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We synthesized a cyclic molecule from diarylalkynes and
Meldrum’s acid derivatives as the methylenation reagent via
double Friedel-Crafts reaction. Single-crystal X-ray structure
analysis confirmed the twisted structure of the molecule. We also
investigated their physical properties and homoconjugation by UV-
Vis, photoluminescence, DFT and TD-DFT calculations.

In recent years, three-dimensional m-conjugated macrocycles
exhibiting geometric structures? synthesized.
Besides compounds with zero Gaussian curvature, such as
carbon nanotubes and cycloparaphenylenes (CPPs),? twisted
macrocycles3 are formed from combined special structures that
can significantly alter their electronic, optical and chemical
properties, and thus have received much attention. For
example, the M6bius band is a well-known topological structure
discovered independently by the German mathematicians and
astronomers Mébius and Johanlestein in 1858, and
macrocycles with the Mobius ring structure have been
successfully synthesized recently.> Besides, infinity-shaped or
figure-eight molecules,® molecular cages,” and Penrose stairs®
have been widely reported so far. Twisted macrocycles have
potential applications in various advanced technologies, such as
fluorescent sensor,® luminescent material’® and host-guest
chemistry.1?

The typical cyclic m-conjugated molecules are composed of
sp? carbon skeleton, allowing for the delocalization of -
electrons across the molecules.'? Generally, the introduction of
sp3 carbons typically disrupts the m-conjugation. Therefore,
examples where a mn-conjugated macrocycle includes sp3
carbons without cleavage of the m-conjugation are rare.!®* The
flexibility provided by tetrahedron structure of sp® carbons
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facilitates the design of a wide variety of cyclic molecular
structures, and thus it is also necessary to use a method for
ensuring the coherence of the m-conjugated structure over sp3
carbon atoms.

One effective approach to extend the m-conjugated system
over sp3 carbons is homoconjugation,** where the rt-conjugated
system is extended across o-bond(s) via through-space
interaction instead of through-bond interaction.’®> To achieve
effective homoconjugation, a twisted or rigid structure is often
necessary for keeping the molecular configuration to obtain the
largest orbital overlap.* Furthermore, based on previous
researches, diarylmethane is the classic structure for realizing
homoconjugation.’® Therefore, we hypothesised that if
diarylmethane moieties can bridge two rigid m-conjugated
structures, it is possible to build a m-conjugated system that
includes sp3 carbons without cleavage of the n-conjugation. Our
recent research opens up the possibility of this assumption. We
recently developed Meldrum’s acid derivatives as cyclisation
reagents capable of double C—C bond formation to synthesise
fluorene derivatives from biaryl derivatives without using a
catalyst (Fig. 1a).Y” Owing to the existence of electron-donating
amino groups, this reaction occurs at the C4-H and C4’-H
positions of the biaryl, resulting in the formation of cyclic
fluorene compound. We planned to synthesise a novel cyclic
molecule 3 using this reaction: the diarylalkynes 1, which serve
as the rigid parts,’® are bridged by sp3® carbon atoms from
Meldrum’s acid derivative (Fig. 1b). We expected that the -
conjugated structure of the entire molecule could be
constructed with homoconjugation whereas the cyclic m-
conjugated structure is hybridized by sp3 carbon atoms (Fig. 1c).

We then investigated the synthesis of twisted macrocycle
using our reported reaction.!” Treatment of amino group-
containing diarylalkyne 1 with 2.5 equivalents of Meldrum’s
acid derivative 2 in dichloroethane at 120 °C for 12 h gave cyclic
molecule 3 in 69% yield (Scheme 1).
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Fig. 1 (a) Double Friedel-Crafts reaction using Meldrum’s acids as methylenation
reagents; (b) Design of cyclic molecule containing sp? carbon atoms; (c) Utilization of
homoconjugation for mt-conjugation.
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Scheme 1 Synthesis of twisted macrocycle 3. Reagents and conditions: (i) 2 (2.5 equiv),
CICH,CH,Cl, 120 °C, 6 h.
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intermediate of the transition state TS-3. The eneygy barriefis
about 7.5 kcal/mol (Fig. 3). Compared LaFHR4Brevisns
researches,8%21 this relatively lower energy barrier makes the
racemization proceed easily at room temperature.?>23

mirror
(d)
Me,N

mirror
Fig. 2 Structures of (R,,R,)-3 and (S,,5.)-3. (a) structure of (R,,R,)-3; (b) top view of (R,,R.)-
3; (c) front view of (R,,R.)-3; (d) structure of (S,,5.)-3; () top view of (S,,S,)-3; (f) front
view of (S,,5,)-3. The thermal ellipsoids are drawn at 50% probability in the ORTEP
drawings.

The structure of the obtained cyclic molecule 3 was
confirmed using 'H Nuclear Magnetic Resonance (NMR)
spectroscopy (Fig. S14), 3C NMR (Fig. S15), High Resolution
Mass Spectrometry (HRMS) (Supplementary Information (Sl)),
and single-crystal X-ray crystallography (Figs. 2 and $2-54). In H
NMR spectrum, the methine proton of 3 is observed in
downfield (7.09 ppm, Fig. S14) compared to that of 4,4’-
(phenylmethylene)bis(N,N-dimethylaniline) (Leuco Malachite
Green, 5.39 ppm).’® This result is probably attributed to the
deshielding effect of the alkyne moieties.

