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A series of optically active cyclic compounds based on the planar chiral tetrasubstituted

DOI: 20.1039/x0xx00000% [2.2]paracyclophane core were synthesized to obtain luminescent materials with excellent
chiroptical properties in both the ground and excited states.

tetrasubstituted [2.2]paracyclophane was carried out using our previously reported method.

www.rsc.org/ The optical resolution of
The obtained cyclic compounds were composed of the optically active propeller-shaped
structures created by the [2.2]paracyclophane core with p-phynylene-ethynylne moieties. The
compounds exhibited good optical profiles, with a large molar extinction coefficient (&) and
photoluminescence quantum efficiency (@,).
propeller-shaped cyclic structures.
chiroptical properties of high performance, such as a large specific rotation ([a]p) and molar

The emission occurred mainly from the
This optically active higher-ordered structure provided

ellipticity ([#]) in the ground state and intense circularly polarized luminescence (CPL) with
large dissymmetry factors (gj,m) in the exited state.
[2.2]paracyclophane-based optically active higher-ordered structures, such as the propeller-

The results suggest that planar chiral

shaped cyclic structure, are promising scaffolds for obtaining CPL and that appropriate

modifications can enhance the CPL characteristics.

Introduction

The importance of conjugated compounds has been increasing
owing to their conductive, luminescent, and charge transfer
properties, leading to their potential application in various opto-
electronic devices." Both industrial and academic researchers
have extensively studied the design and construction of novel
conjugated systems. For the past decade, we have focused on a
[2.2]paracyclophane skeleton’ as a building block for
conjugated polymers® and oligomers.* [2.2]Paracyclophane is a
typical cyclophane compound containing two stacked
phenylenes in close proximity. This compound was first
prepared by Brown and Farthing in 1949 by pyrolysis of p-
xylene.> In 1951, Cram and Steinberg reported its direct
synthesis by a Wurtz-type intramolecular cyclization of 1,4-
bis(bromomethyl)benzene.® Since then, considerable attention
has been paid in the field of organic chemistry to the synthesis,
reactivity, and opto-electronic properties of this unique
conjugated system.’

One of the interesting features of [2.2]paracyclophane
compounds is undoubtedly the n-m interactions between the
stacked aromatic rings, as well as the resulting stacked m-
electron systems. Bazan, Mukamel, and co-workers reported
the characteristic optical properties of 4,12-disubstituted and
4,7,12,15-tetrasubstituted  [2.2]paracyclophane compounds.’
They disclosed that the stacked position of the two m-electron
systems affects the conjugation system in the ground and

This journal is © The Royal Society of Chemistry 2014

excited states. In particular, the two stacked m-electron systems
found in the 4,7,12,15-tetrasubstituted [2.2]paracyclophane
skeleton, i.e. interchromophore interactions between the two m-
electron systems, exhibit strong through-space conjugation in
addition to the common through-bond conjugation.”%*% Hopf,
Haley, and co-workers synthesized cyclic compounds that have
an propeller-shaped structure based on the 4,7,12,15-
tetrasubstituted [2.2]paracyclophane unit.®

The stacked structures of [2.2]paracyclophanes result in the
three-dimensional molecules. Very recently, inspired by the
synthesis of the propeller-shaped cyclic compounds based on
4,7,12,15-tetrasubstituted [2.2]paracyclophane and its unique z-
conjugation system, we attempted to introduce chirality into
this cyclic structure.’ Some [2.2]paracyclophanes with
substituents are planar chiral compounds due to the suppression
of the rotary motion of the phenylenes.'® We achieved optical
resolution of 4,7,12,15-tetrasubstituted [2.2]paracyclophane
compounds®'! using the diastercomer method, followed by a
transformation to obtain the enantiopure precursors (R,)- and
(5p)-3Ph and the propeller-shaped cyclic compounds (R;)- and
(Sp)-3PhC (Figure 1).> It should be noted that the obtained
optically active cyclic compounds exhibited intense circularly
polarized luminescence (CPL)'? with a large dissymmetry
factor (gy,,) on the order of 1072,
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(R,)-3Ph (S)-3Ph

Propeller-shaped cyclic compounds

(R,)-3PhC (S,)-3PhC

Fig. 1 Precursors and the corresponding propeller-shaped
cyclic compounds we prepared previously.

