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1. Experimental Section
General

Unless otherwise noted, all materials including dry dimethyl sulfoxide (DMSO) were obtained
from commercial suppliers and used without further purification. Tetrahydrofuran (THF),
dichloromethane, 1,4-dioxane, dimethyl formamide (DMF), and m-xylene were purified by passing
through a solvent purification system (Glass Contour). All reactions were performed using standard
vacuum-line and Schlenk techniques. Work-up and purification procedures were carried out with
reagent-grade solvents and dichloromethane was freshly distilled from phosphorous pentoxide (P,Os)
under air.

Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 F254
precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 nm). Flash
column chromatography was performed with KANTO silica gel 60N (40—100 um), Merck, or Fluka
silica gel 60 (40-63 um). Preparative thin-layer chromatography (PTLC) was performed using
Wako-gel® B5-F silica coated plates (0.75 mm) prepared in our laboratory. High-resolution mass
spectra (HRMS) were obtained from JEOL JMS700 (fast atom bombardment mass spectrometry,
FAB-MS) or Bruker Daltonics Ultraflex III TOF/TOF (MALDI-TOF-MS) with
tetracyanoquinodimethane as matrix. Melting points were measured on a MPA100 Optimelt
automated melting point system. Nuclear magnetic resonance (NMR) spectra were recorded on JEOL
JNM-ECA-600 ('"H 600 MHz, “C 150 MHz) spectrometer. Chemical shifts for 'H NMR are
expressed in parts per million (ppm) relative to CHCI; (8 7.26 ppm), or CHDCI, (& 5.32 ppm).
Chemical shifts for C NMR are expressed in ppm relative to CDCl; (8 77.0 ppm), or CD,Cl, (8 53.8
ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, m = multiplet,

br = broad signal, brs = broad singlet), coupling constant (Hz), and integration.
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Synthesis of 4-(4-chloropheny)-4-hydroxycyclohexanone

Br Br
Br 0
n-BuLi 3N HCl aq.
+ _— —_—
THF rt
o” o ~78°C —>rt HO 0 HO
Br w/
0. o

To a 100-mL round-bottom flask containing a magnetic stirring bar were added

1.,4-dibromobenzene (3.89 g, 16.5 mmol), and dry THF (30 mL). A solution of r-butyllithium in
hexane (10 mL, 1.6 M, 16.0 mmol) was added at —78 °C in 15 min. After stirring the mixture at —
78 °C for 1 h, 14-cyclohexanedione monoethyleneketal (2.34 g, 15.0 mmol) was added as solid, and
the resultant mixture was further stirred at —78 °C for 1 h. After warmed up to room temperature, a 3
M solution of hydrochloric acid (10 mL) was added, and stirred for 1 day. The mixture was
neutralized with saturated NaHCOj; aqueous solution, extracted with EtOAc, washed with brine, dried
over Na,SO,, and concentrated under reduced pressure. The crude product was purified by three times
recrystallization (CHCI;) to afford 4-(4-bromopheny)-4-hydroxycyclohexanone (3.33 g, 83%) as a
white solid.
'H NMR (600 MHz, CDCl5) 8 1.74-1.96 (brs, 1H), 2.11-2.18 (m, 2H), 2.26 (td, J = 13.8 Hz, 4.8 Hz,
2H), 2.32-2.40 (m, 2H), 2.90 (td, J = 144 Hz, 54 Hz, 2H), 7.40 (dd, J = 9.0 Hz, 1.2 Hz, 2H), 7.50
(dd, J = 9.0 Hz, 1.2 Hz, 2H); "C NMR (150 MHz, CDCl,) § 37.2 (CH,), 38.5 (CH,), 71.9 (4°), 121.5
(4°), 126.3 (CH), 131.6 (CH), 146.1 (4°), 211.0 (4°); HRMS (FAB) m/z calcd for C,H,;;BrO,Na
[M+Na]*: 290.9997, found ; 291.0002; mp: 154.8-156.2 °C.

