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quaterphenyl rods illustrating partial units of
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Chiral cyclic [n]spirobifluorenylenes consisting of helically arranged quaterphenyl rods, illustrating partial

units of woven patterns, were designed and synthesized as a new family of carbon nanorings. The

synthesis was accomplished by the Ni(0)-mediated Yamamoto-coupling of chiral spirobifluorene

building blocks. The structures of the cyclic 3-, 4-, and 5-mers were determined by X-ray

crystallographic analysis. These carbon nanorings exhibited a strong violet colored emission with high
quantum vyields in solution (95%, 93%, and 94% for 3-, 4-, and 5-mer, respectively). Other spectroscopic

Received 30th April 2020
Accepted 13th August 2020

properties, including their chiroptical properties, were also investigated. The g-values for circularly

polarized luminescence were found to be in the order of 10~°. Characteristic spiroconjugation induced
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Introduction

Synthesis of shape-persistent carbon nanorings or carbon-
based macrocycles containing extended conjugated m-elec-
tron systems has fascinated chemists due to their unique
molecular geometry and the associated characteristic proper-
ties.! The increasing importance of carbon-rich compounds as
materials has caused this area to grow and expand into an
interdisciplinary area.”> Among the synthetic studies of such
compounds, the synthesis of p-phenylene compounds with
various geometries has attracted attention, as represented by
the chemistry of cycloparaphenylene molecules.* Recent
examples of such compounds with a unique geometry include
molecules with motifs including spoked wheels,* cages,® tri-
helicates,® lemniscates,” Mobius loops,® catenanes and trefoil
knots.” We also reported a p-phenylene molecule with an S-
shaped geometry, as demonstrated by the synthesis of the
linear [3]spirobifluorenylene 1 consisting of three spirobi-
fluorene units, where the stereochemistry of 1 is RMR/SPS
(Fig. 1a).*

In the present study, we focused on the structural motif of
the woven pattern found in textiles.* Fig. 1b shows typical
examples of triaxial and diaxial weave patterns. The designed
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1 Electronic supplementary information (ESI) available. CCDC 1991410, 1991411
and 1999349. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/d0sc02452]
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by multiple (=3) bifluorenyl units, for example the even-odd effect of the number of units in the
matching of the signs of the orbitals, was also indicated by DFT calculations.

chiral carbon nanorings 2-[r] are constructed by the cyclic
connection of spirobifluorene with the same chirality, i.e., RRR
or SSS (Fig. 1c). The structures also can be viewed as macro-
cycles with helically arranged p-quaterphenyl rods. The
carbon nanorings 2-[3] and 2-[4] have the same geometric
arrangements as units of triaxial and diaxial weave patterns,
respectively, in which the spirobifluorene corresponds to the
crossing in these weaves. The pentagonal molecule 2-[5]
represents a geometrical partial unit with a more elaborate
weave involving five sets of threads. Although many unique p-
phenylene molecules have been synthesized to date, those
based on a weave-motif have not yet been studied, to the best
of our knowledge.'> Moreover, these types of molecules 2-[n]
are expected to possess a unique type of spiroconjugation as
well as characteristic chiroptical properties. More specifically,
multiple orbital interactions in this system will lead to an
electronic configuration that is distinct from that of a simple
spirobifluorene (Fig. 1c). Such homoconjugation based on
multiple w-conjugated units arranged cyclically via spi-
rocarbons has not been investigated.”® In addition, a three-
dimensional w-conjugation based on spiroconjugation is ex-
pected to contribute to the development of charge carrier
transport materials.'* Here, we report the synthesis, structure,
spectroscopic properties and spiroconjugation of chiral cyclic
[n]spirobifluorenylenes 2-[3], 2-[4], and 2-[5] with the helically-
arranged p-quaterphenyl rods illustrating partial units of
woven patterns.

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (a) Previous work. (b) Schematic illustration of triaxial and diaxial
weave patterns. (c) This work.