Further development of planar chiral [2.2]paracyclophane-
based optically active compounds is expected to afford
luminescent materials with excellent chiroptical properties in
both the ground and excited states. In this study, we focused
our attention on the propeller-shaped skeleton containing the
planar chiral tetrasubstituted [2.2]paracyclophane core. To
obtain superior CPL emitters, we designed cyclic compounds
with extended m-conjugation moieties; herein, the synthesis and
optical properties of these compounds are discussed.

Results and discussion

Synthesis
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IONHZ
PdCI(PPhg)s
PPh, Br
Cul —
7N\ — /N = N )—NH
— THF, EtN —
0°Ctort N
1 0C 2, 89%
TMS—= T™MS
PdCI,(PPhs), Vi
dppf
Cul 7 N\ __ — NH
THF, Et,N -/ 7/ 7
5 3
0°Ctort
b 3, 59%
™S
1) H,S0,, 0°C
2) NaNO,, 0°C, 2h 7
3)Kl, 1t, 12 h 7\ —
— |
H,0, CHCN — \_/
4, 61%

Scheme 1 Synthesis of compound 4 (arm unit for 5PhC).
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Scheme 2 Synthesis of compound 11 (arm unit for 7PhC).

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted
[2.2]paracyclophane was carried out using the diastereomer
method we previously developed, and the obtained enantiopure
compounds were converted to the corresponding (R,)- and (S,)-
4,7,12,15-tetracthynyl[2.2]paracyclophanes.”  The synthetic
routes to the target optically active cyclic compounds are
shown in Schemes 1-4. Initially, we prepared phenylene-
ethynylene compounds 4 and 11 as arm units for light-
harvesting moieties (Schemes 1 and 2, respectively). The tert-
butyl groups in 4 and 11 were introduced to provide the target
compounds with solubility in organic solvents, such as THF,
CHCIl;, CH,Cl,, and toluene; in particular, two tert-butyl

This journal is © The Royal Society of Chemistry 2012
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groups were required in 11 to dissolve the extended -
conjugation system of this cyclic compound in these solvents.

As shown in Scheme 1, 4-fert-butylethynylbenzene 1 was
reacted with 2-bromo-4-iodoaniline in the presence of a
catalytic amount of PdCl,(PPh;), to obtain compound 2 in 89%
isolated yield; this reaction occurred chemoselectively at the
iodine substituent of 2. Sonogashira-Hagihara coupling'® of 2
with  trimethylsilylacetylene =~ (TMS-acetylene)  afforded
compound 3 in 59% isolated yield. The amino group in 3 was
converted to an iodo group using the Sandmeyer reaction'* to
obtain compound 4 in 61% isolated yield.

The chemoselective Sonogashira-Hagihara coupling of 3,5-
di(tert-butyl)ethynylbenzene 5 with p-iodobromobenzene
afforded compound 6 in 68% isolated yield (Scheme 2). The
successive Sonogashira-Hagihara coupling of 6 with TMS-
acetylene gave compound 7 in 80% isolated yield. The TMS
group in 7 was readily removed by reaction with K,CO;/MeOH
to prepare compound 8 quantitatively. Compound 8 was
reacted with 2-bromo-4-iodoaniline in the same manner as
described for compound 1 (Scheme 1); successive Sonogashira-
Hagihara coupling with TMS-acetylene to obtain compound 10
in 71% isolated yield and the Sandmeyer reaction afforded the
corresponding compound 11 in 50% isolated yield.