S3



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Supporting Information (Sibbel, Matsui, Segawa, Studer, Itami)
Selective Synthesis of [7]- and [8]Cycloparaphenylenes

Synthesis of 2
Br Br
i-PrNEt
MOMCI
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o 2 o

To a 50-mL round-bottom flask containing a  stirring bar were added

4-(4-bromopheny)-4-hydroxycyclohexanone (5.87 g, 22.7 mmol), dry CH,Cl, (25 mL),
diisopropylethylamine (8.40 mL, 45.5 mmol), and chloromethyl methylether (3.50 mL, 45.5 mmol).
After stirring at room temperature for 48 h, the mixture was quenched with saturated NH,Cl aqueous
solution, extracted with CH,Cl,, dried over MgSO, and concentrated under reduced pressure. The
crude product was purified by column chromatography (pentane/EtOAc = 2:1 — EtOAc) to afford
4-(4-bromophenyl)-4-methoxymethoxycyclohexanone 2 (5.5 g, 80%) as a white solid.
'H NMR (600 MHz, CDCl5) 8 2.15 (td, J = 13.2 Hz, 4.8 Hz, 2H), 2.32-2.38 (m, 2H), 2.39-2.45 (m,
2H),2.91 (td, J = 144 Hz, 6.0 Hz, 2H), 3.43 (s, 2H), 4.52 (s, 3H), 7.33 (d,J = 9.0 Hz, 2H), 7.50 (d, J
= 8.4 Hz, 2H); "C NMR (150 MHz, CDCl;) § 36.1 (CH,), 37.2 (CH,), 56.6 (CH;), 77.3 (4°), 92.9
(CH,), 1219 (4°), 127.8 (CH), 131.7 (CH), 1429 (4°), 211.1 (4°); HRMS (FAB) m/z caled for
C,,H;BrO;Na [M+Na]": 335.0259, found; 335.0261; mp: 74.5-75.8 °C.
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To a 200-mL round-bottom flask containing a magnetic stirring bar were added 1 (2.07 g, 4.03

mmol), N.N,N'.N'-tetramethylethylenediamine (1.2 mL, 8.05 mmol), and dry THF (80 mL). A solution
of n-butyllithium in hexane (5.0 mL, 1.6 M, 8.0 mmol) was added at —78 °C. After stirring the
mixture at =78 °C for 1 h, 2 (4.43 g, 8.43 mmol) in 20 mL of THF was added, and the resultant
mixture was further stirred at —78 °C for 1 h. After warmed up to room temperature, the mixture was
quenched with saturated NH,CIl aqueous solution, extracted with EtOAc, dried over with Na,SO,, and
concentrated under reduced pressure. The crude product was purified by column chromatography
(hexane/EtOAc = 1:1, then EtOAc) to afford 3 (2.13 g, 54%) as a white solid.
'H NMR (600 MHz, CD,Cl,) § 1.60 (brs, 2H), 1.82-2.37 (m, 24H), 3.30 (s, 6H), 3.32 (s, 6H), 4.33 (s,
4H), 4.37 (s, 4H), 7.32 (m, 8H), 7.37 (d, J = 9.0 Hz, 4H), 7.48 (d, J = 9.0 Hz, 4H); "C NMR (150
MHz, CD,Cl,) & 32.9 (CH,), 33.2 (CH,), 35.7 (CH,), 55.9 (CHj), 56.0 (CH,), 72.2 (4°), 78.16 (4°),
78.20 (4°), 92.2 (CH,), 92.3 (CH,), 121.9 (4°), 125.2 (CH), 127.1 (CH), 129.6 (CH), 131.7 (CH),
141.2 (4°), 146.7 (4°); HRMS (FAB) m/z caled for CsHg,Br,0,(Na [M+Na]*": 1003.2607, found;
1003.2615.
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To a 50-mL round-bottom flask containing a stirring bar were added 3 (704 mg, 718 umol), dry

CH,Cl, (20 mL), diisopropylethylamine (1.32 mL, 7.18 wmol) and chloromethyl methylether (540 uL,

7.18 mmol). After stirring at room temperature for 48 h, the mixture was quenched with saturated

NH,CI aqueous solution, extracted with CH,Cl,, dried over MgSO, and concentrated under reduced

pressure. The crude product was purified by column chromatography (pentane/EtOAc = 1:2) to afford

4 (688 mg, 90%) as a white solid.

