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optically active propeller-shaped macrocyclic compound 1 L :
containing a planar chiral cyclophane core was synthesized, Br Br Br Br nyigine
showing excellent chiroptical properties such as high
fluorescence quantum efficiency and a large circularly mot rac-2, 89%
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lanar chiral [2.2]paracyclophanes provide a conformation-
ally stable chiral environment due to suppression of the
rotation of phenylenes." Optical resolutions of various
[2.2]paracyclophanes have been conducted,'™ and the
resulting optically active [2.2]paracyclophane compounds
have mainly been used as chiral auxiliaries. For example, aryl-
PHANEPHOS>*® are well-known commercially available
compounds; they are widely used as chiral ligands for transition
metal-catalyzed asymmetric reactions.
We have previously studied the planar chirality of [2.2]-
paracyclophane and developed a practical optical resolution » /7/.

method for pseudo-ortho-disubstituted [2.2]paracyclophanes to _(\ 1 . I
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compounds.”™” There have been several reports on optical — ( *
resolution of disubstituted [2.2]paracyclophane;> however, only \/\\ )

one report on that of a tetrasubstituted [2.2]paracyclophane \§7<v

compound exists.” Considering the potential applications of

[2‘2:|Para Clophane skeletons in Polymer and materials Figure 1. Optical resolution of rac-1. Crystal structures of (SP,IS,4R)—4

chemistry,” as well as organic and organometallic chemistry, and (R, 1S4R)-4 with ellipsoids at 30% probability. Hydrogen atoms
further development and modification of optical resolution and solvent (CHCI, in (R;,154R)-4) are omitted for clarity.

methods for planar chiral tetrasubstituted [2.2]paracyclophanes

would be valuable. Herein, we report optical resolution of rac- column chromatography and purified by recrystallization to
4,7,12,15-tetrabromo[2.2]paracyclophane and subsequent obtain (S,,15,4R)-4 and (R,,15,4R)-4 in 38% and 34% isolatelcg
transformations to produce planar chiral building blocks for yield, respectively (each diastereomer ratio (dr) > 99.5%).
through-space carbon-rich compounds.” In this study, an The structures were confirmed by NMR spectroscopy, mass
optically active macrocycle® based on a tetrasubstituted analysis, elemental analysis, and X-ray crystallography (Figure
[2.2]paracyclophane was synthesized. The excellent chiroptical 1).
properties, in particular, circularly polarized luminescence Hydrolysis and subsequent transformation of (S,15,4R)-4
(CPL), are also reported. are shown in Scheme 1. Treatment of (SP,IS,4R)—4 with KOH
Optical resolution of tetrasubstituted [2.2]paracyclophane afforded (S,)-2. This compound was used for the next
was carried out by a diastereomer method beginning with transformation to OTf without purification, and enantiopure

(S,)-5 was obtained in 92% isolated yield. Sonogashira-

4,7,12,15—tetrabromo[2.2]paracyclophane9 rac-1, as shown in o
Hagihara coupling” of (S,)-5 with trimethylsilylacetylene

Figure 1. One of bromides in rac-1 was converted to a hydroxyl
group to obtain rac-2 in 69% isolated yield,>*® which was
reacted with (—)-(1S,4R)-camphanoyl chloride 3 to obtain a Received: December 5, 2013
mixture of diastereomers. These were readily separated by SiO, Published: February 17, 2014
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Scheme 1. Synthesis of Optically Active Macrocycle
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using a Pd,(dba);/(t-Bu);P catalysis gave only (S,)-6 in 83%
isolated vyield. Interestingly, bromide was selectively reacted,
and tetra(trimethylsilylethynyl)[2.2 ]paracyclophane (S,)-7 was
not detected by thin-layer chromatography. Reacting (S,)-6
with trimethylsilylacetylene using a PdCl(dppf) catalysis
afforded (S,)-7. Removal of the trimethylsilyl group was
carried out with K,CO;/MeOH afforded the corresponding
tetrayne'? (S,)-8 in 91% isolated yield. The enantiomer (R,)-8
was also synthesized by the same route.