Pd,(dba)g
S cataCXium®A
N 7 cul
THF, EtN
Z A 50 °C
(A2 48h
PdCl,(PPhy)
NBuF_cul -
THF THF, EtaN
ﬂ reflux
15min  24h

(Rp)-5PhC, 18%

Scheme 3 Synthesis of (R,)-5Ph and (R;)-5PhC.

Schemes 3 and 4 show the syntheses of the target cyclic
compounds SPhC and 7PhC, respectively. In these Schemes,
only the reactions of the (R,)-isomers are shown in these
reactions; the (S,)-isomers where prepared under identical
conditions from (S,)-12. The treatment of (R,)-4,7,12,15-
tetraethynyl[2.2]paracyclophane (R;)-12 with compound 4 in
the presence of the Pd,(dba);/Cul catalytic system using di(1-
adamantyl)-n-butylphosphine'® (cataCXium®A) as a phosphine
ligand afforded compound (R;)-5Ph in 64% isolated yield
(Scheme 3). After deprotection of the four TMS groups in (R,)-
5Ph using NBu,F, a Pd-mediated alkyne coupling was carried
out in situ to obtain cyclic compound (R,)-SPhC in 18%
isolated yield. Under the same reaction conditions, compounds
(Rp)-7Ph and (R,)-7PhC with the extended phenylene-
ethynylene units were prepared by the reaction of 11 with (R})-
12, as shown in Scheme 4. When cyclization was carried out,
unidentified impurities such as oligomeric products by
intermolecular reactions were formed. They could be readily

This journal is © The Royal Society of Chemistry 2012
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removed by column chromatography on SiO,, resulting in low
isolated yields (18% and 30% for (R,)-SPhC and (R,)-7PhC,
respectively). The structures of all new compounds in this
study were confirmed by 'H and '*C NMR spectroscopy, high-
resolution mass spectrometry (HRMS), and elemental analysis;
the detailed synthetic procedures and NMR spectra are shown
in Electronic Supplementary Information (ESI).
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Scheme 4 Synthesis of (R,)-7Ph and (R,)-7PhC.

Optical properties

The optical properties of both enantiomers of cyclic compounds
3PhC, 5PhC, and 7PhC as well as their precursors 3Ph, 5Ph,
and (S,)-7Ph were evaluated. The data are summarized in
Table 1. Although the optical and chiroptical properties of 3Ph
and 3PhC were previously reported, they are included herein
for comparison.

Figures 2A and 2B show the UV-vis absorption spectra and
photoluminescence (PL) spectra of the (R,)-precursors in dilute
CHCI; solutions (1.0 x 10> M for UV and 1.0 x 10°® M for
PL), respectively. The absorption spectra exhibited a
hyperchromic effect and bathochromic shift with extension of
the m-conjugation length (Figure 2A). In the PL spectra (Figure
2B), a similar bathochromic shift was observed. The PL
spectra of (R,)-SPh and (R,)-7Ph exhibited vibrational
structure, whereas that of (R;)-3Ph was relatively broad; the
same phenomena were observed in the case of p-
phenylenevinylene-stacked [2.2]paracyclophane compounds
reported previously by Bazan and co-workers.”>** This result
suggests that the excited energy migrates to the phane state’ in
(Rp)-3Ph; however, it is localized on the extended phenylene-
ethynylene chromophores in (R,)-5Ph and (R;)-7Ph. Table 1
includes the PL decay data (PL lifetime (z[7) and 4
parameters) for all compounds, and the decay curves are shown
in ESI. Thus, it was supported by the shorter PL lifetimes of
(Rp)-5Ph (7 = 1.05 ns) and (R,)-7Ph (7= 0.87 ns) than that of
(Rp)-3Ph (7= 2.16 ns); in other words, the PL of (R,)-5Ph and

J. Mater. Chem. C, 2014, 00, 1-3 | 3



Journal of Materials Chemistry C Page 4 of 10

(Rp)-7Ph occurred from the chromophore states’ rather than the
phane states.