'H NMR (600 MHz, CDCl;) § 1.73-2.44 (br, 24H), 3.36 (s, 6H), 3.37 (s, 6H), 3.38 (s, 6H), 4.36 (s,
4H), 4.38 (s, 4H), 4.40 (s, 4H), 7.27-7.41 (m, 12H), 7.44 (d, J = 9.0 Hz, 4H); "C NMR (150 MHz,
CDCl,) & 32.7 (CH,), 32.8 (CH,), 32.9 (CH,), 55.9 (CH;), 56.0 (CH3), 56.1 (CH;), 77.8 (4°),77.9 (4°),
92.0 (CHy), 92.1 (CH,), 92.2 (CH,), 121.7 (4°), 126.6 (CH), 126.8 (CH), 128.8 (CH), 131.5 (CH),
141.9 (4°); HRMS (FAB) m/z calcd for C5,H,Br,0,,Na [M+Na]": 1091.3132, found; 1091.3146.
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To a 200-mL Schlenk tube containing a magnetic stirring bar were added 4 (269 mg, 251 umol),
Ni(cod), (140 mg, 509 wmol), and 2,2'-bipyridyl (79.5 mg, 509 umol). Then to this flask was added
dry DMF (100 mL). The reaction mixture was stirred at 70 °C for 40 h. After cooled down to room
temperature, the mixture was extracted with EtOAc, washed with brine, dried over with Na,SO,, and
concentrated under reduced pressure. The crude product was purified by column chromatography
(hexane/EtOAc = 1:1 — 1:4) to afford 5 (154 mg, 67%) as a white solid
'H NMR (600 MHz, CDCl3) & 1.41 (t, J = 13.2 Hz, 4H), 1.63-2.24 (br, 12H), 2.35 (t, J = 13.2 Hz,
4H), 2.56 (d,J =12.6 Hz, 4H), 3.37 (s, 6H), 3.38 (s, 6H), 3.46 (s, 6H), 4.44 (s, 4H), 4.49 (s, 4H), 4.66
(s,4H), 7.07 (br, 4H), 7.15 (br, 4H), 7.58 (d,J = 8.4 Hz, 4H), 7.73 (d, J = 8.4 Hz, 4H); "C NMR (150
MHz, CDCl;) 8 32.6 (CH,), 33.3 (CH,), 34.0 (CH,), 55.4 (CH3), 55.9 (CH;), 56.3 (CHy), 78.3 (4°),
78.5 (4°), 92.1 (CH,), 92.3 (CH,), 9.26 (CH,), 125.7 (CH), 126.1 (CH), 126.5 (CH), 128.8 (CH),
137.3 (4°), 138.0 (4°), 144.1 (4°); HRMS (FAB) m/z calcd for Cs,H,,O,Na [M+Na]": 933.4765,
found; 933.4772; mp: 209.9-212.6 °C.
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To a 50-mL schlenk tube containing a magnetic stirring bar were added 4 (54.5 mg, 50.9 umol),
1.4-benzenedibronic acid (10.2 mg, 61.5 umol), Pd,(dba);CHCl; (2.1 mg, 2.0 umol), X-Phos
(2-dicyclohexylphosphino-2'4',6'-triisopropylbiphenyl, 4.9 mg, 10 umol), and K;PO, (44.8 mg, 211
umol) and the flask was evacuated and backfilled with nitrogen three times. Then to this flask was
added dry dioxane (19 mL) and degassed water (1 mL). The reaction mixture was stirred at 80 °C for
36 h. After cooled down to room temperature, the mixture was extracted with EtOAc, washed with
brine, dried over with Na,SO,, and concentrated under reduced pressure. The crude product was
purified by PTLC (hexane/EtOAc = 1:1) to afford 6 (13.1 mg, 27%) as a white solid.