Results and discussion

The chiral cyclic [n]spirobifluorenylenes 2-[n] were synthesized
by the Ni(0)-mediated Yamamoto coupling of chiral triflates (R
or S)-3 (Scheme 1). After filtering through a short silica-gel
column, the MALDI-TOF mass analysis of the product showed
the formation of a mixture of cyclic oligomers up to a 9-mer
(Fig. S1t), although the dimer 2-2] was not observed. The
combined yield of 23], 2-[4], and 2-[5] for the R isomer was 40%
with the ratio of 1.0, 0.91, and 0.38, respectively. S-isomers of 2-
[r] were also obtained. Pure 2-3], 2{4], and 2-[5] were isolated
by preparative recycling GPC. Interestingly, the MALDI-TOF
mass analysis and the preparative GPC suggested that little or

cyclic 3-mer (R or S)-2-[3]
cyclic 4-mer (R or S)-2-[4]
cyclic 5-mer (R or S)-2-[5]

0.0 OTF 22 mpyriy
TfO Q‘O

THF, N,
70°C, 18 h
(R)-3
or
(S)-3

40% "H NMR yield for R form
(3-mer: 4-mer: 5-mer = 1.0: 0.91: 0.38)

34% "H NMR vyield for S form
(3-mer: 4-mer: 5-mer = 1.0: 0.80: 0.35)

Scheme 1 Synthesis of chiral 2-[3], 2-[4], and 2-[5].
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no acyclic products (acyclic 2-mer to 9-mer) were formed in this
reaction.

Fig. 2a shows the X-ray crystallographic structure of cyclic 3-
mer (S,S,5)-2-[3],"* showing a D; symmetry. The distance
between the spirocarbon units is 8.6 A. The distortion around
the spirocarbon is minimal (89.5°), but the internal benzene

(a) (S.5.5)-2-3]

/,/
angle between "~
planes around \;’f,,
spirocarbon 89.

dihedral

Fig. 2 (a) ORTEP drawing of (5,5,5)-2-[3], (b) (5,5,5.5)-2-[4] and (c)
(5,5,5,5,5)-2-[5] with thermal ellipsoids set at the 40, 30, and 30%
probability level, respectively. Hydrogen atoms are omitted for the
sake of clarity. Solvent molecules are removed in the refinement
process. Angles shown in pink are the angles between the planes
around spirocarbon. Angles shown in green are the dihedral angles
between the spirobifluorene units.

Chem. Sci., 2020, 11, 9604-9610 | 9605
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ring A is slightly distorted (up to 3.5° for 6,). The dihedral
angle between the spirobifluorene units is 43.0°. The packing
structure indicates that CH-m interactions connect the
molecules in a side by side arrangement (Fig. S21). One-
dimensional voids filled by solvent are formed by the stack-
ing of the molecules. The crystal structure of the 4-mer
(S,S,S,5)-2-[4] is shown in Fig. 2b.*® The observed structure did
not show a D, symmetric square but, instead, a D, symmetric
rectangle. The distances between the spirocarbons are 8.7 and
9.0 A. The rectangle shape is derived from the large difference
in the torsion between the spirobifluorenes (50.1° and 4.2°).
The rectangle shape appears to be induced by guest solvents.
However, the 'H NMR spectrum in CDCl; at room temperature
shows only 7 peaks, indicating that the four spirobifluorene
units are equivalent in solution (see ESIf). The packing
structure also indicates that CH-m interactions connect the
molecules side by side (Fig. S31). One-dimensional voids filled
by solvent are formed by the stacking of the molecules, similar
to the 3-mer. The crystal structure of the 5-mer (S,S,S,S,S)-2-[5]
has no symmetry, where a distorted structure was observed
(Fig. 2c¢).”” Concerning the distances between spirocarbons,
a significantly short distance (8.3 A) was observed in one of the
five (the other four showed around 8.8-8.9 A). Considerably
small angles (86.6° and 86.7°) between the planes around
spirocarbon were also observed in two of the five (the angle for
the unstrained ideal one is 90°). A large dihedral angle (84.2°)
between the fluorene units, which is almost orthogonal, was
observed in one of the five (the other four showed in a range of
32-43°). In addition, each fluorene plane is more or less tilted
slightly. These features imply the inherent strain in the crystal
structure of (S,S,S,S,5)-2-[5]. The packing structure is compli-
cated, and the columnar stacking like 2-{3] and 2-[4] was not
observed (Fig. S4 and S57).