Table 1 Optical properties: spectroscopic data of (R,)-isomers.

A /nm (ex 107/ 077007 | L’ “/ ns (%) Dy?
(R,)-3Ph 372 (0.44) 418 2.16 (1.04) 0.46
(R,)-5Ph 398 (1.41) 438 1.05 (1.00) 0.80
(R,)-7Ph 403 (1.79) 443 0.87 (1.00) 0.88
(R,)-3PhC 314 (2.60), 391 (0.46) 453 3.75 (1.06) 0.41
(R,)-5PhC 329 (2.16), 419 (1.06) 471 2.07 (1.01) 0.60
(R,)-7PhC 355 (2.58), 422 (1.27) 474 2.00 (1.08) 0.70

“In CHCl; (1.0 x 107> (7). ® In CHCI; (1.0 x 107 1), excited at absorption maxima. ¢ Emission life time at Ajp.
4 Absolute PL quantum efficiency.
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Fig. 2 (A) UV-vis absorption spectra in dilute CHCI; (1.0 x 10~

M) and (B) PL spectra in dilute CHC5 (1.0 x 10° M; excited at  Fig. 3 (A) UV-vis absorption spectra in dilute CHCl; (1.0 x 10~

absorption maximum) of (R,)-3Ph, (R,)-5Ph, and (R,)-7Ph. M) and (B) PL spectra in dilute CHCl; (1.0 x 10°° M; excited at
absorption maximum) of (R,)-3PhC, (R,)-5PhC, and (R,)-7PhC.
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As shown in Figures 3A and 3B, the same tendencies were
observed in the absorption and PL spectra of cyclic compounds
(Rp)-3PhC, (R,)-5PhC, and (R,)-7PhC. The absorption
spectrum of (R,)-SPhC exhibited a hyperchromic effect and
was bathochromically shifted in comparison with that of (R,)-
3PhC (Figure 3A). Although the absorption spectrum of (R,)-
7PhC also showed a hyperchromic effect and was
bathochromically shifted, the absorption bands of (R,)-5PhC
and (R,)-7PhC near 425 nm were almost identical. As shown
in Figure 3B, the PL spectra of (R,)-SPhC and (R,)-7PhC were
identical and both exhibited vibrational structures. The
absolute PL quantum efficiencies (@) of (R,)-SPhC and (R,)-
7PhC were determined to be 0.60 and 0.70, respectively. The
lifetimes were lengthened by cyclization of the compounds and
shortened by elongation of the conjugated systems. All
compounds exhibited single exponential decay curves. The 7 of
(Rp)-3PhC was estimated to be 3.75 ns, which were longer than
those of (R,)-5PhC (7= 2.07 ns) and (R,)-7PhC (7= 2.00 ns).
In addition, the 7 of (R,)-SPhC and (R;)-7PhC were identical,
suggesting that the PL of (R,)-5PhC and (R,)-7PhC arose from
similar emitting species.

WO M

S; _t 5,

2.84 eV=436nm 2.72 eV =456 nm

5, ! So > So

RS e

I g e i

3PhC 5PhC 7PhC

K ST

2.69 €V =462 nm

Fig. 4 HOMOs and LUMOs of (R,)-3PhC, (R,)-5PhC, and (R,)-
7PhC obtained by density functional theory (DFT) at the TD-
BHandHLYP/Def2-TZVPP//BLYP/Def2-TZVPP level.