'H NMR (600 MHz, CDCl;) 8 1.26 (td, J = 14.4 Hz, 2.4 Hz, 4H), 1.90 (br, 4H), 2.10 (d, J = 13.2 Hz,
4H), 2.24 (m,4H),2.37 (td,J = 13.2 Hz, 2.4 Hz,4H),2.58 (d,J = 12.0 Hz, 4H), 3.32 (s, 6H), 3.396 (s,
6H), 3.403 (s, 6H), 4.21 (s, 4H), 4.32 (s, 4H), 4.69 (s, 4H), 7.07 (d,J =84 Hz,4H),7.21 (d,/ =84
Hz, 4H), 7.60 (d,J = 8.4 Hz, 4H), 7.65 (d,J = 9.0 Hz, 4H), 7.70 (s, 1H); "C NMR (150 MHz, CDCl,)
0324 (CH,), 32.8 (CH,), 33.4 (CH,), 55.4 (CH,), 56.1 (CH;), 56.4 (CH,), 76.6 (4°), 77.7 (4°), 78.4
(4°),125.8 (CH), 126.5 (CH), 126.6 (CH), 127.4 (CH), 128.8 (CH), 136.8 (4°), 138.5 (4°), 138.7 (4°),
144.0 (4°); HRMS (FAB) m/z caled for CeH;,0,,Na [M+Na]*: 1009.5078, found; 1009.5083; mp:

over 155 °C started to melt.
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Synthesis of [7]CPP
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150 °C

To a 20-mL Schlenk tube containing a magnetic stirring bar were added 5 (14.0 mg, 15.4 umol),
NaHSO,-H,0 (34.2 mg, 248 umol), dry m-xylene (3.0 mL) and dry DMSO (0.5 mL). The reaction
mixture was stirred at 150 °C for 96 h under air. After cooled down to room temperature, the mixture
was passed through short pad of silica (CHCl;), and concentrated under reduced pressure. The crude
product was purified by PTLC (hexane/CH,Cl, = 1:1) to afford [7]CPP (1.4 mg, 17%) as a yellow
solid.

'H NMR (600 MHz, CDCl;) & 7.48 (s, 28H); “C NMR (150 MHz, CDCl;) § 127.4 (CH), 136.8 (4°);
HRMS (MALDI) m/z caled for Cy,H,s [M]*: 532.2191, found; 532.2181.
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Synthesis of [§]CPP
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To a 20-mL Schlenk tube containing a magnetic stirring bar were added 6 (13.6 mg, 13.8 umol),
NaHSO,-H,0 (33.3 mg, 241 umol), dry m-xylene (3.0 mL) and dry DMSO (0.5 mL). The reaction
mixture was stirred at 150 °C for 72 h under air. After cooled down to room temperature, the mixture
was passed through short pad of silica (CHCl;), and concentrated under reduced pressure. The crude
product was purified by PTLC (hexane/CH,Cl, = 1:1) to afford [8]CPP (1.0 mg, 12%) as a yellow
solid.

'H NMR (600 MHz, CDCl;) & 7.48 (s, 32H); "C NMR (150 MHz, CDCl;) § 127.4 (CH), 137.6 (4°);
HRMS (MALDI) m/z caled for C,5Hs, [M]*: 608.2504, found; 608.2501.
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2. X-ray Crystal Structure Analysis of [7]CPP-cyclohexane

Recrystallization of [7]CPP from chloroform/hexane yielded colorless crystals suitable for X-ray
crystal structure analysis. Details of the crystal data and a summary of the intensity data collection
parameters are listed in Table S1. A suitable crystal was mounted with mineral oil on a glass fiber and
transferred to the goniometer of a Rigaku Saturn CCD diffractometer. Graphite-monochromated Mo
Ko radiation (A= 0.71075 A) was used. The structures were solved by direct methods with (SIR-97)"'
and refined by full-matrix least-squares techniques against F~ (SHELXL-97).5 The intensities were
corrected for Lorentz and polarization effects. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed using AFIX instructions. CCDC 963468 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www. ccdc.cam.ac.uk/data_request/cif.