AH = -2.3 kcal/mol (0.77 kcal/mol)
2-[4] +44 — 45 AH=-2.1kcal/mol (0.54 kcal/mol)
2-[5] +54 — 55 AH=-12.2 kcal/mol (2.4 kcal/mol)

The value in parentheses indicates the value per a spirobifluorene unit.

Scheme 2 (a) Homodesmotic reactions to calculate strain energy and
(b) optimized structures for 2-[3], 2-[4], and 2-[5] [B3LYP/6-31G(d,p)l.
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The total strain energies for 2-[3], 2-[4], and 2-[5] were esti-
mated by the homodesmotic reactions shown in Scheme 2a
using DFT-calculations, where one molecule of 2-[n] and =
molecules of 4 give n molecules of linear [3]spirobifluorenyl 5.
The optimization for 2-[3], 2-[4], and 25] was performed with
the D;, D,, and Ds symmetry, respectively, being maintained
(Scheme 2b). The total strain energies for the 3-mer and 4-mer
are very small [2.3 (0.77) and 2.1 (0.54) kcal mol ™", respectively,
where the value in parentheses indicates the value per spi-
robifluorene unit]. In contrast, the 5-mer 2-[5] has a relatively
large strain [12.2 (2.4) kecal mol '], because each fluorene plane
is slightly tilted (Fig. S67).

Absorption spectra of 2-[3], 2-[4], and 2-[5] showed that the
Amax in the longer wavelength region is 325, 333, and 329 nm,
respectively (Fig. 3a). This order for A,y is different from the
order (2-[3] < 24] < 2{5]) estimated by TD-DFT calculations
shown in Scheme 3. The estimated order reflects the dihedral
angle between fluorenes. The red-shift of the cyclic tetramer 2-[4]
in the experimental absorption spectrum can be attributed to
planarization of the torsion between spirobifluorenes, as shown

(a) Absorption spectra
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Fig. 3 (a) Absorption and (b) emission spectra of (R.R,R)-2-[3] (1.1 x
1073 M), (R,R,R,R)-2-14] (0.92 x 107° M), and (R,R,R,R,R)-2-I5] (1.0 x
1075 M) in CH,Cl, using a 1.0 x 10 m™2 cuvette. (c) CD and (d) CPL
spectra of both enantiomers of 2-[3], 2-[4], and 2-[5] (298 K, 1.0 x
107° M in CH,Cly).

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Effect of spiroconjugation, as estimated based on TD-DFT
calculations [TD-B3LYP-D3/6-31G(d,p)//B3LYP-D3/6-31G(d.p)l.

in the X-ray crystal structure. On the other hand, the dihedral
angles for 2-5] under the experimental conditions are likely to be
larger than those estimated by the calculation (29.8°), consid-
ering that all of the dihedral angles in the X-ray crystal structure
for 2-[5] exceed over 30°. This might account for the small red-
shift of 2{5] as compared to that of 2{4]. In addition, the
solvent molecules included in the cavity of the macrocycles affect
the dihedral angles in the experiment in solution. The inversion
of the order between the experimental and calculated values for
2-4] and 2-5] can happen based on these factors. Absorption
spectra are also affected by the through-space interaction
between chromophores. To investigate the effects on absorption
spectra, the estimated absorption from TD-DFT calculation was
compared with bifluorenyl 6 as a reference compound, where the
dihedral angles are the same as those of the parent 2-{n] (Scheme
3). As a result, an approximately red-shift of 20 nm was indicated
for the interaction in 23], 2-[4], and 2-[5].

Spirobifluorene oligomers are known to be strong emitters."®
Moreover, chiral macrocycles such as 2-[n] would be expected to

Table 1 Quantum yields ¢p_ of 2-[3], 2-[4], and 2-[5]

Quantum yield ¢p;/%

23] 2-{4] 2-5]
Solution (CH,Cl,) 95 93 94
Solid 65 16 23

This journal is © The Royal Society of Chemistry 2020
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show emission as well as chiroptical properties. The emission
spectroscopy data showed that the 4-mer and 5-mer were red-
shifted as compared to that for the 3-mer (Fig. 3b). The
quantum yields ¢py, of 2-[3], 2{4], and 2-5] in CH,Cl, solution
were high (95%, 93%, and 94%, respectively, Table 1). In the
case of the cyclic 3-mer, the quantum yield was also high in the
solid state (65%).