Tetrasubstituted [2.2]paracyclophanes S and 8 can be
employed as conformationally stable chiral building blocks for
various optically active carbon-rich compounds. In this study,
we s?rnthesized an optically active propeller-shaped macro-
cycle'® from 8, as shown in Scheme 1. The reaction of (S,)-8
with S-tert-butyl-2-[(trimethylsilyl)ethynyl]iodobenzene af-
forded the corresponding optically active compound (S,)-9 in
89% isolated yield. Desilylation of (Sp)—9 with K,CO;/MeOH
and a subsequent oxidative coupling reaction using Cu(OAc),
gave the target macrocycle (S,)-10 in 40% isolated yield.
Enantiomer (R,)-10 was also prepared, and their structures
were confirmed by NMR spectroscopy and mass analysis. A
single crystal of rac-10 was obtained by recrystallization with
CHCI; and MeOH, and the molecular structure is shown in
Figure S20 (Supporting Information). The enantiomers co-
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crystallized into a single crystal, and the bowtie-shaped'?
structure was confirmed from the top view. As shown in the
front and side views, the structure seems like a two-blade
propeller owing to the planar chiral [2.2]paracyclophane core.
This structure has previously been synthesized by Hopf, Haley,
and co-workers as a racemic compound,'* although the
positions of the tert-butyl groups were different.

The optical properties of (R,)- and (S,)-10 were
investigated; the UV—vis absorption, circularly dichroism
(CD), photoluminescence (PL), and CPL spectra of (RP)—
and (SP)—IO in dilute CHCI; solution (1.0 X 107> M) are
shown in Figure 2. The UV—vis absorption spectrum of 10
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Figure 2. (A) UV—vis absorption and CD spectra of (R,)- and (S,)-10
in CHCl; (1.0 X 1075 M) at room temperature. (B) PL and CPL
spectra of (Rp)' and (SP)-IO in CHCI, (1.0 X 107 M for PL and 1.0 X
107° for CPL) at room temperature, excited at 314 nm.

(Figure 2A) was identical to that of the cyclic compound
prepared by Hopf, Haley, and co-workers."* Thus, there was no
difference in the electronic structure of the ground state
between these compounds regardless of the positions of the
tert-butyl groups.15 In the CD spectra of (RP)— and (SP)—IO,
intense and mirror image Cotton effects were observed in the
absorption bands of the UV—vis spectra (Figure 2A). The
molar ellipticity ([6]) was very large, with a [6] for (S,)-10 of
2.7 x 10° deg cm® dmol™. The dissymmetry factor of
absorbance, g, = 2(Ae/¢), is another parameter indicating
chirality in the ground state; a large g, value of 0.9 X 107> was
obtained. The specific rotation [a]% (c 0.5, CHCI;) of (SP)—IO
was estimated to be —1494.9, whereas that of (Sp)—9 was +44.1.
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In all cases, the chiroptical data for (S,)-10 were considerably
enhanced compared with those for (S,)-9 in the ground state.

As shown in Figure 2B, compound 10 exhibited a vibronic
emission peak at around 460 nm with an absolute PL quantum
efficiency (®y,,) of 0.45 for (SP)—IO. The PL decay curve was
fitted with a single exponential relationship (y* = 1.18), and the
PL lifetime (7) was calculated to be 3.71 ns (Figure S41). This
efficient PL arose from criss-cross delocalization across the
entire molecule via the strong through-space interaction of the
[2.2]paracyclophane core.'®