Single-crystal X-ray crystallography revealed that the crystal
packing structure of 3 is composed of the pair of enantiomers
(Fig. S2). For each enantiomer, the two diarylalkyne parts have
the same axial chirality, which served as the basis for naming
the enantiomers (Rs,R.)-3 and (S,S.)-3 (Figs 2, S1).%°
Furthermore, product 3 exhibits a twisted cyclic structure.
Although the two phenyl groups derived from 2 could have
been in the same or opposite direction, they were found to be
in the same direction (Figs. 2c and 2f). This finding may be
attributed to steric repulsion between the phenyl group and
phenyl methine moiety. The four ortho-phenylene moieties and
two C=C triple bonds were almost planar and straight,
respectively.

Furthermore, the interconversion between two enantiomers
of 3 was investigated by density functional theory (DFT)
calculations (Method: B3LYP/6-31G(d), for the details, see Sl).
We found the interconversion between two enantiomers of 3
was a racemization which proceeds through a transient
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Fig. 3 Energy diagram of the interconversion between two enantiomers

DFT calculations were performed to verify the hypothesis
whether homoconjugation provided by diarylmethane moieties
can construct continuous Tt-conjugated systems containing sp3
carbons. Interestingly, the results of the calculations show that
there is an overlap of m-orbitals at the ipso-carbon atoms on the
aromatic rings (yellow circle in Fig. 4a) and the HOMO-2/LUMO
energy gap of 3 is smaller than that of 1 (Fig. 4b). These results
indicate that a weak homoconjugation at the HOMO-2 level
exists in 3.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) HOMO-2 orbital of 3 and homoconjugation (left: bottom view; right: side view);
(b) The energies of LUMO, HOMO, HOMO-1, and HOMO-2 and HOMO-2/LUMO energy
gaps of 1 and 3 calculated by the B3LYP/6-31G(d) level of theory.

To further validate the effect of homoconjugation on the
HOMO-2 level, we measured the UV-Vis and fluorescence
spectra of the twisted macrocycle 3 and its precursor 1 (Fig. S5,
Table S10). In 0.01 mM dichloromethane solution, 3 exhibited a
maximum absorption at 271 nm and small absorption peaks at
222 and 347 nm. Precursor 1 exhibited a maximum absorption
at 266 nm and small absorption peaks at 219 and 338 nm. By
comparing the absorption spectra of 1 and 3, a slight red shift
was detected (219 to 222, 266 to 271, and 338 to 348 nm). The
red shift observed in the UV—Vis spectra was also observed in
the fluorescence spectra of 1 and 3 (406 to 415 nm).

TD-DFT calculations (B3LYP/6-311++G(d,p)) were carried out.
Based on stimulated UV-Vis spectra of 1 (Fig. S9) and 3 (Fig. S10),
3 exhibited a maximum absorption at 292 nm and small
absorption peaks at 370 nm. Precursor 1 exhibited a maximum
absorption at 303 nm and small absorption peaks at 246 nm.
The redshift was also observed in the TD-DFT calculations.
Electronic transitions related to HOMO-2 were listed in Table
S25 (precursor 1) and Table S26 (product 3). We found that
excited states involving HOMO-2 (Fig. S9, marked in red) of
precursor 1 has relatively higher oscillator strength. About
product 3, excited states involving HOMO-2 (Fig. S10, marked in
red) of product 3 shows medium contribution to the overall
absorption. Therefore, TD-DFT calculations illustrate explicitly
the significant contribution of the HOMO-2 level to the
absorption spectrum. This result also supports the existence of
homoconjugation at the HOMO-2 level of product 3.

In summary, we successfully synthesised a cyclic molecule
with a twisted topological structure from electron-rich
diarylalkynes and Meldrum’s acid derivatives via a double
Friedel-Crafts reaction. This is a special example of a sp3 carbon-
bridged twisted cyclic m-conjugated molecule with maintaining
the m-conjugated system by homoconjugation. Single-crystal X-
ray structural analysis revealed that this molecule exists as a
mixture of enantiomers in a single crystal unit. In the absorption
and fluorescence spectra of the twisted macrocycle, a red shift
was observed compared to that of the diarylalkyne precursor.
The DFT and TD-DFT calculations can explain this red shift and
the existence of homoconjugation. This research demonstrates

This journal is © The Royal Society of Chemistry 20xx

the versatility and potential of sp3 carbon atoms ip.gomplex #=
conjugated systems, providing a new mefHod 6r%¢BASHURIEA
of new m-conjugated macrocycle bridged sp? carbon atoms by
homoconjugation.
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Chiral-stationary phase HPLC for the racemic resolution of
product 3 has been tried. However, the two enantiomers of
product 3 could not be isolated successfully. IA-3, IB N-3, IC-3,
ID-3, IE-3, IF-3, IG-3, IH-3 and 1J-3 columns with various kinds
of eluents (Tetrahydrofuran, n-Hexane, Ethyl acetate,
Dichloromethane, Chloroform, Diethylamine and their
combination) have been tried.

We measured the circular dichroism (CD) spectra of 10* M
DCM solution of the mixtures of 3 and (+)-10-camphorsulfonic
acid ((+)-CSA) or (-)-CSA with different ratio. Comparing with
spectra of (+)-CSA and (-)-CSA solution, red shift and
enhancement of the ellipticity were observed (Figure S21).
These results indicated that the addition of the chiral additive
induced the chirality of 3.
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