wavelength. Interestingly, the CD spectrum of
Rp-bis-pm-TC displays bands with an inverted sign, suggesting
a chirality opposite to that of Rp-bis-po-CC even though they
contain the same planar chiral Rp-[2.2] PCP core. The inverted
sign can be interpreted as the different orientations of the [2.2]
PCP core in the lemniscular carbon nanohoops and as the
topological chirality of Rp-bis-pm-TC. The CD spectra of Sp-
enantiomers exhibit the mirror images of those of Rp-ones for
both carbon nanohoops. The dissymmetry factors |gaps| = |Ae/e]
were calculated to be 3.1 x 102 (390 nm) for bis-po-CC and 2.9 x
107 (387 nm) for bis-pm-TC. The circularly polarized lumines-
cence (CPL) spectra reveal that Rp-bis-po-CC shows one positive
CPL signal in the range of 400-700 nm, whereas Rp-bis-pm-TC
displays one negative signal in the same region (Fig. 6b),
consistent with the observations from the ECD results. Similarly,
the CPL spectra of Sp- enantiomers exhibited the mirror images
of those of Rp-ones. The CPL dissymmetry factor (|gjum|) was

80
N (a) B Rp-bis-po-CC
’ ) —— Sp-bis-pm-TC
g 40t ‘0 |
v g N\
= . / Y /\
NS
g B Cy
:I/ -40 | ; = = = Rp-bis-pm-TC
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Fig. 6 (a) CD and (b) CPL spectra of bis-po-CC and bis-pm-TC in
dichloromethane (c = 1.0 x 107> M).
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Fig. 7 (a) LOL-7 isosurfaces (isovalue = 0.30) for (a) bis-po-CC, (b)
po-PCP-[6]CPP, (c) bis-pm-TC and (d) pm-PCP-[6]CPP and LOL-¢
(isovalue = 0.60) for (e) bis-po-CC, (f) po-PCP-[6]CPP, (g) bis-pm-TC
and (h) pm-PCP-[6]CPP.

determined as 1.8 x 10? at 491 nm for bis-po-CC and 3.2 x 103
at 472 nm for bis-pm-TC, respectively. The larger |gj,m| value for
bis-pm-TC might be ascribed to the more rigid structure of bis-
pm-TC in the excited state.'* Moreover, the |gm| values are
comparable with those of most of the CPL-active small organic
molecules, which are typically in the range of 10> to 10~*
(Fig. S16 and Table S6t1).* However, it is very challenging to
differentiate topological chirality from chemical one in bis-pm-TC
by experimental methods because the nanohoop contains
a classic stereogenic motif. Such challenges also exist in other
reported topologically chiral MIMs and organic trefoil knots.*

The localized orbital locator (LOL)" provides an intuitive
depiction of isolated electron densities of m-electrons. The LOL
isosurfaces of semi-macrocycles po-PCP-[6]CPP and pm-PCP-[6]
CPP were calculated for comparison with lemniscular nano-
hoops bis-po-CC and bis-pm-TC. In the case of bis-po-CC and
bis-pm-TC, contiguously delocalized m-electron density is
accumulated in all benzene rings at LOL-Tt isovalue = 0.30 level
(Fig. 7). At the same isovalue level, for the semi-macrocycle, the
m-electrons also delocalize over almost all the benzene rings
including the [2.2] PCP core (Fig. S22t). However, LOL-7
investigations revealed a contiguously circular conjugation for
both bis-po-CC and bis-pm-TC with a lemniscular framework
but an acyclic conjugation for semi-macrocycles po/pm-PCP-[6]
CPP, indicative of a larger extent of delocalization for the
former. The same arguments also hold for LOL-c plots at iso-
value = 0.60 for all nanohoops (Fig. 7 and S231). The LOL
investigations are in good agreement with the results of the red-
shift in fluorescence emission.

Data availability

Data available in the ESL{
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Conclusions

In conclusion, we have reported the regioselective synthesis of
lemniscular carbon nanohoops bis-po-CC and bis-pm-TC by the
judicious control of the ring closures at the different positions
of the 3D planar chiral tetrasubstituted [2.2]PCP. The topolog-
ical analysis demonstrated that bis-pm-TC is topologically chiral
but bis-po-CC not. Interestingly, CD and CPL experiments
revealed that chiral isomers Rp(Sp)-bis-po-CC and Rp(Sp)-bis-pm-
TC exhibited opposite chiral signals even though they contain
the same planar chiral Rp(Sp)-[2.2] PCP cores in the lemniscular
nanohoops. This unique phenomenon originates from the
different orientations of the imbedded [2.2] PCP core in the
lemniscular nanohoops and their different topological chiral-
ities. This work provides a new guideline for design and
synthesis of topologically chiral all-carbon molecules.
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