Intense and mirror image CPL signals for (RP)— and (SP)-IO
were observed in the emission region (Figure 2B) with a large
CPL dissyrnmetry factor, 8lum = 2’(Ileft - Iright)/(Ileft + Iright))
where I and Iy, are the PL intensities of left and right CPL,
respectively. The maximum |gj,,| value was estimated to be 1.1
X 107 (Figure S40). It is rare that a monodispersed chiral
hydrocarbon exhibits such a large g, on the order of
107217458 Recently, small molecules that exhibit CPL in dilute
solution have been extensively studied; helically and axially
chiral compounds have been known to have CPL with large g,
values on the order of 107°~1072"7 A conformationally stable
chiral structure of the emitting species, such as a helical
structure, in the excited state is essential to obtain CPL with a
large g, Macrocycle 10 possesses a conformationally stable
chiral second-ordered structure (propeller-shaped structure)
due to complete fixation by the [2.2]paracyclophane bridge
methylenes, resulting in intense CPL with a large glum.ls There
were only small differences between the g, and g, for (RP)-
and (SP)—IO, indicating little conformational change between
the ground and the excited states."’

In conclusion, we have developed a practical method for
optical resolution of planar chiral tetrasubstituted [2.2]-
paracyclophane. The obtained enantiopure 4,7,12,15-tetrafunc-
tional cyclophane was readily modified to the corresponding
planar chiral compounds. In the present study, a propeller-
shaped macrocyclic compound was synthesized through
coupling reactions. The obtained macrocycle exhibited a chiral
environment in the ground and excited state. In particular, the
macrocycle exhibited PL with a high @y, of 0.45 and CPL with
a large g, of 1.1 X 107> A conformationally stable higher-
ordered structure in the excited state is required for CPL with a
large g,y and the theoretical supports in the excited state will
be the next target. From the conformational viewpoint,
[2.2]paracyclophane is the ideal scaffold and provides new
design guidelines for CPL materials in addition to helically and
axially chiral compounds. Various functionalizations of planar
chiral tetrasubstituted [2.2]paracyclophanes, such as § and 8,
are available to obtain a variety of optically active emissive
molecules. Therefore, further investigations of [2.2]-
paracyclophane-based CPL compounds and assemblies that
enhance both @, and g, are currently underway.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details, characterization data, and additional
spectra. This material is available free of charge via the Internet
at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors
ymo@chujo.synchem kyoto-u.ac.jp
chujo@chujo.synchem kyoto-u.ac.jp

3352

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by Grant-in-Aid for Young Scientists
(A) (No. 24685018) from the MEXT. Financial support from
Foundation for Interaction in Science & Technology is
gratefully acknowledged. The authors are grateful to Prof.
Kazuo Akagi and Mr. Kazuyoshi Watanabe (Department of
Polymer Chemistry, Graduate School of Engineering, Kyoto
University) for CPL data analysis and valuable discussions.

B REFERENCES

(1) (a) Cyclophane Chemistry: Synthesis, Structures and Reactions;
Vogtle, F. , Ed; John Wiley & Sons: Chichester, 1993. (b) Modern
Cyclophane Chemistry; Gleiter, R, Hopf, H., Eds; Wiley-VCH:
Weinheim, 2004.

(2) (a) Cram, D. J; Allinger, N. L. J. Am. Chem. Soc. 1958, 77, 6289—
6294. (b) Rozenberg, V., Sergeeva, E.; Hopf, H. In Modern Cyclophane
Chemistry, Gleiter, R., Hopf, H., Eds.; Wiley-VCH: Weinheim, 2004;
pp 435—462. (c) Rowlands, G. J. Org. Biomol. Chem. 2008, 6, 1527—
1534. (d) Gibson, S. E,; Knight, J. D. Org. Biomol. Chem. 2003, 1,
1256—1269. (e) Aly, A. A.; Brown, A. B. Tetrahedron 2009, 65, 8055—
8089. (f) Paradies, J. Synthesis 2011, 3749—3766.