Table S1. Crystallographic data and structure refinement details for [7]CPP-cyclohexane

[71CPP-cyclohexane

formula CagHuao
fw 616.80

T (K) 113(2)
A(A) 0.71075
cryst syst Orthorhombic
space group Pnma

a, (A) 18.340(7)
b, (A) 22.335(8)
c, (A) 8.218(3)
a, (deg) 90°

B, (deg) 90°

¥, (deg) 90°

v, (A% 3366(2)
A 4

Deaie, (g / cm?) 1217

w (mm™) 0.069
F(000) 1312

cryst size (mm) 0.20 x 0.20 x 0.05
26 range, (deg) 3.27-25.00

reflns collected 36989

indep reflns/R;y 3039/0.0346
params 232

GOF on F° 1.078

Ry, WwR, [[Z20()] 0.0648, 0.1742
R, WwR, (all data)  0.0679, 0.1772

S1) A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A. Guagliardi, A. G. G. Moliterni, G. Polidori,
R. Spagna, J. Appl. Crystallogr., 1999, 32, 115-119.
S2) G. M. Sheldrick, University of Gottingen: Gottingen, Germany, 1997.
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Fig. S1. ORTEP drawing of [7]CPP-cyclohexane with 50% thermal ellipsoids. All hydrogen atoms
and the other part of disordered cyclohexane molecule are omitted for clarity. Half of the entire

structure constitutes an asymmetric unit.
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Fig. S2. Packing structure of [7]CPP-cyclohexane on (a) ac plane and (b) ab plane. All hydrogen

atoms and cyclohexane molecule are omitted for clarity.
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3. Photophysical Properties

UV/vis absorption spectra were recorded on a Shimadzu UV- 3510 spectrometer with a resolution
of 0.5 nm. Emission spectra were measured with an F-4500 Hitachi spectrometer with a resolution of
0.4 nm. Dilute solutions in degassed spectral grade chloroform in a 1 cm square quartz cell were used

for measurements.
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4. Computational Study

The Gaussian 09 program® running on a SGI Altix4700 system was used for optimization with
B3LYP/6-31G(d).** Structures were optimized without any symmetry assumptions. Zero-point
energy, enthalpy, and Gibbs free energy at 298.15 K and 1 atm were estimated from the gas-phase
studies. Harmonic vibration frequency calculation at the same level was performed to verify all

stationary points as local minima (with no imaginary frequency).

O AH = 8.6 kcal-mol-"1 T O

O AH = 10.4 kcal-mol-! T O

6-H

Scheme S1. Model structure of 5-H, 6-H and homodesmotic reactions for calculation of strain

energies for 5-H and 6-H.

Table S3. Uncorrected and thermal-corrected (298 K) energies of stationary points (Hartree).”

compound E E +ZPE H G
5-H -1628.22073428 -1627.440481 -1627.406471 -1627.502735
6-H -1859.27515236 -1858.414500 -1858.375559 -1858.483945

a) E: electronic energy; ZPE: zero-point energy; H (= E + ZPE + E,, + E, + E\,n + RT): sum of electronic and
thermal enthalpies; G (= H — TS): sum of electronic and thermal free energies.

S3) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B.
Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J.
L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N.
Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J.
Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K.
Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B.
Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09, Revision A.02, Gaussian, Inc., Wallingford CT,

2009.
S4) (a) A.D.Becke, J. Chem. Phys., 1993, 98, 5648; (b) C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.
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Table S4. Cartesian coordinates for 5-H, and 6-H.

5-H

@]

T OO0 00D DT I DD oD T IDI IO oo n o@D o000 D DD DT ID T T OO0

-5.896881 -1.295028 0.129777
-6.027588 -0.283519  1.291209
-4.951503 0.816958 1.249955
-4.823811 1.544298 -0.116640
-4.910454  0.564226 -1.315370
-6.031005 -0.475463 -1.179045
-5.155429 1.563408 2.028452
-7.024408 0.172348 1.217090
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4. Spectra of Products
"H NMR spectrum of 4-(4-bromopheny)-4-hydroxycyclohexanone (CDCls)
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C NMR spectrum of 4-(4-bromopheny)-4-hydroxycyclohexanone (CDCl,)
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"H NMR spectrum of 2 (CDCl5)
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'"H NMR spectrum of 3 (CD,Cl,)
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