The chiroptical properties of 2-[n] were investigated based on
circular dichroism (CD) and circular polarized luminescence
(CPL) spectroscopy (Fig. 3c and d). Mirror image spectra were

(a) Spiroconjugation of spirobifluorene
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Fig. 4 Spiroconjugation of (a) spirobifluorene, (b) 2-[3], and (c) 2-[4].
Here, only the p-orbitals around spirocarbon are shown here.
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Table 2 Orbital energy for 2-[3], 2-[4], and 2-[5] [B3LYP-D3/6-
31G(d,p)®

Elev
23] 2-{4] 2-5]
—1.25 (L+3) —1.26 (L+4)
—1.19 (L+1, L+2) —1.26 (L+1, L+2) —1.28 (L+2, L+3)
[degenerate] [degenerate] [degenerate]
—1.24 (L) —-1.27 (L) —-1.31 (L, L+1)
[degenerate]
—5.32 (H) —5.27 (H) —5.25 (H)
—5.43 (H-1, H-2) —5.34 (H-1, H-2) —5.29 (H-1, H-2)
[degenerate] [degenerate] [degenerate]
—5.43 (H-3) —5.38 (H—3, H—4)
[degenerate]

¢ H: HOMO, L: LUMO.

obtained in both spectra. A Cotton effect was observed at 338,
345, and 348 nm for the 3-mer, 5-mer, and 4-mer, respectively,
in the longer wavelength region of the CD spectra. The
dissymmetry factors |gaps| for 2-[3], 24], and 2-[5] were 5.2 X
1073 at 340 nm, 5.0 x 10> at 350 nm, and 4.8 x 10> at 349 nm,
respectively. The CPL signals appeared at around 365, 380, and
373 nm, respectively (Fig. 3d). The dissymmetry factors |gjum|
were 1.9 x 102 at 348 nm, 2.4 x 10 % at 368 nm, and 1.9 x
1072 at 363 nm for the 3-mer, 4-mer, and 5-mer, respectively.
The values for the 3-mer and 5-mer are comparable to that for
the linear [3]spirobifluorenylene 1 and most of the other chiral

View Article Online

Edge Article

small organic molecules listed in a recent review." A large |gjum|
factor with a high ¢py, yield is desirable for practical photonics
applications. Thus, the carbon nanorings with >90% ¢p;, yields
can be considered to be a potential candidate.

Electrochemical properties of 2-3], 2{4], and 2-5] were
investigated by cyclic voltammetry. However, all of the voltam-
mograms were irreversible and unclear. The voltammograms of
differential pulse voltammetry showed a broad peak around
0.9-1.0 eV (Fig. S77).

Spiroconjugation involves through-space interactions of the
p-orbitals around the spirocarbon.* In the case of the spirobi-
fluorene, for example, the through-space interactions of the p-
orbitals of the HOMO for a fluorene unit induce the splitting
of the HOMO in the spirobifluorene, whereas, the LUMO is
degenerate because of the symmetry of the orbitals (Fig. 4a).>" In
contrast, the macrocycle 2-[n] involves a different type of spi-
roconjugation because the p-orbitals in the multiple bifluorenyl
units are able to interact with each other through space,
depending on the number of spirocarbons to result in orbital
splitting, where an even-odd effect was observed. Thus, DFT
calculations of the cyclic 3-mer 2-[3], which has three spi-
rocarbons connecting three bifluorenyl units, indicate the
characteristic splitting of the HOMO and LUMO into three, as
shown in Fig. 4b and S8a.f In the case of the splitting of the
HOMO, a destabilized MO and two stabilized doubly degenerate
MOs are generated. The signs of orbitals around all of the spi-
rocarbons are mismatched with each other in the HOMO of 2-
[3], resulting in destabilization. The symmetry of the HOMO in
a bifluorenyl unit forbids making the orbital signs around all of