(3) For optical resolution of pseudo-ortho-disubstituted [2.2]
paracyclophane, see: (a) Pye, P. ].; Rossen, K,; Reamer, R. A.; Tsou,
N. N,; Volante, R. P.; Reider, P. J. J. Am. Chem. Soc. 1997, 119, 6207—
6208. (b) Rossen, K; Pye, P. J.; Maliakal, A.; Volante, R. P. . Org.
Chem. 1997, 62, 6462—6463. (c) Zhuravsky, R; Starikova, Z;
Vorontsov, E.; Rozenberg, V. Tetrahedron: Asymmetry 2008, 19,
216—222. (d) Jiang, B.; Zhao, X.-L. Tetrahedron: Asymmetry 2004, 1S,
1141—-1143. (e) Jones, P. G.; Hillmer, J.; Hopf, H. Acta Crystallogr.
2003, ES9, 024—02S. (f) Pamperin, D.; Hopf, H.; Syldatk, C,;
Pietzsch, M. Tetrahedron: Asymmetry 1997, 8, 319—325. (g) Pamperin,
D.; Ohse, B.; Hopf, H.; Pietzsch, M. J. Mol. Catal. B: Enzymatic 1998,
S, 317-319. (h) Braddock, D. C.; MacGilp, L. D.; Perry, B. G. J. Org.
Chem. 2002, 67, 8679—8681. (i) Morisaki, Y.; Hifumi, R; Lin, L;
Inoshita, K; Chujo, Y. Chem. Lett. 2012, 41, 990—992. (j) Meyer-
Eppler, G.; Vogelsang, E.; Benkhiuser, C.; Schneider, A,;
Schnakenburg, G.; Liitzen, A. Eur. J. Org. Chem. 2013, 4523—4532.

(4) Morisaki, Y.; Hifumi, R; Lin, L.; Inoshita, K;; Chujo, Y. Polym.
Chem. 2012, 3, 2727—-2730.

(5) Optical resolution of rac-4,5,15,16-tetrasubstituted [2.2]para-
cyclophane was reported: Vorontsova, N. V.; Rozenberg, V. I;
Sergeeva, E. V.; Vorontsov, E. V.; Starikova, Z. A.; Lyssenko, K. A,;
Hopf, H. Chem.—Eur. J. 2008, 14, 4600—4617.

(6) Hopf, H. Angew. Chem., Int. Ed. 2008, 47, 9808—9812.

(7) Carbon-Rich Compounds; Haley, M. M., Tykwinski, R. R, Eds.;
Wiley-VCH: Weinheim, 2006.

(8) Review on chiral carbon-rich macrocycles: Campbell, K;
Tykwinski, R. R. In Carbon-Rich Compounds: From Molecules to
Materials; Haley, M. M., Tykwinski, R. R., Eds; Wiley-VCH:
Weinheim, 2006; pp 229—294.

(9) Chow, H.-F.; Low, K.-H.; Wong, K. Y. Synlett 2005, 2130—2134.

(10) Diastereomer ratio was determined by HPLC; see Supporting
Information.

(11) (a) Tohda, Y.; Sonogashira, K.; Hagihara, N. Tetrahedron Lett.
1975, 16, 4467—4470. (b) Sonogashira, K. In Handbook of
Organopalladium Chemistry for Organic Synthesis; Negishi, E., Ed,;
Wiley-Interscience: New York, 2002; pp 493—529.

(12) Bondarenko, L.; Dix, L; Hinrichs, H.; Hopf, H. Synthesis 2004,
2751-2759.

(13) Schultz, A; Li, X; Barkakaty, B.; Moorefield, C. N.;
Wesdemiotis, C.; Newkome, G. R. J. Am. Chem. Soc. 2012, 134,
7672—7675.

(14) Hinrichs, H.; Boydston, A. J.; Jones, P. G.; Hess, K; Herges, R;
Haley, M. M.; Hopf, H. Chem.—Eur. J. 2006, 12, 7103—7115.

dx.doi.org/10.1021/ja412197j | J. Am. Chem. Soc. 2014, 136, 3350—3353


http://pubs.acs.org
mailto:ymo@chujo.synchem.kyoto-u.ac.jp
mailto:chujo@chujo.synchem.kyoto-u.ac.jp

Journal of the American Chemical Society

Communication

(15) Theoretical Cotton effect patterns were also identical, as shown
in Figure S21.