Figure 4 shows the highest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) of the cyclic compounds (R,,)-3PhC, (R,)-SPhC, and
(Rp)-7PhC; the molecular orbitals were obtained by density
functional theory (DFT) at the TD-BHandHLYP/Def2-
TZVPP//BLYP/Def2-TZVPP level. The longest wavelength
absorption bands observed in the absorption spectra (Figure

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry C

3A) were assigned to the S, to S; transition (Figure 4); both the
HOMO and LUMO are located mainly on the cyclic moieties of
these compounds. The m-orbitals are somewhat extended to the
p-phenylene-ethynylene arms in the HOMOs of (R,)-SPhC and
(R,)-7TPhC, whereas they were localized on the cyclic moieties
in the LUMOs. As the n-conjugations of (R;)-5PhC and (R,)-
7PhC did not extend to the LUMOs regardless of the length of
the n-conjugated p-phenylene-ethynylenes, the properties of the
cyclic skeleton would predominately affect the absorption and
emission, resulting in the similar optical profiles observed for
(R,)-5PhC and (R,)-7PhC.

Chiroptical properties

The chiroptical properties of the ground and excited states of
3Ph, SPh, 7Ph, 3PhC, 5PhC, and 7PhC were investigated by
circular dichroism (CD) and CPL spectroscopy, respectively.
The chiroptical data, i.e., the maximum molar ellipticity ([4]),
specific rotation, and CPL dissymmetry factor'® (gm) are
summarized in Table 2. Figure 5 shows the CD and absorption
spectra of both enantiomers of 3Ph, SPh, and 7Ph in dilute
CHCl, (1.0 x 107> M). In all cases, mirror image Cotton effects
were observed in the CD spectra, and the maximum [d] values
were estimated to be approximately +3.3 x 10° deg-cm?-dmol™.
As can be seen in Figure 6, the [#] values for 3PhC, SPhC, and
7PhC were larger than those of 3Ph, 5Ph, and 7Ph, with the
maximum values on the order of 10° deg-cm?-dmol™. The
specific rotation [a]*p values for (Rp)-3PhC, 5PhC, and 7PhC
were +1501.0, +855.6, and +467.9, respectively, and were
much larger than those for (R;)-3Ph, 5Ph, and 7Ph (Table 2).
Thus, the construction of optically active higher-ordered
(propeller-shaped) structures through cyclization affected the
chiroptical properties of the ground state, and greater chirality
was induced in the cyclic compounds.

Table 2 Chiroptical properties: specific rotation and
spectroscopic data of (R,)-isomers.
[a]®p  gus* 10%at Ay’ | Qium X 107 at dummas”

(R,)-3Ph —45.4 -0.13 -0.14

(R,)-5Ph 425 -0.14 -0.12

(R,)-7Ph —62.9 —0.10 -0.10

(Ry)-3PhC  +1501.0 +0.88 +1.3

(R,)-SPhC  +855.6 +1.0 +1.0

(R,)-7TPhC  +467.9 +0.75 +0.75

“ Specific rotation (¢ 0.1, CHCl; at 25 °C). The [a]*p values of
(Sp)-isomers are described in ESI. b guws = 2A4gle, where Ag
indicates differences of absorbance between left and right
handed circularly polarized light, respectively. The g, value
of the first peak top was estimated. © gjum = 2(Jies — Lright)/(lient +
Lign), where Ii.q and I, indicate luminescence intensities of
left and right handed CPL, respectively.

The CPL spectra of the precursors and cyclic compounds in
dilute CHCI; (1.0 x 107> M) are shown in Figures 7 and 8,
respectively. Intense and mirror image CPL signals were
observed in the emission regions for the enantiomers of each
compound, as shown in Figures 7 and 8. The gy, values of
3Ph, 5Ph, and 7Ph were very large (-0.14 x 1072 —-0.12 x 102,
and —0.10 x 1072 for the (Rp)-isomers, respectively; Table 2).