(c) 2-[5] &
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Fig. 5 Molecular orbitals for (a) 2-[3], (b) 2-[4], and (c) 2-[5] [B3LYP-D3/6-31G(d,p)] (contour value is 0.025).
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the spirocarbons in 2-[3] match because the number of
bifluorenyl units is odd (Fig. 4b). In contrast, the splitting of the
LUMO of the bifluorenyl unit results in a stabilized MO and two
destabilized doubly degenerate MOs. Considering the symmetry
of the LUMO in the bifluorenyl unit, the LUMO of 2-[3] would be
expected to be triply degenerate, which is similar to the doubly
degenerate LUMO of spirobifluorene itself (Fig. 4a). However,
the LUMO was split in 2-[3], probably because of the structural
change (broken symmetry) of the spirobifluorene skeleton.
Spiroconjugation of 3-mer 2-[3] was compared to that of acyclic
3-mer 5 (Fig. S107). Spiroconjugation in the acyclic one 5 was
observed in the only central spirobifluorene moiety. Concerning
the splitting way, splitting of the HOMO and almost the
degenerate LUMO was observed based on the interaction of the
two chromophores, which is different from that for 2-[3]. The
energy gap induced by splitting for the HOMO in 2-[3] is 0.11 eV,
which is larger than that for the LUMO (0.05 eV) (Table 2). The
splitting for the HOMO in 23] is also larger than that for the
HOMO in 5 (0.08 eV, Table S2t) but smaller than that for spi-
robifluorene (0.30 eV).** The size of the orbitals around the
spirocarbon in 2-[3] is relatively small, compared to that of
spirobifluorene itself, which accounts for the relatively small
spiroconjugation. In the case of the 4-mer 2-[4], the HOMO and
LUMO split 1 : 2 : 1 as shown in Fig. 5b, S8b, S11,1 and Table 2.
The signs of orbitals around all of the spirocarbons are mis-
matched with respect to each other in the HOMO, and matched
with respect to each other in the HOMO—3 (Fig. 4c and S8b+ for
schematic drawing). Since the number of bifluorenyl units is
even, the orbital signs around all of the spirocarbons are
allowed to be matched in 2-[4]. This is in contrast to the case of
2-[3]. These results clearly suggest the effect of even and odd
numbers of chromophore units in matching the signs of the
orbitals. The splitting of the LUMO in 2-[4] is quite small (0.01
eV), and the LUMO to LUMO+3 are almost degenerate (Table 2).
In the case of the 5-mer 2-[5], the HOMO and LUMO of the
bifluorenyl unit are split 1 : 2 : 2 as shown in Fig. 5¢, S9, S12,}
and Table 2. The signs of the orbitals around all of the spi-
rocarbons are mismatched with respect to each other in the
HOMO, resulting in destabilization. As the number of bifluor-
enyl units is odd, it is not possible to make the orbital signs
around all of the spirocarbons match in the splitting for the
HOMO of the bifluorenyl unit in 2-5]. Similar to the 3-mer and
4-mer, splitting of the LUMO (0.02 and 0.03 eV) is small
compared to that of the HOMO (0.04 and 0.09 eV) (Table 2).

Conclusions

In conclusion, chiral cyclic [n]spirobifluorenylenes 2-[3], 2{4],
and 2-[5] consisting of helically arranged quaterphenyl rods,
illustrating geometric partial units of a woven textile, were
designed and synthesized as a new family of carbon nanorings.
The X-ray crystallographic analyses of cyclic 2-[3], 2-[4], and 2-[5]
clearly showed the structures representing a part of weave
patterns. The carbon nanorings 2-[3], 2-[4], and 2-[5] exhibited
strong emissions with high quantum yields in excess of 90%.
Chiroptical spectroscopy showed that the g-values for CD and
CPL were in the order of 107 % The characteristic

This journal is © The Royal Society of Chemistry 2020
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spiroconjugation in 2-{n] was induced by multiple (=3) chro-
mophores (bifluorenyl units). The even-odd effect of the
number of units in matching of the signs of the orbitals was
indicated by DFT calculations. In the case of an odd number,
the symmetry of the HOMO in the bifluorenyl unit forbids
making the orbital signs around all of the spirocarbons match,
in contrast to the case of an even number. Different from spi-
robifluorene itself, the LUMO splits although this LUMO split-
ting is small as compared to that of the HOMO. The carbon
nanorings are expected to serve as electroluminescent mate-
rials, chiral hosts for molecular recognition, and a three-
dimensional m-conjugated system based on spiroconjugation
for use in charge carrier transport materials. Research directed
toward applications as well as further studies of the synthesis of
m-conjugated systems with a woven-like motif is now underway.
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