(16) Electronic delocalization between chromophores connected to
[2.2]paracyclophane has been elucidated by Bazan and co-workers:
(a) Wang, S.; Bazan, G. C,; Tretiak, S.;; Mukamel, S. J. Am. Chem. Soc.
2000, 122, 1289—1297. (b) Bartholomew, G. P.; Bazan, G. C. Acc.
Chem. Res. 2001, 34, 30—39. (c) Bartholomew, G. P.; Bazan, G. C.
Synthesis 2002, 1245—125S. (d) Hong, J. W.; Woo, H. Y.; Bazan, G. C.
J. Am. Chem. Soc. 2008, 127, 7435—7443. (e) Bazan, G. C. J. Org.
Chem. 2007, 72, 8615—8635.

(17) (a) For bridged triarylamine helicene (g, = 1.1 X 107%): Field,
J. E; Muller, G.; Riehl, J. P.; Venkataraman, D. J. Am. Chem. Soc. 2003,
125, 11808—11809. (b) For perylene-diimide-substituted binaphthyl
(glum =3 X 107%): Kawai, T.; Kawamura, K.; Tsumatori, H.; Ishikawa,
M,; Naito, M.; Fujiki, M.; Nakashima, T. ChemPhysChem 2007, 8,
1465—1468. (c) Tsumatori, H.; Nakashima, T.; Kawai, T. Org. Lett.
2010, 12, 2362-2365. (d) For phthalhydrazide-functionalized
helicene (g, = 2.1 X 1072): Kaseyama, T.; Furumi, S.; Zhang, X;
Tanaka, K; Takeuchi, M. Angew. Chem,, Int. Ed. 2011, 50, 3684—3687.
(e)  For BINOL-containing dipyrrolyl diketone with anion
responsibility (g, = 2 X 107): Maeda, H.; Bando, Y.; Shimomura,
K.; Yamada, L; Naito, M.; Nobusawa, K,; Tsumatori, H.; Kawai, T. J.
Am. Chem. Soc. 2011, 133, 9266—9269. (f) For helical 7-conjugated-
receptor—anion complex (g, = 1.3 X 1072): Haketa, Y.; Bando, Y.;
Takaishi, K,; Uchiyama, M.; Muranaka, A.; Naito, M.; Shibaguchi, H,;
Kawai, T.; Maeda, H. Angew. Chem.,, Int. Ed. 2012, 51, 7967—7971. (g)
For helically chiral bitriphenylene (g, = 3.2 X 107%): Sawada, Y.;
Furumi, S,; Takai, A,; Takeuchi, M.; Noguchi, K,; Tanaka, K. J. Am.
Chem. Soc. 2012, 134, 4080—4083. (h) For sila[7]helicene (g, = 3.5
X 107%): Oyama, H.; Nakano, K; Harada, T.; Kuroda, R;; Naito, M.;
Nobusawa, K; Nozaki, K. Org. Lett. 2013, 15, 2104—2107. (i) Review,
see: Maeda, H,; Bando, Y. Pure Appl. Chem. 2013, 85, 1967—1978.

(18) The CPL spectra and g, charts of (Rp)- and (Sp)—9 are shown
in Figures S26 and S27, respectively. Their g, values were sufficiently
large, Igi,l = 1.2—1.3 X 1072

(19) No thermochromism and solvatochromism were observed in
UV, CD, PL, and CPL spectra for 10 as well as 9; see Figures S29—S34
for 9 and S42—S47 for 10.

3353

dx.doi.org/10.1021/ja412197j | J. Am. Chem. Soc. 2014, 136, 3350—3353