J. Mater. Chem. C, 2014, 00, 1-3 | 5
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The gum values for (R,)-3PhC, 5PhC, and 7PhC were structures. Higher-ordered structures of the emitting species in
calculated to be +1.3 x 1072, +1.0 x 1072, and +0.75 x 1072, the excited state, such as propeller-shaped,9 V-shaped,17 S-

respectively (Table 2). As expected, the values for the cyclic shaped,'® and helical structures,

1720 are considered to be

compounds were significantly larger than those for the important for large gy values on the order of 107>-1072 2%

precursors owing to the optically active propeller-shaped
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Concentration effect (from 1.0 x 107 M to 1.0 x 10 M in
CHCIl;) on CPL was studied for (R,)-isomers, and the CPL
profiles of their film fabricated by drop-casting from CHCI,
solution (1.0 x 10> M) were also investigated. The results are
shown in Figures S25-30 in ESI. The CPL spectra were
gradually red-shifted and the g, values decreased slightly, as
the concentration increased. In our previous report, the g,
value of 3PhC was estimated to be 1.1 x 107% in CHCl; (1.0 x
10° M), whereas the gy values in more diluted CHCl,
solutions (1.0 x 10 and 107 M) were 1.3 x 102 Solvent
effect on CPL using good solvents such as CH,Cl,, toluene, and
THF was not observed. The films exhibited almost the same
2uum values as those in solution, although the @&, decreased, as
shown in Figures S26, S28, and S30.

The gium values of 3PhC, 5PhC, and 7PhC decreased as the
@y, values increased with the extension of the p-phenylene-
ethynylene substituents; however, the gy, values were
sufficiently large in comparison with the values reported till
now. 21722 Generally, the achievement of both high @&, and
large gum values is challenging, because orientation of
fluorophores tends to decrease the PL performance because of
excimer-like emission. Helicene derivatives are considered to
be one of the promising candidates for organic CPL materials,
and many of them exhibit large g, values;'® however, the @,
values of helicene derivatives are by no means satisfactory.”’
Considering the applications of organic emitters, large &, high
Dy, and large g, values are required. From this viewpoint,
5PhC and 7PhC possess well-balanced optical profiles (large &
values of 2.16-2.58 x 10° M lem™, good @&y, values of 0.60—
0.70, and large gy values of 0.75-1.0 x 107%), and these
compounds show good potential for application in organic CPL
materials.

Conclusions

In summary, planar chiral [2.2]paracyclophane-based cyclic
compounds with extended m-conjugated systems were
synthesized. Cyclization resulted in a significant enhancement
of the optical and chiroptical properties compared with those of
the non-cyclic precursors. The HOMOs of the cyclic
compounds were mainly located on the cyclic skeletons,
whereas the LUMOs were localized on the cyclic skeletons.

This journal is © The Royal Society of Chemistry 2012

5PhC, and 7PhC in CHCI;5 (1.0 x 10°° M). Excitation wavelength:

Thus, the absorption and emission occurred from the propeller-
shaped cyclic structures, resulting in similar optical profiles for
both SPhC and 7PhC. The optically active higher-ordered
structure of these compounds provided chiroptical properties of
high performance, and both large [a]p and [#] values were
derived from the optically active propeller-shaped structure.
The rigid propeller-shaped cyclic structures are maintained in
the exited state unless carbon-carbon bonds are cleaved; hence,
intense CPL with large gy, values was observed for these
compounds. The p-phenylene-ethynylene substituents
introduced onto the propeller-shaped structure acted as light-
harvesting antenna and improved the optical properties, leading
to the large ¢ values and relatively high @, values for the
cyclic compounds. Compound SPhC was, in particular, an
outstanding CPL emitter, possessing well-balanced optical and
chiroptical properties. The results of the present work suggest
that planar chiral [2.2]paracyclophane-based optically active
higher-ordered structures, such as the propeller-shaped cyclic
structure, are promising scaffolds for emergent CPL materials
and that appropriate modifications, e.g. extension of the -
conjugated system, can enhance the CPL characteristics.
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Graphical Abstract

Optically active propeller-shaped cyclic compounds based on planar chiral [2.2]paracyclophane

emit intense and bright circularly polarized luminescence (CPL).
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